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CHAPTER 1

Approximately three-quarters of what we learn during our life is information that is presented
visually.1 This information, however, comes at a price. During evolution our visual system has
evolved to a state in which approximately 50% of our cerebral cortex is in one way or another
devoted to processing visual information. These areas and pathways rank amongst the highest
energy-consuming systems within the brain.2-4 This large percentage is remarkable considering
the fact that the highly complex human eye has an average diameter of only 23-24 mm and
weighing no more than 7 grams.5-7 Needless to say that the visual system as a whole is highly
complex. This complexity, unfortunately, means that disturbances in the visual system are
relatively common and can occur at many levels and in many degrees of severity. Naturally, the
scope of the ophthalmologist mainly lies at the level of ocular tissues, although there are many
ophthalmic diseases that have to do with surrounding structures and/or functionally connected
tissues including the eyelids, the orbit and the brain. In this thesis, however, we will focus on
ocular disorders and more specifically the subgroup of hereditary eye diseases that affect the
retina. In order to understand the etiology and consequences of these rare diseases that have
great impact on the affected individuals, we first have to understand the anatomy and function
of the retina.

Anatomy of the human eye

(Adapted from http://lilfreds.net/netter-eye-anatomy/)
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Figure 1. Histologic and schematic overview of the retinal layers. Most of the highly organized layers contain either cell bodies
or synapses. For example, the outer nuclear layer contains the cell bodies of the photoreceptor cells, the inner nuclear layer of
the bipolar, amacrine, horizontal and Müller cells, and the ganglion cell layer of the ganglion cells. The two plexiform layers, the
inner and outer plexiform layer, are formed by the synapses between these cells. Other layers represent the inner and outer
segments of the photoreceptors, the transition between the inner segment and the cell body of the photoreceptor (i.e., the
external limiting membrane), the axons of the ganglion cells (i.e., the nerve fiber layer), and the boundary between the retina and
the vitreous formed by the endfeet of Müller cells (i.e., the inner limiting membrane).8
(Adapted from: © 2018 American Academy of Ophthalmology (http://www.aao.org) and Hartong DT et al.,20069)

Th e ret in a
The retina is an incredibly thin and fragile layer—comparable to a wet paper towel—that covers
the inside lining of the eye. It contains photosensitive cells, the photoreceptors at its base, which
convert the light signal into an electrical impulse that is transmitted and modulated through
the retinal neural circuit, and finally transmitted through the optic nerve fibers to the brain
where the visual information is interpreted and an image of the outside world is created. Despite
a thickness of no more than 100–250 micrometers, the retina can be further subdivided into 10
separate layers: the neuroretina, consisting of the nine inner layers of the retina, and the retinal
pigment epithelium (RPE) (see Figure 1).
The neurosensory retina consists of nine transparent layers of neurons and supporting cells
that are connected via synapses (Figure 1).10 Incoming light crosses eight layers of the
neuroretina before it reaches the outermost layer, the outer segments of the photoreceptors.
Here, the process takes place by which light is converted into an electrical impulse (i.e., the
phototransduction cascade; explained in more detail in Chapter 2.1). Subsequently, the impulse
is transmitted via the bipolar and ganglion cells to the visual cortex.
The retina contains approximately 126 million photoreceptors: 120 million rods and 6 million
cones, which are unevenly distributes across the retina.11 Rods are far more numerous in the
periphery of the retina, whereas the fovea at the absolute center of the retina only contains
cones (Figure 2). The cone to rod ratio at the macula, the center 15-20 degrees of visual field, is
higher than in the periphery. Rod photoreceptors are approximately 100 times more sensitive
to light compared to cone photoreceptors, and are therefore responsible for vision in dim light
conditions and allow the detection of motion.12 In contrast, cones are important for
discriminating colors and facilitate high spatial resolution.12 Color discrimination is possible
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Figure 2. Distribution of photoreceptors across the retina. (Adapted from http://www.rags-int-inc.com/phototechstuff/cameraeye/)

because of the presence of three types of cones: the long (red), medium (green) and shortwavelength (blue) sensitive cones. Combining this knowledge about the distribution and
function of the photoreceptor cells, we can explain why patients with peripheral retinal
abnormalities complain about night blindness, and macular disease results in loss of color
vision and visual acuity.
The RPE is the outermost layer of the retina and forms a functional unit with the overlying
photoreceptor cells. This pigment epithelium consists of a monolayer of cuboidal, pigmented
cells that are laterally connected via cellular junctions (i.e., tight, adherens and gap junctions).13,14
These cellular junctions form the outer blood-retina barrier, as they prevent the transport of
molecules and ions from the choroid to the subretinal space, which extends from the external
limiting membrane to the apical surface of the RPE cells. In addition to forming the blood-retina
barrier, the RPE has several functions, which are crucial to normal photoreceptor functioning.14
For example, the RPE plays a vital role in the visual cycle by regenerating 11-cis-retinal from
all-trans-retinal produced in the phototransduction cascade in the photoreceptors (see Chapter
2.1). Other functions involve the phagocytosis of photoreceptor outer segments, ion and fluid
transport control between the subretinal space and the underlying permeable choriocapillaris,
the supply of nutrients to the photoreceptors, and the secretion of several (growth) factors and
signaling molecules. The pigment, particularly melanin in the melanosomes, has a function in
warmth regulation and the absorption of scattered light and therefore helps to improve vision
and reduce oxidative stress.15 It has been estimated that over the course of a 70-year lifetime,
an RPE cell phagocytizes 3 billion photoreceptor outer segment discs.16 However, not all outer
segment material is phagocytized completely and residual molecules accumulate in lysosomes

14

under the collective term lipofuscin, the principal fluorophore in RPE cells. Since RPE cells are
post-mitotic, the amount of lipofuscin steadily accumulates with age.

I n h e r ite d ret inal diseas es
Hereditary retinal diseases encompass a group of disorders caused by a large range of genetic
alterations. All types of retinal dystrophy are rare, yet together they account for more than 3
million affected individuals worldwide, and cause severe visual loss and blindness. This group
is highly heterogeneous and shows large variation in, for example, age of onset (ranging from
birth to adulthood) and type of complaints (predominantly problems with central vision or
visual field defects). However, what all of them have in common is the immense impact on a
person’s daily life and his or her family. A retinal disease usually affects young individuals with
normal vision who start to notice a gradual decline in visual function. What may start with a
problem such as reading the blackboard, cycling in the dark or losing the cursor of the computer,
can eventually progress to complete loss of central vision and/or peripheral vision and even
blindness. Needless to say this has great social consequences as it will affect patients’ daily
living, study or career choice, or their desire to have children. To date, only a specific subgroup
of patients is eligible for genetic treatment, namely patients with a mutation in the RPE65 gene.17
All that remains for the other patients is the hope for new treatment options to arrive soon
enough to be able to halt or even reverse the detrimental progression of their retinal disorder.

Classification of inherited retinal diseases
Historically, retinal dystrophies have been categorized into stationary and progressive
retinal disease. These can be further subdivided based on the mode of inheritance or the
primary site of retinal dysfunction. Progressive dystrophies may remain confined to the
posterior pole (e.g., macular dystrophy; MD), or become more generalized. Generalized
dystrophies may be classified based on the photoreceptor system that is primarily affected:
cone dystrophy (CD), cone-rod dystrophy (CRD; i.e. cone degeneration that precedes rod
degeneration) and rod-cone dystrophy (RCD; i.e. rod degeneration preceding cone
degeneration). However, these subdivisions are not always straightforward and can be
subject of heated discussions (see Chapter 2.1).
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Cl in ica l exa m inat io n in inh erited retinal d iseases
Retinal imaging
Since retinal dystrophies display large clinical variability, patients may present with various
complaints and the fundus abnormalities that ophthalmologists encounter may also vary greatly
(Figure 3). It is challenging to accurately describe the abnormalities observed during the
ophthalmic examination. Imaging, more specific retinal imaging, offers a more objective
approach, and may therefore be of great value in the follow-up of patients with a retinal disease.
An additional advantage is that these images can be used for educational purposes to train
ophthalmologists to recognize rare hereditary diseases. Currently, many of the ophthalmic
imaging methods are quick, without evident discomfort to the patient. Here, two types of
imaging modalities are explained in more detail.
Optical coherence tomography
Optical coherence tomography (OCT) is a noninvasive imaging modality that provides high
resolution cross-sectional images of the retinal architecture. This technique measures
differences in light reflectance from different layers of the retina, comparable to the ultrasonic
sound waves used by ultrasound devices. Multiple one-dimensional depth scans can be
combined to form two or even three-dimensional images of the retina, which can show subtle
structural abnormalities (Figure 4). In patients with a retinal dystrophy, these images can be
valuable in, for example, the identification and follow-up of cystoid macular edema, macular
thickness, and the identification of affected retinal layers that are disorganized or even no longer
visible, such as the photoreceptor layer and RPE.
Fundus autofluorescence imaging
Conventional (short-wavelength) fundus autofluorescence (FAF) enables evaluation of the RPE
function in that it reflects the amount of lipofuscin (a waste product) in the RPE cell. It may show
a decline in retinal health not yet visible with conventional examination of the fundus. Besides
short-wavelength FAF imaging there is also near-infrared autofluorescence, which, as the name
already implies, uses a much longer wavelength. Near-infrared FAF is much less frequently used,
but gains in popularity. It displays the autofluorescence signal that originates from melanin in
the RPE and, to a lesser extent, choroidal melanin or related fluorophores.18
Altered FAF levels may be found in a high variety of retinal disorders. High FAF levels may be
indicative of increased or disrupted phagocytosis of photoreceptor outer segments, where lowor absent levels of FAF depict loss of RPE cells or blockage of the autofluorescence signal, as is
observed at blood vessels or with bone spicules (Figure 5).19 In inherited retinal diseases, FAF
imaging can provide important additional information for the differential diagnosis, for example
in macular dystrophies by visualization of hyperautofluorescent flecks in early stage Stargardt
disease that are not yet visible with ophthalmoscopy.20 FAF can also be used to delineate areas
with RPE atrophy and may therefore play a role in monitoring disease progression over time,
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Figure 3. Multiple fundus photographs of inherited retinal diseases that show the great diversity of this group of disorders. The
top left image is a fundus photograph of a healthy right eye.

possibly as a clinical endpoint in therapeutic trials.21 Figure 5 provides an impression of the wide
range of abnormalities that may be observed using short-wavelength FAF.
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Figure 4. Optical coherence tomography image of a healthy person showing the layers of the retina at the fovea.

Functional assessment
More than 5,000 years ago, the Egyptians tested the visual acuity by testing someone’s ability
to distinguish the double star of the Big Dipper in the constellation Ursa Major (Figure 6).22,23
The second star from the end of the handle of the Big Dipper is an optical double star. Nowadays,
visual acuity is still an important parameter, also tested during daytime under standardized
conditions with the use of the well-known letter chart. The visual acuity is measured each visit,
but additional functional tests may be indicated based on the patient’s complaints and fundus
abnormalities. Here, two additional tests, perimetry and electrophysiological examination are
further explained.
Perimetry
For the general public, visual acuity is synonymous with eye function. Visual acuity, however,
is a function of the macula (not considering the ocular media and optic nerve) and does not
relate to the peripheral visual field. This is a gross underestimation of the importance of the
peripheral visual field. In tunnel vision, the visual field is almost completely lost with exception
of a central island of 5-10 degrees. This occurs in end stage glaucoma and RP and these patients
may still have a visual acuity of 20/20. Nevertheless, these patients with 20/20 visio encounter
significantly more problems in daily life than patients with a very low visual acuity but with
intact peripheral vision, like in end stage age-related macular degeneration. It is for good reason
that patients with a visual field of 20 degrees or less in the better eye are considered legally
blind. In patients with inherited retinal disease where large areas of the retina can be affected—
resulting in central and/or peripheral field loss—visual field testing or perimetry provides a map
of the residual visual field and successive testing provides reliable information on the
progression of visual field loss.
Two types of perimetry can be distinguished: static perimetry, kinetic perimetry. Static perimetry
measures the sensitivity of specific points in the visual field by determining the minimum
brightness required for detection of the light stimulus by the patient. This test is generally
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Figure 5. Multiple FAF images that illustrate the wide range of possible hyper-and hypoautofluorescent abnormalities. The top
left image is an image of a healthy right eye.

restricted to the central 10, 24 or 30 degrees of the visual field, and is therefore important to
detect visual field defects in glaucoma but also for central field defects in inherited retinal
disease such as macular dystrophies or the remaining central island in more generalized
disorders. However, full-field automated perimetry is also an option. Kinetic perimetry is
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Figure 6. Mizar and Alcor, the double star
of the Big Dipper.

Figure 7. Illustration of the visual field loss as detected by Goldmann kinetic perimetry. Over an interval of 40 years, the visual
field loss of the right eye of a patient with RP gradually progresses to blindness.

particularly used to assess the peripheral visual field in patients with a generalized retinal
dystrophy (Figure 7). Kinetic perimetry, such as the ubiquitous Goldmann perimeter, uses light
stimuli of descending intensity and size that are projected from the periphery to the center. The
moment of detection is noted for each stimulus intensity leading to different isopters (i.e. stimuli
with different brightness and size). On the downside, this manual technique is difficult to
standardize and highly dependent on the experience of the perimetrist. Recently, semiautomated kinetic perimetry devices have been introduced that provide more precise control
of the stimulus motion and seem promising successors, which is necessary since the Goldmann
perimeter is no longer produced as of 2007.24 Finally, microperimetry (also known as fundusperimetry) is a relatively novel technique to assess the sensitivity threshold of multiple
predefined points within the central 45 degrees of the retina.25 This technique uses precise eye
tracking throughout the examination, and enables direct structure-function correlations by
providing an annotated en face image of the posterior pole.
Electrophysiological examination
The clinical classification of retinal disease is based on the affected photoreceptor type (rods
and/or cones) and the order in which they become affected. The visual symptoms as reported
by the patients often provides clues as to which photoreceptor system is primarily affected. For
instance, night blindness versus photophobia and/or visual acuity loss in respectively rod versus
cone function loss. However, this may not always be as straightforward, for example in young
patients or patients were several symptoms present more or less simultaneously. Also, loss of
visual acuity is more apparent than night blindness, especially in a well-lit urban environment.

20

Chapter 1

GENERAL INTRODUCTION

Figure 8. Diagram of the six basic ERGs defined by the ISCEV Standard. These waveforms are exemplary only and are not intended
to indicate minimum, maximum or typical values. Bold arrowheads indicate the stimulus flash, solid arrows illustrate a-wave
and b-wave amplitudes, and dotted arrows exemplify how to measure time-to-peak (t, implicit time or peak time) (Source:
McCulloch D.L. et al. 201526

Finally, rod involvement in patients with abnormalities that seem to be restricted to the macular
area, might be underestimated. The electroretinogram (ERG) objectively records the rod and
cone responses to specific stimuli allowing for precise analysis and follow-up of photoreceptor
dysfunction.
The full-field ERG is a recording of the mass electrical response of the retina after light flash
stimulation and provides objective data on retinal function that can help to provide an adequate
diagnosis, assess the disease severity, and monitor disease progression. Historically, the ERG
has often been used to exclude retinal disease in individuals with a positive family history,
because ERG abnormalities precede symptomatic disease. To date, however, molecular testing
has largely taken over this role.
Full-field ERG measurements are performed under standardized conditions with varying light
and stimulus intensities, which enables a distinction between first-order neuron function
(a-wave from the photoreceptors and OFF-bipolar cells) and second-order neuron function
(b-wave from Müller cells and ON-bipolar cells). 26 The examination is divided into scotopic (i.e.,
dark-adapted) and photopic (i.e., light adapted) measurements that differentiate between rod
and cone photoreceptor responses.26 The scotopic ERG is typically performed after at least 20
minutes of dark adaptation when a weak stimulus (i.e., a stimulus with an intensity below the
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sensitivity threshold of cones) is presented to elicit a rod response (Figure 8). By using a brighter
flash, both rod and cone photoreceptors are stimulated. Isolated cone responses can be elicited
with the light-adapted 30 Hz flicker ERG, this high frequency exceeds the regenerative capacity
of the rod and thus only measures the cone system. Four of the six basic ERG measurements
are performed under scotopic conditions. The remaining two are performed under photopic
conditions, which causes the rods to be bleached out.
The full-field ERG provides information on the rod and cone systems and can differentiate
between, for example, a cone-rod pattern (i.e., the cone pathway is more severely affected than
the rod pathway, as in CRD). Conversely, in RP, the ERG will typically demonstrate a rod-cone
pattern. In advanced disease, both rod and cone responses can be severely reduced or even
non-recordable, which impedes the differentiation between CRD and RP. For this reason, it is
important to always consider the course of the disease in its entirety and not focus solely on
present findings.
The full-field ERG may also show highly specific patterns associated with certain disorders. For
example, an electronegative ffERG, caused by a reduced b-wave with preservation of the a-wave,
is typically for pathologic processes in the inner retina such as X-linked retinoschisis (XLRS) and
congenital stationary night blindness.27 Patients with the enhanced S-cone syndrome
(Goldmann-Favre) are born with an overabundance of blue cones, a reduced number of red
and green cones, and few, if any, functional rods. In this case, the ERG shows supernormal
short-wavelength cone responses.28
In contrast to the panretinal response of the full-field ERG, multifocal electroretinography allows
detection of localized electrical activity in the macula and thus isolates macular function.29 In
this manner, a precise overview of the macular function is provided, and can identify localized
retinal damage, which is often invisible on full-field ERG.
Electro-oculography (EOG) is a technique that provides information on the function of the outer
retina and RPE by measuring the standing potential of the eye (i.e., the difference in electrical
potential between the front and back of the eye), and its change after dark and light adaptation.30
The difference in electrical potential between scotopic and photopic conditions is displayed
as the ratio between the light peak and the dark trough (i.e., the light peak-to-dark trough ratio,
formerly known as Arden ratio). EOG abnormalities are generally proportional to the severity
of rod-mediated ERG abnormalities. An exception is Best disease, in which the full-field ERG
usually remains normal but the EOG is abnormal. In these patients, the EOG may differentiate
between Best disease and other types of vitelliform macular dystrophy.30

G e n et ic te sting in inh erited ret inal d iseases
DNA is the blue print of every complex living organism (at least on earth..). DNA provides the
information for building proteins, which are large, complex molecules that play many critical
roles in the body. Proteins are required for the structure, function, and regulation of the body’s
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tissues and organs. The unique code of human DNA is composed of 6 billion building blocks,
called nucleotides that are divided over two complementary strands.34 Each nucleotide is
composed of a sugar molecule, a phosphate molecule and comprises one of the four bases: a
purine base such as guanine (G) and adenine (A) or a pyrimidine base such as cytosine (C) and
thymine (T). Nucleotides present themselves in base pairs linked by hydrogen bonds: guanine
in one strand always pairs with cytosine in the other strand, and adenine always pairs with
thymine. However, from these 3 billion base pairs merely 3% account for one of the 20,000
protein-coding genes. Excluding the parts of the gene that are not used to encode protein (i.e.,
the introns), only 1% of the DNA consists of protein-coding regions (i.e., the exons).35 The exact
function of the remaining base pairs, previously referred to as ‘junk-DNA’, remains to be
discovered, but it is hypothesized that the vast majority is involved in the regulation of gene
expression or maintaining the DNA structure.36 Surprisingly, the amount of bases is seemingly
not correlated with a species complexity, unless we completely misunderstand the physical
and mental capacity of a crop like wheat that contains more than 15 million bases accounting
for more than 108,000 genes.37
The discovery of the DNA
In 1869, the Swiss chemist Friedrich Miescher first described the presence of nuclein (later
changed to deoxyribonucleic acid; DNA) inside the nuclei of human white blood cells.31
However, more than 80 years passed before James Watson and Francis Crick discovered
the double-helical structure of the DNA molecule in 1953.32 Since then, significant progress
in understanding the genetic structure has been made, such as mapping of the nucleotide
sequence of the entire human genome in 2003.33

Inherited diseases are caused by damaging alterations or variants in our DNA. To fully appreciate
the consequences of an alteration in our DNA, we first need to understand how the genetic code
is converted into a protein. This conversion takes place in two consecutive steps: transcription
and translation (Figure 9). First, the genetic information stored in the double-stranded DNA is
transcribed to a single-stranded precursor messenger RNA. Subsequently, the pre-messenger
RNA undergoes several modifications such as 5’capping, polyadenylation, and splicing, before
it becomes messenger RNA and leaves the nucleus. The splicing step removes the non-coding
intronic regions from the pre-messenger RNA and connects the exons. The cleavage sites at the
boundary between the introns and exons, the splice sites, generally consist of conserved
sequences (Figure 10). The 5’ end of the intron (i.e., the splice donor site) consists of a GT
dinucleotide, and the 3’ end of the intron (i.e., the splice acceptor site) consist of a AG
dinucleotide (Figure 10).39 The spliceosome, the splicing machinery composed of proteins and
small nuclear RNAs, recognizes these and other specific sequences and facilitates intron splicing.
The canonical GT and AG sequences are important and alterations in these sequences will
prevent the process of splicing.
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Figure 9. Schematic illustration of translation, splicing and translation processes. (Source: Turnpenny and Ellard. Emery’s elements
of medical genetics, 14th edition, Elsevier, 201238)

Moreover, when pathogenic variants occur in the non-canonical splice region or in a deepintronic region they may influence splicing by creating or removing putative splice sites or give
rise to a newly inserted (pseudo)exon. However, the pre-messenger RNA is not always spliced
in the same manner; alternative splicing has been reported in over 90% of multiexon genes.40
In alternative splicing, particular exons are removed from the pre-messenger RNA and are
therefore not present in the final messenger RNA. Consequently, multiple protein subtypes or
isoforms can result from a single gene. These isoforms can be ubiquitously expressed, or tissuespecific and may have a unique function. The production of alternative messenger RNAs is
regulated by splice regulatory elements and proteins, among which exonic splice enhancers
and silencers (i.e., DNA sequence motifs to which splice enhancer and splice silencer proteins
bind).41 An optimal ratio between these splice enhancers and splice silencers is essential for
correct splicing in the human cells and a imbalance may cause disease (see Chapter 3.2).
Once the process of splicing is finished, the messenger RNA is transported from the nucleus to
the cytoplasm, where the ribosomes decode the messenger RNA and link amino acids to form
a stretch of amino acids, a process called translation. Finally, the polypeptide chain may undergo
post-translational modification, such as protein folding, to obtain their desired structure and
function in the human body.
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Figure 10. Schematic illustration of the splice consensus at the splice donor and splice acceptor site. The colored letters represent
the nucleotides, and the height of the colored nucleotides indicates the relative frequency of nucleotides in that position. The
more frequent a specific nucleotide, the more likely an alterations of this particular nucleotide will result in aberrant splicing
(Adapted from Padgett et al., 2012.42).

Disease gene identification

Humans share approximately 99.9% of their DNA. The remaining 0.1%, includes 20 million
bases that vary between individuals.35 Among all possible genetic differences between
humans there are damaging variants that can cause an inherited disease of any kind. To
assign the causative DNA variant causing disease is looking for a needle in a haystack.
Nevertheless, over the past decades, molecular sequencing techniques have evolved and
have claimed their position in the diagnostic process of retinal diseases.
In 1984, the first disease locus for an inherited retinal disease was identified by Bhattacharya
and colleagues, who discovered a locus on the X-chromosome in patients with X-linked RP.43
Several years later, in 1990, Dryja et al. reported rhodopsin (RHO) as the first identified gene
involved in autosomal dominant RP.44 In the same year, Cremers et al. discovered that pathogenic
variants in the CHM gene cause choroideraemia.45 Since then, over 250 genes have been
associated with inherited retinal dystrophies (Retnet, available at https://sph.uth.edu/retnet/
https://sph.uth.edu/retnet/). Key in the identification of many of these genes was the
introduction of next-generation sequencing technologies in 2005. Whole exome sequencing
(WES), one of the currently most commonly used techniques, allows screening for all coding
region and the intron-exon boundaries and thereby enables analysis for all types of inherited
retinal dystrophies in a single test.46 Still, the variant may not have been detected using WES
because it resides in a GC-rich region, concerns a structural variant, or WES lacked coverage for
the specific variant.46,47 Whole genome sequencing (WGS) may largely overcome these limitations
by covering these non-coding regions and enabling detection of structural variants, and may
therefore be implemented in the daily clinical practice in the near future.
Genetic heterogeneity
Besides their clinical heterogeneity, inherited retinal dystrophies also display an immense
genetic heterogeneity. Not only are there more than 80 genes implicated in RP (see Chapter
2.1), there are also numerous different causal variants—many of which have still not been
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found—within these genes. Both the high number of genes and the different variants within
these genes attribute to the plethora of clinical manifestations in inherited retinal disease. For
example, variants in PRPH2 have been associated with MD, CD, CRD and RP,48 and variants in
RP1 can cause a CRD, MD, and RP phenotype (see Chapter 4.1).

Exa m p l e s of inherited ret inal diseases
This section provides a description of the features of the inherited retinal dystrophies that are
included in this thesis: namely, RP, Leber congenital amaurosis (LCA), CRD, MD, and XLRS.
Retinitis pigmentosa
The term ‘RP’ encompasses a group of progressive inherited retinal dystrophies characterized
by the degeneration of photoreceptors in a rod-cone pattern, and is, with a worldwide prevalence
of 1:4,000, the most common inherited retinal dystrophy. RP shows remarkable clinical and
genetic heterogeneity. An extensive overview of the clinical characteristics, the large number
of associated genes, and management of RP patients is provided in Chapter 2.1.
Leber congenital amaurosis
LCA is considered the most severe retinal dystrophy with an onset before infancy (variably
defined as age one or two). One could consider LCA to be a very early onset form of RP. The loss
of visual function early in life results in a specific set of symptoms, including nystagmus,
abnormal or absent pupillary responses, high hyperopia, and oculo-digital signs (i.e., poking,
pressing, and rubbing the eyes). Although the retinal aspect may appear normal initially, the
ERG shows severely reduced or even absent responses of the photoreceptor pathways.
Eventually, various abnormalities such as bone spicule pigmentation, optic disc abnormalities
and profound atrophy may develop.49 LCA is generally inherited in an autosomal recessive
manner, although dominant inheritance has been described in CRX-associated LCA cases.50-53
To date, 25 genes have been associated with LCA (Retnet; available at https://sph.uth.edu/
retnet/).49
Cone-rod dystrophy
Cone-rod dystrophies comprises a group of inherited retinal dystrophies in which cone
degeneration precedes rod degeneration. CRD is less frequent compared with RP, with an
estimated prevalence of 1:40,000.54,55 Patients generally experience loss of visual acuity in the
first decade, sometimes accompanied by photophobia and/or color vision disturbances,
whereas night blindness may develop later in life as the rods become involved.54,56
The macular appearance can range from normal to bull’s eye maculopathy or RPE atrophy, and
the optic nerve may show temporal pallor. In later stages, bone spicule pigmentation and
attenuation of the retinal vessels can be observed.54,55 Goldmann perimetry shows central
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sensitivity loss or a central scotoma and may eventually reveal constriction of the peripheral
visual field. Particularly in the early stages, the ERG is typically reduced in a cone-rod pattern,
which is important in the differentiation between RP and CRD. In advanced disease, both rod
and cone responses can become severely reduced differentiation between CRD and RP may
be difficult.
Like RP, CRD can follow all modes of Mendelian inheritance, i.e. autosomal dominant, autosomal
recessive and X-linked. Thirty-five genes have been implicated in CRD (RetNet, available at
https://sph.uth.edu/retnet/).
Macular dystrophies
The group of macular dystrophies is a highly heterogeneous group of disorders characterized
by central visual loss, and relative symmetric fundus abnormalities, that include chorioretinal
atrophy, and accumulation of lipofuscin and/or pigmentation, predominantly limited to the
macular region.57 Some of these macular dystrophies may evolve to become panretinal
photoreceptors dystrophies during the course of the disease. Even more than RP and CRD, the
clinical manifestation of MDs varies wildly. This is matched by a large genetic heterogeneity
with genes encoding proteins involved in a variety of vital processes in the retina. Although the
underlying molecular defect is often expressed throughout the entire retina, the retinal
abnormalities are more or less limited to the macular region, which appears to be more
susceptible to pathologic changes in these cases. MD has been associated with 22 genes (RetNet,
available at https://sph.uth.edu/retnet/). One of the most recently discovered genes is the RP1
gene, mutations in this gene were already known to cause RP. This new genotype-phenotype
association is described in Chapter 4.1 of this thesis.
X-linked juvenile retinoschisis (XLRS)
XLRS is the leading cause of hereditary juvenile macular degeneration in males with an estimated
prevalence ranging from 1 in 5,000 to 1 in 25,000.58 XLRS is caused by mutations in the RS1 gene,
which encodes the retinoschisin protein that is involved in cellular adhesion and cell-cell
interactions, and thereby plays a role in maintaining the normal retinal integrity.59,60
Consequently, reduced or malfunctioning of retinoschisin causes splitting or ‘schisis’ of the
neuroretinal layers.
Patients generally present in the first decade of life with a decrease in visual acuity, although
an earlier onset during infancy has also been reported.61,62 The hallmark finding is a bilateral
foveoschisis, in young patients visible as a spoke-wheel pattern in the macula (Figure 11-B).62
In addition, a peripheral retinoschisis is present in up to 50% of patients and patients are often
hypermetropic.27,63 The best diagnostic tool to detect the retinoschisis is an OCT scan that
visualizes the cystoid macular lesions, which can be present throughout different retinal layers
(i.e. from the nerve fiber layer tot the outer nuclear layer).27 The full-field ERG typically shows a
characteristic electronegative ERG, caused by a reduced b-wave with preservation of the a-wave.
With progression of the disease, the cystoid macular lesions diminish and chorioretinal macular
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Figure 11. Images of the left eye of a 15-year old patient with X-linked juvenile retinoschisis. (A) Fundus photograph and (B)
fundus autofluorescence image showing a macular spoke-wheel pattern. (C) Optical coherence tomography image showing
cystic macular lesions in the inner nuclear layer.

atrophy occurs accompanied by permanent loss of central vision.64 Other vision-threatening
complications that may occur include retinal detachment, vitreous hemorrhage and progression
of the retinoschisis towards the centre. To reduce the amount of cystoid macular lesions and
improve vision, XLRS patients may be treated with carbonic anhydrase inhibitors, as discussed
in Chapter 5.1.

A im s a n d o ut lines of t h is t h es is
Our knowledge of retinal dystrophies has rapidly increased since the discovery of the first gene
(rhodopsin) implicated in retinal dystrophies in 1990 by Drya and co-workers.44 However, much
remains to be elucidated about these disorders. For example, we still cannot determine a
molecular diagnosis in approximately one third of all patients.46,65,66 The pathogenesis underlying
the large variation in clinical presentation is also currently unknown. This knowledge is
important to accurately predict the individual disease course and to counsel patients and their
families. It is also important in the selection of patients for upcoming therapeutic trials and in
the evaluation of the effects of these novel treatments.
Knowledge on the clinical findings of inherited retinal disease is scattered throughout many
publications in the scientific literature. The objective of this thesis is two-fold: the first aim is to
provide a synthesis of all the clinical, genetic and therapeutic information currently available
for RP. Second, our goal is to increase knowledge of RP and other retinal dystrophies. This thesis
describes the disease spectrum associated with variants in the RP1 gene. In addition, four
specific retinal dystrophies: XLRS, and three RP subtypes caused by variants in respectively the
IMPG1, KIAA1549, and TULP1 gene are discussed.
Non-syndromic retinitis pigmentosa
Chapter 2.1 provides a detailed overview of the clinical, genetic and therapeutic aspects of
non-syndromic RP, as well as the specific features of all genetically defined RP subtypes. This
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chapter contains a unique atlas that covers 75 of the 87 known genetic subtypes of RP, and
contains images of all the genetic subtypes that have been published over the years. Additionally,
this chapter shows a schematic representation of human photoreceptor cells, the RPE and the
interphotoreceptor matrix, and demonstrates the vital processes affected in RP (e.g. the
phototransduction cascade, the visual cycle, etc.), as well as the genes involved. The final part
of this chapter is devoted to current and future therapeutic options.
Genotype
Chapter 3 focuses on the description of two new genetic associations. Chapter 3.1 provides
additional evidence supporting the hypothesis that variants in the KIAA1549gene are associated
with RP. Moreover, it includes additional information on the function of KIAA1549, and describes
the clinical findings in KIAA1549-associated RP. Chapter 3.2 describes the identification of the
first near exon RNA splice variant that is not present in a consensus splice site sequence in TULP1
in two siblings with early-onset retinitis pigmentosa, and highlights the importance of genetic
tests that include the non-coding regions.
Phenotype
The emphasis in Chapter 4 is on the phenotypic characteristics of certain RP subtypes. Chapter
4.1 describes the clinical spectrum of diseases caused by mutations in the RP1 gene, which
ranges from macular dystrophy to phenotypes that encompass the entire retina such as CRD
and RP. This chapter also discusses possible genotype-phenotype correlations. Chapter 4.2
provides additional evidence on the causal role of the p.Leu579Pro missense change in IMPG1
in a large Dutch family with autosomal dominant RP. Additionally, new clinical information is
presented, among which composite fundus photographs and OCT images.
Treatment
Little is known regarding the therapeutic effect of carbonic anhydrase inhibitors in the
management of cystic macular lesions in children with XLRS, despite the fact that this disease
often manifests during childhood. Therefore, Chapter 5 evaluates the effect of treatment with
carbonic anhydrase inhibitors in children with XLRS.
General discussion
Chapter 6 further discusses the studies described in this thesis and places the gained knowledge
and novel hypotheses into a wider context.
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CHAPTER 2.1

A bst ra ct
Retinitis pigmentosa (RP) encompasses a group of inherited retinal dystrophies characterized
by the primary degeneration of rod and cone photoreceptors. RP is a leading cause of visual
disability, with a worldwide prevalence of 1:4000. Although the majority of RP cases are nonsyndromic, 20-30% of patients with RP also have an associated non-ocular condition. RP
typically manifests with night blindness in adolescence, followed by concentric visual field loss,
reflecting the principal dysfunction of rod photoreceptors; central vision loss occurs later in life
due to cone dysfunction. Photoreceptor function measured with an electroretinogram is
markedly reduced or even absent. Optical coherence tomography (OCT) and fundus
autofluorescence (FAF) imaging show a progressive loss of outer retinal layers and altered
lipofuscin distribution in a characteristic pattern. Over the past three decades, a vast number
of disease-causing variants in more than 80 genes have been associated with non-syndromic
RP. The wide heterogeneity of RP makes it challenging to describe the clinical findings and
pathogenesis. In this review, we provide a comprehensive overview of the clinical characteristics
of RP specific to genetically defined patient subsets. We supply a unique atlas with color fundus
photographs of most RP subtypes, and we discuss the relevant considerations with respect to
differential diagnoses. In addition, we discuss the genes involved in the pathogenesis of RP, as
well as the retinal processes that are affected by pathogenic mutations in these genes. Finally,
we review management strategies for patients with RP, including counseling, visual rehabilitation,
and current and emerging therapeutic options.
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Retinitis pigmentosa (RP) is a major cause of visual disability and blindness, affecting more
than 1.5 million patients worldwide. RP is the most common inherited retinal dystrophy (IRD),
with a worldwide prevalence of approximately 1:4000,1 although reports vary from 1:90002 to
as high as 1:750,3 depending on the geographic location. The term “retinitis pigmentosa” was
first coined by the famous Dutch ophthalmologist F.C. Donders in 1857,4 although his colleague
A.C. van Trigt provided the first description of RP viewed through an ophthalmoscope four years
earlier.5 Even in those early days, certain forms of retinal degenerations had already been
reported. For example, in 1744 R.F. Ovelgün described a form of familial night blindness closely
resembling RP.6 In the early 19th century, both M. Schon and F.A. von Ammon reported patients
with poor vision and pigmented retinal lesions.7,8
RP encompasses a group of progressive IRDs characterized by the primary degeneration of rod
photoreceptors, followed by the loss of cone photoreceptors. The initial symptom is reduced
night vision, which is followed by a progressive loss of the visual field in a concentric pattern.
Function at the macula is usually relatively well preserved until later stages of the disease.
Fundus abnormalities typically include bone spicule pigmentation predominantly in the
periphery and/or mid-periphery, attenuation of retinal vessels, and a waxy pallor of the optic
nerve head. An electroretinogram can help in the diagnosis and reveals the characteristic loss
of photoreceptor function, primarily among rod photoreceptors rather than cones in early stages
of the disease.
RP is clinically distinct from other IRDs, including IRDs that manifest at birth or within the first
few months of life (e.g., Leber congenital amaurosis, or LCA), dystrophies in which cone
degeneration precedes rod degeneration (e.g., cone-rod dystrophy), macular dystrophies, and
disorders that are generally not progressive such as achromatopsia and congenital stationary
night blindness (CSNB). In addition, 20-30% of patients with RP present with a syndromic form
of RP associated with extra-ocular abnormalities. Together, all of these disorders form a
continuum of retinal dystrophies with partially overlapping clinical and/or genetic findings (Figure
1). This overlap can complicate the classification of an individual IRD and is subject to discussion.
Moreover, few therapeutic options are currently available in daily clinical practice. Therefore, the
practitioner’s focus should be to provide the patient with the best possible information regarding
the expected clinical course and inheritance pattern. In this respect, developing a classification
system that combines the clinical diagnosis with the underlying genetic factors can provide
valuable prognostic information regarding the rate of progression and long-term outcome.
The wide heterogeneity among RP patients is best illustrated by the large number of genetic
defects associated with RP. In 1990, Dryja et al. reported the first identified gene involved in
autosomal dominant RP: the rhodopsin (RHO) gene.9 Since then, mutations in more than 80
genes have been implicated in non-syndromic RP,10 and each year new genes are added to this
list. Each of these genes corresponds to a gene-specific subtype of RP with a specific age of
onset, visual impairment, retinal appearance, and/or rate of progression. Moreover, several
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Figure 1. Venn diagram summarizing the genetic overlap between RP and other inherited retinal dystrophies. Each circle
represents a specific clinical diagnosis. The gene names listed in the overlapping areas indicate that mutations in these genes
can lead to different phenotypes. Genes marked with an asterisk are candidate genes for non-syndromic RP.
Abbreviations: CRD: cone-rod dystrophy, CSNB: congenital stationary night blindness, ESCS: enhanced S-cone syndrome, LCA:
Leber congenital amaurosis, MD: macular dystrophy, RP: retinitis pigmentosa.

factors can vary widely within each of these gene-specific subtypes, even between affected
family members, suggesting the presence of unidentified genetic and/or environmental factors
that can influence the RP phenotype.
Information regarding the clinical course of various RP subtypes is spread across numerous reports
that often describe only limited numbers of patients. In this review, we provide a comprehensive
overview of the clinical features associated with the various genetic subtypes of non-syndromic
RP. A related—yet equally complicated—subject is the functional role of the many proteins
encoded by their respective RP genes. To better appreciate the effect of mutations in RP genes,
we also discuss the role of these proteins in the structure and function of the retina. Finally, we
discuss the current therapeutic options and future perspectives for non-syndromic RP.
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RP is characterized by the progressive degeneration of photoreceptors and retinal pigment
epithelium (RPE), leading to night blindness, tunnel vision, and a gradual reduction of central
vision. However, the clinical findings in RP vary widely due to the large number of genes involved,
each of which can have several alleles. In this chapter, we discuss the clinical features that are
generally considered to be characteristic of RP. A comprehensive overview of the features
specific to the various genetic subtypes of RP is provided in Chapter 4.
Age of onset and rate of progression
In the “classic” presentation of RP, difficulty with dark adaptation begins in adolescence, and
visual loss in the mid-peripheral field becomes apparent in young adulthood. However, the age
at onset among patients with RP varies widely; thus, some patients develop symptomatic visual
loss in early childhood, whereas others can remain relatively asymptomatic until mid-adulthood.
The exact age of onset is often difficult to determine, as many patients—particularly children—
are able to compensate for peripheral visual loss. In addition, difficulties with dark adaptation
can remain unnoticed by the patient due to our artificially illuminated nighttime environment.
In general, RP subtypes that manifest early in life tend to progress more rapidly. Moreover, the
severity of the disease is correlated with the disease’s Mendelian pattern of inheritance. In
general, patients with X-linked RP (5-15% of RP patients) have a more severe disease course
compared to patients with autosomal recessive RP (50-60% of RP patients), whereas patients
with an autosomal dominant form of RP (30-40% of RP patients)11,12 have the best long-term
prognosis with respect to retaining central vision.13,14
Symptoms
The initial symptoms of RP include night blindness (nyctalopia) and difficulty with dark
adaptation. In some cases, RP can also present with loss of the mid-peripheral visual field,
although this is rarely reported as an early symptom. The central retina remains relatively
preserved until the final stages of the disease, although anatomical abnormalities in the central
retina can appear early in the course of the disease. Eventually, and typically when the patient
reaches middle age, central cone degeneration leads to a decline in visual acuity. Most patients
with RP retain the ability to perceive light due to residual macular function and/or the presence
of a preserved peripheral temporal retinal island.13 Photopsia is a common but often-neglected
symptom15 that can be highly disturbing to patients. This phenomenon may be caused by a
lack of afferent nerve impulses in response to photoreceptor degeneration16 or spontaneous
self-signaling activity as a result of inner retina remodeling.17 Photopsia can occur in the early
stages of RP,18 but is most striking—and particularly disturbing—in patients with more advanced
stages of the disease.19 In advanced RP, the visual hallucinations can take animate forms, which
corresponds with the diagnosis Charles Bonnet syndrome.20 Patients with RP can also experience
photophobia and dyschromatopsia.13,21
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Family history
A thorough family history is very important in any patient suspected for RP and we recommend
drawing a pedigree for each proband. A pedigree is useful in several ways, it helps assessing
the mode of inheritance and may also have diagnostic consequences. For example, if an X-linked
inheritance is suspected, the RPGR gene should be sequenced prior to whole exome sequencing
(see section 6.1). A pedigree may also illustrate which family members are at risk for developing
RP and/or indicate subjects where non-penetrance should be suspected, for instance when
mutations in PRPF31 and HK1 are involved (see Chapter 4).
Ophthalmic examination
The classic RP triad
Three clinical features—bone spicule pigmentation, attenuation of retinal vessels, and a waxy
pallor of the optic nerve—are the hallmark signs of RP. In the early stages of RP, a fundus
examination may appear normal, as bone spicule‒shaped pigment deposits are either absent
or sparse, vascular attenuation is minimal, and the optic disc is normal in appearance. Prior to
the typical RP abnormalities, some patients may present with aspecific abnormalities such as
irregular reflexes from the internal limiting membrane, broadening of the foveal reflex, and
discrete local whithish lesions at the level of the RPE. Not all RP patients develop typical bone
spicules; some develop dust-like pigmentation, whereas others develop nummular
hyperpigmentation. The degree of hyperpigmentation can vary among patients and does not
necessarily reflect the severity of the disease. Bone spicule pigmentation consists of RPE cells
that detach from Bruch membrane following photoreceptor degeneration and migrate to
intraretinal perivascular sites, where they form melanin pigment deposits.22 These bone spicules
often arise in the mid-periphery, where the concentration of rod cells is highest.23 Precisely what
triggers RPE migration is unknown, given the high level of interdependence between the
choriocapillaris, RPE, and photoreceptors. However, the RPE migration might be triggered by
the reduced distance between the inner retinal vessels and the RPE, due to the degeneration
of photoreceptors in RHO knock-out mice.24
The etiology underlying the attenuation of retinal vessels in RP remains unclear. Initially, this
clinical feature was attributed to reduced metabolic demand following ganglion cell
degeneration secondary to photoreceptor cell loss. An alternative hypothesis attributes the loss
of oxygen-consuming photoreceptors to a hyperoxic state of the remaining inner retina, which
leads to vasoconstriction and reduced blood flow in retinal vessels.25-28 Additionally, Li et al.
found that thickening of the extracellular matrix between the retinal vessels and the migrated
RPE cells causes narrowing of the vessels.22 Finally, Stone et al. suggested that a loss of synaptic
input secondary to photoreceptor cell death—and the resulting decline in trophic factors—
causes reduced metabolism of the inner retinal layers, which may induce vascular remodeling
and subsequent vessel attenuation.29 On the other hand, Cellini et al. found that ocular blood
flow was reduced more than would be expected due to retinal atrophy, which raises the question
of whether vascular changes in RP patients are merely secondary to neuroretinal remodeling,
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or whether they play a more pivotal role in the development of RP.30 In addition, a role for the
vasoconstrictor endothelin-1 has been suggested, although both increased and decreased
plasma levels of endothelin-1 have been reported among RP patients, thus indicating the need
for further study.30-33 Given that most of the genes linked to RP play a role in either the
photoreceptor-RPE complex or the interphotoreceptor matrix, a secondary cause of these
vascular changes is likely.
The optic disc typically develops a waxy pallor as the disease progresses; this feature is likely
caused by the formation of glial cells both on the surface and inside the optic disc, resulting in
increased light reflectance.34,35
Ocular findings associated with RP
Several other ocular conditions—some of which are amenable to treatment—are often
associated with RP. For example, patients with early-onset RP can also present with nystagmus,
and disease-associated refractive error is also common. Macular complications can include
cystoid macular edema (CME), macular hole, and epiretinal membrane formation. CME has
been reported to occur in up to 50% of patients with RP.36 Although the etiology remains
unknown, Strong et al. recently proposed several mechanisms that may contribute to the
formation of CME, including i) breakdown of the blood-retina barrier, ii) impaired function of
the RPE pumping mechanism, iii) Müller cell edema and dysfunction, iv) anti-retinal antibodies,
and v) vitreomacular traction.36 Up to 36% of RP patients present with epiretinal membrane
formation,37-41 which may be the result of idiopathic preretinal glial cell proliferation35 or—as
suggested recently—may occur secondary to an inflammatory process.38 The notion of an
inflammatory component in RP is not new, as evidenced by the word “retinitis” in the name,
and is generally believed to be secondary to photoreceptor cell death. Recent evidence,
however, suggests that inflammatory cells contribute to retinal degeneration via their cytotoxic
effect on bystander cells such as photoreceptors.42,43 Posterior subcapsular cataract may
significantly affect vision and occurs in approximately 45% of RP patients;44-46 visually significant
cataract can be removed even when there is macular involvement. The underlying mechanism
in posterior subcapsular cataract is currently unknown, although a possible association with
inflammation was recently suggested.47 Another vitreous abnormality that can occur in RP is
the presence of vitreous cysts, which have been reported to occur in 6% of RP patients.48 In
addition, optic nerve head drusen and/or optic nerve fiber layer drusen were reported in 9%
of a cohort of 262 RP patients,49 and later studies were able to link these drusen to specific
subtypes of RP (see section 4.9). Finally, RP appears to be one of the most commonly underlying
diseases in patients with secondary retinal vasoproliferative tumors.50
Retinal function
Perimetry
Progressive loss of the visual field is a characteristic feature of RP. This visual field loss has high
bilateral symmetry51 and typically begins with isolated scotomas in the mid-peripheral areas,
which gradually coalesce to form a partial or complete ring scotoma. As the disease progresses,
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this annular scotoma extends both outward and—albeit more slowly—inward. In addition to
ring scotomas, other patterns of visual field progression have been reported, including
concentric visual field loss without a preceding ring scotoma and visual field loss progressing
from the superior to inferior retina in an arcuate pattern.52 Kinetic perimetry is best suitable for
assessment of peripheral visual field loss; the annual rate of decline for target V4e of the
Goldmann perimeter ranges from 2-12% and varies among gene-specific subtypes.53-58
Progression of central visual field loss is usually determined using static perimetry. A relatively
novel technique to assess the central visual field is fundus-driven perimetry (i.e., microperimetry),
which uses precise eye tracking throughout the examination, and enables direct structurefunction correlations by providing an annotated en face image of the posterior pole.
Color vision
Initially, color vision may be normal; however, dyschromatopsia—particularly blue-yellow color
vision defects where patients principally experience difficulty distinguishing shades of blue
from green and yellow-green from violet—can occur in advanced stages of the disease. These
so-called type III (blue) acquired color vision defects are more prevalent then type I (red-green)
color vision defects.21 Blue cone dysfunction has been attributed to the scarcity of these shortwavelength cones at the fovea.59 Due to this uneven distribution, loss of pericentral retinal
function may lead to tritanopia (blue-yellow color blindness). Loss of visual acuity—together
with the associated degeneration of central photoreceptors—increases the likelihood of
developing a type I color defect.60 On the other hand, vision loss due to CME seems to have little
effect on color vision.21
Dark adaptometry
An abnormal dark-adapted threshold is a hallmark feature of RP. Rod threshold is often increased
due to decreased rod sensitivity and prolonged recovery of rod sensitivity.61 Studies regarding
dark adaptation in RP revealed increases in both cone and rod thresholds, a delay in reaching
the asymptotic rod threshold, or the complete loss of rod photoreceptor function.62
Electroretinography
Full-field electrophysiological testing—according to the ISCEV guidelines (http://www.iscev.
org/standards)—helps in the diagnosis and is essential in the quantitative assessment of the
severity of the disease, as well as monitoring disease progression.63 Electroretinogram (ERG)
abnormalities occur early and precede the night blindness symptoms and fundus abnormalities
(Figure 2). On the dark-adapted, bright flash (combined rod-cone) ERG, the a-wave is subnormal.
In addition, isolated rod responses to a dark-adapted (scotopic) dim flash are delayed,
diminished, or absent in a full-field ERG recording. Cone responses may also be affected in the
early phases of RP, but this typically lags behind the onset of rod dysfunction. When present,
cone dysfunction manifests in the light-adapted (photopic) ERG as a delayed and reduced
response to a bright flash and 30-Hz flicker stimuli.64 Oscillatory potentials may also be reduced
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Figure 2. Schematic representation of ERG recordings in different stages of RP (i.e. early, intermediate and advanced RP). Vertical
lines indicate the moment of stimulus flash. As the RP progresses, the amplitude of responses decreases, and the implicit time
may increase. Cone dysfunction typically lags behind the onset of rod dysfunction. Eventually, the ERG—under both scotopic
and photopic conditions—is extinguished.
2.6 Retinal imaging

in RP patients.65 The annual rate of decay in the full-field ERG among RP patients ranges from
9-11%.66 The decay in central cone functional is slower;67,68 in a heterogeneous patient cohort
including all three inheritance patterns (autosomal dominant, autosomal recessive, and
X-linked) and syndromic subtypes, the annual rate of decay in central cone function was
estimated at 4-7%.69 As the disease progresses, the full-field ERG may become non-recordable
despite a residual visual field. Under these circumstances, full-field stimulus threshold (FST), a
fast test that does not require patients’ fixation, or a multifocal ERG (mfERG) may still be able
to elicit responses and may therefore be used to follow the disease progression.68,70 Delayed
responses in the mfERG may be used to predict visual field loss in a healthy-appearing retina.71
Fundus imaging
In a single capture, conventional fundus photography covers a field of view of 30-50 degrees of
the retina. The peripheral retinal is generally covered rather poorly, even with 7-field fundus
photography. Conventional color fundus photography is limited by media opacities and
inadequate pupillary dilation, and patient cooperation is important. A better alternative may
be found in ultra-wide field imaging, which uses confocal scanning laser ophthalmoscopy (cSLO)
with green and red laser light. Ultra-wide field imaging depicts up to 200 degrees of retina in a
single capture.72,73 This technique, however, also has its disadvantages: the colors are artificial,
the peripheral image is distorted caused by the two dimensional image of the three dimensional
globe, and structures anterior to the retina (e.g. eyelashes and vitreous opacities) can cause
artefacts.72 Multicolor imaging is a technique that uses the reflectance of three lasers with a
particular wavelength, to provide information about different layers of the retina.74 The eventual
multicolor image is composed of the reflectance images from the individual lasers, and the
coloring is also artificial. In patients with RP, multicolor imaging is better at defining the borders
of the intact macular area compared to conventional fundus photography.75
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Figure 3. Horizontal spectral-domain optical
coherence tomography (SD-OCT; top panel) and
fundus autofluorescence (FAF) images of the left eye
of a patient with RP. The OCT image shows the
perifoveal loss of the outer retinal layers. The central
preservation of the ellipsoid zone corresponds to the
internal edges of the hyperautofluorescent ring visible
on FAF.

Optical coherence tomography
The earliest histopathological change in RP is shortening of the photoreceptor outer segments.76
This change is reflected in a spectral-domain optical coherence tomography (SD-OCT) image
as disorganization of the outer retinal layers, initially at the interdigitation zone, followed by
the ellipsoid zone, and finally at the external limiting membrane (Figure 3 and Figure 4).77 As RP
progresses, thinning of the outer segments is accompanied by a decrease in the thickness of
the outer nuclear layer, which contains the nuclei of the photoreceptor cells. The late stages of
RP are characterized by the complete loss of both the outer segment and the outer nuclear
layer.78 In contrast, the inner retinal layers—including the inner nuclear layer and the ganglion
cell layer—remain relatively well preserved. In fact, a decrease in the thickness of the
photoreceptor outer segments may even be accompanied by thickening of the inner retinal
layers; although the underlying cause of this thickening is not entirely clear, it may be related
to edema formation in the retinal nerve fiber layer and/or neuronal-glial retinal remodeling in
response to thinning of the outer retina.79 In patients with advanced disease and atrophy of the
outer retinal layers, SD-OCT imaging may reveal outer retinal tabulations.80 Hyperreflective foci
are a common finding in the inner nuclear layer, the outer nuclear layer, and/or the subretinal
space. These hyperreflective foci may represent migrating RPE cells and seem to be correlated
with the condition of the RPE layer, the condition of the ellipsoid zone, and—in some cases—
fundoscopically visible hyperpigmentation. Interestingly, an absence of hyperreflective foci in
the outer nuclear layer has been associated with better visual acuity.81 Several studies also
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Figure 4. Horizontal spectral-domain optical coherence tomography (SD-OCT) images of three patients with RP. (A) SD-OCT
image of a 27-year-old female with PDE6B-associated RP, showing cystoid macular edema and central loss of the ellipsoid zone
band (B) SD-OCT image of a 46-year-old male with CDHR1-associated RP, showing profound loss of photoreceptor outer segments,
with central loss of the RPE and increased visibility of the choroidal vasculature. (C) SD-OCT image of a 9-year-old female with
CRB1-associated RP, showing minimal intraretinal cysts, irregular foveal architecture and an increased retinal thickness—despite
a generalized loss of the outer retinal layers—with loss of the retinal laminations.

revealed a correlation between the visual acuity in RP patients and the condition of the ellipsoid
zone line.82-84 In addition, the width of the ellipsoid zone line is associated with a decrease in
visual field sensitivity. Another study found a linear correlation between a decrease in the visual
field and thinning of the outer segments.77
OCT imaging may also be valuable in diagnosing other macular abnormalities present in up to
half of all RP patients.85 For example, CME is the most common finding, followed by epiretinal
membrane formation, vitreomacular traction syndrome, and macular hole.77 In RP patients with
CME, cystoid spaces are found primarily in the inner nuclear layer, but they can also occur in
the outer nuclear layer, the outer plexiform layer, and/or the ganglion cell layer.85
Fundus autofluorescence imaging
Fundus autofluorescence (FAF) can reveal an otherwise undetectable disruption in RPE
metabolism. With short-wavelength (SW)-FAF, using blue or green light, the signal emanates
principally from lipofuscin molecules present in the RPE.86 In contrast, near-infrared (NIR)-FAF
displays the autofluorescence signal that originates from RPE and—to a lesser extent—choroidal
melanin or related fluorophores.87 FAF is increasingly used in evaluating and monitoring the
progression of RP; however, sufficient data is lacking regarding the increased susceptibility to
light toxicity of retinas with retinal dystrophies characterized by the accumulation of
photosensitizers such as lipofuscin.88,89
An abnormal foveal ring or curvilinear arc of increased autofluorescence (Figure 3), not visible
on ophthalmoscopy, is present in 50-60% of RP patients.90 This ring can be visualized using
both SW-FAF and NIR-FAF. The diameter of the ring ranges from 3-20 degrees and usually has
a relatively high level of interocular symmetry.91 This hyperautofluorescent ring represents a
transition zone between abnormal and normal retinal function; thus, function is relatively
normal within the ring and absent outside of the ring. The level of autofluorescence immediately
outside of the ring is relatively preserved, despite severely impaired retinal function. Moreover,
the degeneration of photoreceptor cells outside of the ring is reflected in a loss of the ellipsoid
zone and the external limiting membrane, as well as a thinning or absence of the outer nuclear
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layer in an SD-OCT scan (Figure 3).92 The autofluorescent ring itself corresponds to an area of
outer segment dysgenesis and lipofuscin production, with progressive retinal thinning, usually
accompanied by loss of the ellipsoid zone at—or close to—the internal edge of the ring.92-95 In
the majority of patients, the autofluorescence measured inside the ring is quantitatively similar
to autofluorescence in a healthy eye.96 Over time, the diameter of the hyperautofluorescent ring
grows smaller; although the rate of this reduction in diameter varies, relatively large rings tend
to reduce in size more rapidly than small rings. The inner edge of the constricting ring generally
matches the progression of cone system dysfunction; in contrast, the loss of rod sensitivity is
more widespread and includes the parafoveal area within the ring.97 Eventually, the ring may
disperse, and this phenomenon is correlated with a widespread loss of sensitivity and visual
acuity.97-99 Microperimetry in RP patients shows that visual sensitivity is relatively preserved
within the ring, reduced in the ring zone itself, and decreased or non-recordable in the region
outside of the ring.100
Besides the hyperfluorescent ring, other autofluorescence patterns can be observed (see Figure
5, and section 4.9). In nearly all adult patients with RP, wide-field FAF imaging shows patchy
and/or reduced autofluorescence in the mid-periphery, which appears to be related to a loss
of peripheral vision.101 In addition, an abnormal pattern of increased autofluorescence maybe
observed at the central macula and is associated with central visual impairment.98,99,102
Fluorescein angiography
These days, fluorescein angiography is not commonly used in RP. On the angiogram,
chorioretinal atrophy can be readily observed, initially in the periphery and/or mid-periphery,
and later at the posterior pole. Although there is usually no delay in the filling of the retinal
vessels, the vessels themselves are attenuated, and some leakage of dye may be present. The
presence and extent of CME is also easily depicted with fluorescein angiography. Choroidal
neovascularization—although not common in RP—can be visualized with fluorescein
angiography and, more recently, with optical coherence tomography angiography (OCTA), a
non-invasive alternative.103,104
Adaptive optics scanning laser ophthalmoscopy
Adaptive optics scanning laser ophthalmoscopy (AOSLO) is a relatively new, non-invasive
imaging modality that enables the visualization of photoreceptors at a microscopic level by
correcting for ocular aberrations.105 In patients with RP, the high resolution of AOSLO allows
early detection of photoreceptor damage, even when the outer retinal architecture on OCT
appears intact.106 In addition, it can reveal a decrease in cone density before the visual acuity
is reduced, since a significant cone reduction is possible before the visual acuity becomes
affected.107 AOSLO is a highly sensitive imaging modality that may be of additional value in
monitoring disease progression, and evaluating treatment safety and efficacy in clinical trials.
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Figure 5. Fifty-five-degree fundus autofluorescence (FAF) images of two RP patients that illustrate the diversity of autofluorescence
patterns in RP. (A) FAF image of 27-year-old female with FAM161A-associated RP, showing a curvilinear arc of hyperautofluorescence
surrounding the macula, in combination with sectoral peripheral hypoautofluorescence in the inferior quadrants. (B) FAF image
of a 55-year-old female with EYS-associated RP, showing a well demarcated hyperautofluorescent area along the inferior vascular
arcade, partially surrounding the fovea.

Differential diagnosis for non-syndromic retinitis pigmentosa
The spectrum of IRDs is broad and includes disorders that primarily affect the macula (e.g.,
Stargardt disease and Best vitelliform macular dystrophy) and stationary disorders such as
achromatopsia and CSNB. Precisely where RP lies within this spectrum is based on both
relatively objective criteria such as symptoms, fundus abnormalities, and ERG findings, as well
as seemingly arbitrary criteria such as the patient’s age at onset and even historical factors.
Finally, when classifying an IRD, it is important to take the entire disease course into
consideration, as some phenotypes tend to overlap in late stages. An overview of the
considerations for differential diagnoses in RP is given in Table 1 (See Appendix 1 for a more
comprehensive overview, including clinical features).
Other inherited retinal dystrophies
Early-onset RP has both clinical and genetic overlap with LCA, and both disorders represent a
continuum of retinal dystrophies divided by indistinct criteria based on the age of onset. Most
often, patients who present at birth or within the first few months of life are classified as having
LCA.108 The lower age limit for diagnosing RP has been set by some after infancy (variably defined
as age one or two), resulting in a gray area where both disorders overlap.108 In LCA, the extremely
early loss of visual function leads to a set of symptoms that include nystagmus, sluggish or nearabsent pupillary response, photophobia, and oculo-digital signs such as poking, pressing, and
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Table 1. Differential diagnoses for non-syndromic retinitis pigmentosa.
inherited retinal diseases

Syndromic forms of retinitis
pigmentosa

Progressive retinal disease
• Cone-rod dystrophy
• Cone dystrophy
• Leber congenital amaurosis
• Bietti crystalline corneoretinal
dystrophy
• Late-onset retinal degeneration
• Macular dystrophy (Stargardt
disease, Sorsby fundus dystrophy)

Ciliopathies
• Usher syndrome
• Bardet-Biedl syndrome
• Cohen syndrome
• Joubert syndrome
• Senior-Løken syndrome
• Sensenbrenner syndrome
(cranioectodermal dysplasia)
• Short-rib thoracic dysplasia with or
without polydactyly (includes Jeune,
Stationary retinal disease
Mainzer-Saldino, Ellis-van Creveld,
• Congenital stationary night blindness
and short-rib polydactyly syndrome)
(including fundus albipunctatus and
Metabolic disorders
Oguchi disease)
• Alfa-tocopherol transfer protein
Inherited vitreoretinopathies
deficiency (familial isolated vitamin E
• X-linked juvenile retinoschisis
deficiency)
• Enhanced S-cone syndrome/
• Bassen-Kornzweig syndrome
Goldmann-Favre syndrome
(abetalipoproteinemia)
• Wagner syndrome/erosive
• Mucopolysaccharidoses
vitreoretinopathy
• Neuronal ceroid-lipofuscinoses,
childhood onset (Batten disease)
• Snowflake vitreoretinopathy
• Refsum disease (phytanic acid
Chorioretinal dystrophies
oxidase deficiency)
• Mevalonate kinase deficiency
• Choroideremia
• HARP syndrome
• Gyrate atrophy
• Helicoid peripapillary chorioretinal
(hypoprebetalipoproteinemia,
degeneration (Sveinsson
acanthocytosis, RP and pallidal
chorioretinal atrophy)
degeneration)
• Progressive bifocal chorioretinal
• PHARC syndrome (polyneuropathy,
atrophy
hearing loss, ataxia, RP, and cataract)
Female carriers of inherited retinal
diseases
• Retinitis pigmentosa
• Choroideremia
• Ocular albinism

Pseudoretinitis pigmentosa
Drug-induced
• Thioridazine and chlorpromazine
• Quinolines (e.g. (Hydroxy)
chloroquine)
Chorioretinal infections
• Syphilis, Lyme disease, acute retinal
necrosis and other viral infections
(rubella, chicken pox, measles,
cytomegalovirus)
Sequela of inflammatory disease
• Sarcoidosis
• Acute posterior multifocal placoid
pigment epitheliopathy
• Birdshot chorioretinopathy
• Serpiginous choroidopathy
• Diffuse unilateral subacute
neuroretinitis
• Systemic lupus erythematosus
Miscellaneous
• Vitamin A deficiency
• Paraneoplastic
• Trauma
• Siderosis bulbi
• Old retinal detachment
• Pigmented paravenous
retinochoroidal atrophy
• Acute zonal occult outer retinopathy

Mitochondrial disorders
• Kearns-Sayre syndrome
• NARP syndrome (neuropathy, ataxia,
and RP)

rubbing the eyes. Visual acuity is rarely better than 20/400, and the aspect of the fundus can range
from normal to an extensive atrophic RP-like pigmentary retinopathy. Scotopic and photopic ERG
recordings are generally non-recordable or—at the very least—severely reduced. As shown in
Table 2, early-onset RP can present with many of these symptoms, and this overlap with LCA is
clearly reflected in the number of genes associated with both disorders (see Figure 1).
Cone-rod dystrophy is another IRD that has both clinical and genetic overlap with RP. An ERG
recording is not always conclusive with respect to determining which photoreceptors are
primarily affected, particularly in the later stages of the disease. However, the early symptoms
of cone-rod dystrophy, which include early loss of visual acuity, intense photophobia, variable
achromatopsia, and the initial absence of night blindness, can help the practitioner differentiate
between cone-rod dystrophy and RP.109
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Certain retinal dystrophies demonstrate degeneration in a rod-cone pattern; however, based
on their highly specific phenotype, they have historically been differentiated from RP. Examples
are choroideremia (patchy chorioretinal atrophy and normal appearing retinal vessels), gyrate
atrophy (well demarcated circular chorioretinal atrophy with elevated ornithine levels), and
late-onset retinal degeneration (perimacular drusen-like lesions and long anterior lens
zonules).110,111 Retinitis punctata albescens also has a very specific phenotype; nevertheless,
this entity has been considered an RP subtype throughout most of the literature.
CSNB is an example of a stationary disorder characterized predominantly by rod dysfunction.
With the exception of two subtypes of CSNB—namely, Oguchi disease and fundus
albipunctatus—CSNB patients generally have a normal fundus. However, CSNB has considerable
overlap with RP with respect to the genes involved; thus mutations in the PDE6B, RDH5, RHO,
RLBP1, and SAG genes can lead to either RP or CSNB.112
Syndromic RP
Mutations in genes involved in ciliary function often—but not always—result in a syndromic
form of RP. Arguably, the most common ciliopathy is Usher syndrome, which presents with a
variable degree of neurosensory hearing loss.113 Another well recognized syndromic form of RP
is Bardet-Biedl syndrome; in addition to retinopathy, patients with this syndrome can also
present with obesity, postaxial polydactyly, hypogonadism, renal dysfunction, and/or cognitive
impairment.114 The type and extent of these extra-ocular features in Bardet-Biedl can vary widely
and depend—for the most part—on the specific gene involved and the specific mutation within
that gene. Syndromic RP is also associated with systemic metabolic and mitochondrial
disorders. The extra-ocular features in syndromic RP can be extremely subtle (for example, an
impaired sense of smell) and/or easily overlooked by the examining ophthalmologist (for
example, in the case of cardiovascular and/or renal disease); on the other hand, some features
can be surgically corrected at an early age (e.g., polydactyly). Therefore, obtaining a careful,
thorough history that includes these various extra-ocular abnormalities is extremely important
for obtaining a diagnosis. However, genetic analysis may reveal mutations in a gene that is
associated with syndromic forms of RP, when the initial clinical assessment did not indicate
extra-ocular abnormalities. In such cases, it is important to reexamine the patient for the
presence of systemic manifestations. For example, patients with TRNT1-associated RP all
demonstrate a mild erythrocytic microcytosis that is only discovered after analysis of the blood
count parameters.115 Keep in mind, however, that not all extra-ocular abnormalities indicate
syndromic disease: these abnormalities should match with the gene involved. A number of
genes associated with non-syndromic RP (e.g. BBS1, CLRN1 and USH2A) may also cause
syndromic RP (see Table 2). Correctly diagnosing a patient with syndromic RP can have sightsaving—or even life-saving—implications, particularly in patients with a metabolic disorder
such as Refsum disease or Kearns-Sayre syndrome, a mitochondrial disorder that often includes
cardiac dysfunction.
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Pseudoretinitis pigmentosa
Several conditions can mimic the clinical features of RP (phenocopy) and are classified as
pseudoretinitis pigmentosa (Table 1, Appendix 2). It is important to distinguish these entities from
RP, as several forms of pseudoretinitis pigmentosa are treatable and do not have an underlying
genetic component. A thorough history, including current and past medications, lack of interocular
symmetry, and lack of disease progression, may indicate a diagnosis other than RP. Indeed, many
patients who were diagnosed with “unilateral RP” fall in this category, although a germline
mutation in the RP1 gene was reported in a patient with strictly unilateral RP.116

Cl in ica l f in d ings in genet ic su bt yp es of RP
In Chapter 2, we discussed the typical features attributed to RP in general. However, the
heterogeneous presentation of these conditions warrants a closer look at the clinical findings
that have been reported for genetic subtypes of RP. Many early studies used non-genotyped RP
cohorts and occasionally subdivided the patients according to their inheritance pattern. More
recently, however, the phenotype for a specific causative gene is described, albeit with limited
numbers of patients and/or a lack of clinical details. Obtaining a clear picture regarding the
phenotypes associated with genetic subtypes of RP is therefore challenging. In Tables 2 and 3
and Figure 6, we provide a comprehensive overview of the specific clinical features attributed
to various subtypes in order to help the clinician identify the subtype and predict the clinical
course. In addition, a unique atlas containing color fundus photographs of most RP subtypes
is available in Appendix 3. Nevertheless, it is important to realize that even within a specific
subtype, considerable phenotypic variation can occur due to the variable effects of mutations,
genetic modifiers, and—in some cases—environmental factors.

Figure 6. Fundus photographs of patients with various non-syndromic RP subtypes. 
(A) Composite fundus photograph of a 47-year-old male patient with USH2A-associated RP, showing bone spicule pigmentation
in the mid-periphery, and attenuated vessels. (B) Composite fundus photograph of a 59-year-old female patient with IMPG2associated RP, showing marked bone spicule pigmentation in the mid-periphery, waxy pallor of the optic disc, attenuated vessels,
and macular atrophy. (C) Composite fundus photograph of a 27-year-old female patient with PDE6B-associated RP, showing bone
spicule pigmentation in the mid-periphery, vessel attenuation, and CME. (D) Composite fundus photograph of a 46-year-old male
patient with CDHR1-associated RP, showing vessel attenuation, bone spicule like pigmentation, and patchy atrophy in the
periphery and macula. (E) Composite fundus photograph of a 67-year-old male patient with CNGB1-assocated RP, showing
attenuated vessels, RPE atrophy, and mid-peripheral pigment clumping. (F) Composite fundus photograph of a 21-year-old male
RP patient carrying a mutation in the CRB1 gene, showing dense pigment migration with para-arteriolar absence of pigmentation.
(G) Fundus photograph of a 42-year-old female patient with CA4-associated RP, showing the classical triad of bone spicule
pigmentation in the mid-periphery, attenuated vessels, and waxy pallor of the optic disc. (H) Fundus photograph of a 46-year-old
female RPGR carrier, showing a tapetal-like fundus reflex.
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Table 2. Genetic subtypes of non-syndromic RP and their specific characteristics.
Gene/locus

RP type

Inheritance
pattern

Decade of onset Visual function

ABCA41a

19

AR

1

VA is severely affected: FC to NLP at higher age.

AGBL52b

75

AR

1-2

VA loss is highly variable. At 40-50 years, VA may range from 20/40 to NLP.

AHI12a

NA

AR

3-4

VA in 3rd decade can range from 20/32 to HM or even LP.

ARHGEF182a

78

AR

3-4

VA: 20/30-20/60 in 4th decade, but may decrease to CF in the 6th decade.
Photopsias.

ARL2BP2b

66§

AR

3

Relative early loss of VA: HM (or even LP) in the 4th decade of life. Yet, other
patients may retain a VA of 20/40 up to the 6th decade of life.

ARL63a

55

AR

NA

No information on the visual function available.

BBS12a

NA

AR

1-2, (earliest:1y)

Severe visual loss, may reach LP by 5th - 6th decade of life. Severe constriction
of VFs up to 5˚-10˚ in the 4th decade.

BBS22a

74

AR

1-2

Severe, relative early visual loss: HM or LP before the age 60. VFs are severely
constricted.

BBS92a

NA

AR

NA

No further information available.

BEST12a

50

AD
AR (1 family)

1-2, (5)

Nightblindness may be absent. Loss of VA is a prominent symptom.

C2orf711a

54

AR

1-2
(2 cases <5y)

Night blindness may be absent. Ring scotomas in 4th -5th decade of life.
Photophobia may occur.

C8orf371a

64

AR

1-2

Severe visual loss to HM/LP in the 4th decade. The VF is constricted to 5˚.
Sometimes photophobia.

CA42b

17*

AD

2-3

VA levels of 20/200 (age 11) and LP (58 years).

CDHR12a

65

AR

2

VA loss to HM by the 4th or 5th decade of life. Severe color vision defects and
VF constriction to 5-10˚, sometimes with mid-peripheral residue.
Photophobia (3rd decade).

CERKL1a

26

AR

2-3
(mean: 23y)

VA generally severely affected and may decrease to LP around the 5th
decade. Photophobia.

CLN3a

NA

AR

1-5

VA loss to HM by the 5th decade reported. Severe constriction of VFs up to
5˚-10˚ in the 6th decade.

CLRN13a

61

AR

NA

Classic RP phenotype.

CNGA11a

49

AR

1

A gradual decrease in VA may occur from the 4th decade onwards. Concentric
constriction of the VF during the 3rd decade of life.

CNGB11a

45

AR

1-2

Macular involvement with VA loss to LP. VF loss from a mean age of 33 years
(13-40). Sometimes photophobia.

CRB11a

12

AR

1-5
(median: 4y)

50% of patients have a VA <20/200 at age 35 years.

CWC273a

NA

AR

1

VF is severely constricted early in the disease course.

DHDDS1a

59

AR

2-3

VA is generally mildly affected, although in some eyes VA decreases to LP
levels.
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ERG

Syndromic
associations

Other IRD
phenotypes

Ref

Bone spicule-like pigmentation may reach into the Rod-cone pattern, later both
macular region. Severe chorioretinal atrophy.
responses NR

-

126-131
STGD, CRD (may
occur simultaneously
in RP families)

Macular involvement: macular atrophy, CME. PSC.

Rod-cone pattern

Mental retardation
(correlation with AGBL5
unknown)

-

132-134

Macular involvement. PSC.

Rod-cone pattern

JS type 3

-

135-138

Nummular pigment clumping, CME. Vitreous
opacities (in 1 patient)

Rod-cone pattern

-

-

139

Marked macular atrophy, PSC, ERM.

NR

Situs inversus, primary
ciliary dyskinesia
(respiratory failure),
otitis media

-

140,141

No information on the retinal phenotype available. No further information available BBS type 3

-

142-144

Nystagmus, possible macular atrophy, cataract
(PSC and cortical).

-

145,146

BBS type 2

-

147,148

No information on the retinal phenotype available. No further information available BBS type 9

-

149,150

BVMD, AVMD, ARB,
ADVIRC

151-153

Generally NR, severely disturbed BBS type 1
in rod-cone pattern in 2nd decade

Macular atrophy, bull’s eye maculopathy, PSC, ERM. NR

Yellow fundus flecks in the mid-periphery,
pigmentation in far periphery, CME, ERM. Macula
relatively spared unless serous macular
detachments.

NR scotopic responses, residual photopic responses

Foveal atrophy. Early onset associated with severe
chorioretinal atrophy.

Rod-cone pattern, often NR

Hearing loss, ataxia and cerebellar atrophy
(digenic with RP1L1)

154-160

High myopia, cataract. Marked geographic macular Generally NR
atrophy.

BBS type 21

CRD

161-164

Pigment clumping at the level of the RPE has been
described (in 1 patient).

Reduced or NR photopic and
scotopic responses

-

-

165-167

In early stage: sparse bone spicule pigment
migration. Later stages: dense pigment migration,
macular atrophy.

Generally NR, although ERG may show recordable rod- and
cone-driven responses

CRD

168-170

Responses are SR in a rod-cone
Early macular involvement, sometimes with
hyperpigmentation. Pericentral localization of bone pattern, may be NR in the 3rd
spicules. Normal appearance of optic disc.
decade

-

-

171-176

Sparce bone spicule pigmentation, macular
atrophy, CME

NR or rod-cone pattern

JNCL

CRD

177,178

Typical RP features.

Rod-cone pattern

USH type 3

-

179-181

Sometimes macular atrophy. Pericentral RP
(described once).

NR

-

-

182-188

Macular atrophy, pericentral RP (described once).

Rod-cone pattern

-

-

154,188193

Nanophthalmos

LCA, PPRCA

55,194201

LCA

202

-

175,203205

Nystagmus (±40%), hyperopia, CME (50%), PPRPE, NR from 2nd – 3rd decade
Coats-like vasculopathy, optic disc drusen, retinal
vascular sheathing, asteroid hyalosis, thickened
retina with loss of the retinal laminations, bull’s eye
maculopathy and yellow round deposits in the
posterior pole. Occasional dense pigmentation.

No information on the retinal phenotype available. No further information available Brachydactyly,
craniofacial
abnormalities, short
stature, neurologic
defects
Occasional CME. Parafoveal atrophy of the RPE.
Pericentral localization of pigmentation (reported
once).

SR or NR rod- and cone-driven
responses from the 2nd decade.

-
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Gene/locus

RP type

Inheritance
pattern

Decade of onset Visual function

EYS1a

25

AR

2-3
(range 8-62y)

VA loss from the 4th decade to levels of 20/200 to NLP in the 7th decade.

FAM161A1a

28

AR

2-3

Legally blind in 6th – 7th decade. Constriction of to 10˚.

FSCN22a

30

AD

1

VA and VF relatively spared until the 4th decade, then VA loss to levels of HM.

Unclear if FSCN2 is involved in RP, because the c.72delG mutation does not segregate in Chinese families
GNAT13a

NA

AR

2

Variable VA: 20/20 (80 years) to 20/80 (32 years).

GUCA1B2b

48

AD

NA

Variable visual function: 20/20 (62 years) – 20/100 (47 years).

HGSNAT2b

73

AR

1-2
5-6

Severe VA loss to CF at age 60 years. VA is more preserved in case of late
disease onset.

HK11b

79

AD,
NP ≤15%

1-4
(range
4y-mid-30s)

Highly variable VA loss. VA loss to CF in 3rd decade reported. Photophobia.

IDH3A2b

NA

AR

1-2
(range 1-11y)

VA loss dependent on the presence of macular pseudocoloboma.

IDH3B3b

46

AR

NA

Classic RP phenotype.

IFT1401a

NA

AR

1-4
(range
2y-early-30s)

Vision loss from 3rd - 5th decade, VA may eventually reduce to LP.

IFT1723a

71

AR

1-2

Night blindness is the initial symptom. Further symptoms have not been
specified.

IMPDH11a

10

AD
1-3
AR: (Asp226Asn)

AD disease: variable degrees of VA loss. Legal blindness before the age of 40
has been described.

IMPG21b

56

AR

1-2

Central vision generally affected.

KIZ2b

69

AR

2

Classic RP phenotype.

KLHL71b

42

AD

3

VA remains (near) normal up to the 5th or 6th decade. VF loss usually is the
initial symptom.

LRAT1a

NA

AR

1
(earliest: 2y)

Severe, early VA loss to 20/100-20/200 and VF constriction to 30˚- 60˚ before
the age of 10 years. Photophobia.

MAK1b

62

AR

2-5

May show initial preservation of nasal VF.

MERTK1a

38

AR

1-2
(earliest: 3y)

VA loss to ≤20/200 in the 2nd decade. Variable VF loss: normal VF (3rd decade)
– 5˚ (2nd decade). Legal blindness: ±40 years. Impaired color discrimination.

MVK3b

NA

AR

3

VF loss may be the initial symptom.

NEK23a

67

AR

NA

No information on the visual function available.

NR2E31a

37

AD, AR

1-3
(earliest: 3y)

AD disease: VF loss from the 2nd– 3rd decade.

AR disease: no information on the visual function available.

AR disease: early VA loss.
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ERG

Syndromic
associations

Other IRD
phenotypes

Ref

Variable levels of bone spicule pigmentation and
macular atrophy. PSC.

Rod-cone pattern, but often NR

-

-

206-209

Limited number of bone spicules. Macular atrophy. NR
PSC.

Hearing problems,
hyposmia

-

210-215

Early vessel attenuation. Incidental macular
atrophy.

SR at early ages, generally NR
from the 4th decade

-

MD

216-219

Round pigment clumps and typical bone spicules.
ERM.

Rod-cone pattern or NR

-

CSNB

222-224

Highly variable retinal expression in Japanese
patients: normal fundi, sector RP with macular
involvement, only macular atrophy or diffuse RP.

NR in patients with diffuse RP.
Sector RP with macular atrophy
leads to reduced scotopic and
photopic responses

MD

225

CME, ERM, pericentral RP (described once).

Reduced or NR rod- and
cone-driven responses

MPS type IIIC

-

226,227

Bull’s eye maculopathy, pericentral RP.

Rod-cone pattern

HMSN, nonspherocytic
hemolytic anemia

-

228-230

Macular pseudocoloboma, CME.

SR or NR rod-drive responses,
cone-responses SR

-

-

231

Typical RP features, PSC.

SR amplitudes of both scotopic
and photopic responses

-

-

232

Macular atrophy, CME, ERM, early cataract or white
dots. Dense pigmentation in 7th decade reported.

SR in a rod-cone pattern

SRTD type 9

LCA

233-237

Variable macular involvement: macular atrophy,
CME, ERM.

No further information available SRTD type 10, BBS type
20

-

238-240

AD disease: CME, significant vitreous disturbances,
PSC.

AD disease: SR or NR rod and
cone responses

-

LCA

241-245

AR disease: macular involvement.

AR disease: NR

Macular atrophy and bull’s eye maculopathy.
Sheathing of peripheral vessels.

SR in a rod-cone pattern or NR

-

VMD

246,247

Macular thinning (in 1 patient).

NR at the age of 35 years

Obesity, hearing
problems (correlation
with KIZ unknown)

-

248

Fundus appearance can be normal up to the 4th
decade. Later: CME and parafoveal atrophy.

Rod-cone pattern, eventually NR. CISS
The mean (SD) decline in
light-adapted 31-Hz flicker
response is 3.0% (3.0) per year.

-

249-252

High hyperopia, nystagmus, poorly reactive pupils.
Sparse or absent bone spicules (age 9 years). RPA.
Reduced FAF signal.

SR in a rod-cone pattern or NR

-

LCA

118,253256

Macula generally not involved, but sometimes CME Reduced in a rod-cone pattern,
(in 1 patient) or macular atrophy.
but often NR

-

-

205,257260

220,221

Nystagmus, bull’s eye maculopathy, macular
atrophy. Pallor of the optic disc may be absent.

Photopic responses become NR during the 1st decade. Scotopic
responses are NR

LCA

261-266

Arterial tortuosity, PSC, ERM, thickening of the
nerve fiber layer on OCT, CME (described once).

SR in a rod-cone pattern

-

267,268

-

269

ESCS

119,270275

MKD (MEVA or HIDS)

No information on the retinal phenotype available. No further information available AD disease: nummular and spicular pigmentation.
Early-onset cataract. FAF: 2 or 3 hyperfluorescent
rings may be visible. Pericentral RP.

AD disease: rod-cone pattern.
Rod responses are SR, and
become NR in advanced disease.
Cone-driven responses are
affected relatively late.

AR disease: clumped pigment

AR disease: rod-cone pattern
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Gene/locus

RP type

NRL1a

27

Inheritance
pattern
AD, AR

Decade of onset Visual function
1
(earliest: 1y)

AD disease: VA loss from the 4th decade: 20/20 – 20/00. VF diameters: 50-60˚
in the 3rd decade and decrease up to 10˚ in the 8th decade.

AR disease: visual function is more severely affected compared to AD
disease.
OFD12a

23

XL

1
(<2y)

Early loss of central vision. Only temporal and inferior VF residues.

PANK23a

NA

AR

5

VA reduction to HM in the 6th decade.

PDE6A1

43

AR

1

Marked peripheral VF loss.

PDE6B1a

40

AR

1

Loss of peripheral VF is a prominent symptom that occurs during the 2nd-3rd
decade.

PDE6G3a

57

AR

1

Marked constriction of the VF up to 5-10˚.

POMGNT11a

76

AR

1-2
(3-4)

Variable VA loss, may decrease to LP. VF constriction to 5˚ in the 6th-7th
decade.

PRCD1a

36

AR

1-3

Relative early visual loss.

PROM11a

41

AR

1

Visual loss during the 1st decade.

PRPF31a

18

AD, full
penetrance

1
(4, once)

Classic RP phenotype.

PRPF42a

70

AD

2-3

Variable visual loss, may reach HM. VF constriction to 5-10˚ in the 6th decade.

PRPF63b

60

AD

2-4

VA initially spared, but may decrease to LP. Constriction of VFs to 30-40˚ (4th
decade) and ±10˚ (6th decade).

PRPF81a

13

AD

1-2

VA may remain normal up to the 3rd – 4th decade, with progression to 20/200
in the 7th decade. VF constriction to ±10° in 4th decade.

PRPF311a

11

AD
NP ≤10%

1-2

Variable presentation. Incomplete penetrance suggested in asymptomatic
patients. Mean annual VF loss: 6.9%. Legal blindness: 4th decade.

7
PRPH21a
(formerly
known as RDS)

AD
digenic with
ROM1

2-6

VA usually spared, but dependent on the degree of macular involvement.

RBP32a

AR

Early onset: 1

Early-onset disease: early visual loss. Strabismus.

Late-onset: 4-6

Late-onset disease: blurred vision is an early symptom; night blindness may
be absent.
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Ophthalmic features

ERG

Syndromic
associations

Other IRD
phenotypes

Ref

AD disease: nystagmus, minimal or absent
hyperpigmentation in 2nd decade. Round pigment
clumps. Chorioretinal atrophy, macular atrophy,
bull’s eye maculopathy, PSC. Peripheral retinal
telangiectasis (which may cause serous retinal
detachment).

NR

-

-

276-281

NR

JS, OFDS type 1, SGBS
type 2

-

282-284

No information on the retinal phenotype available. No further information available HARP syndrome, NBIA1
(also termed HSS)

-

233,285,
286

CME, PSC and dense pigmentation.

Rod-cone pattern

-

-

287-290

CME, PSC, dense pigmentation at high age (80
years), pericentral RP.

Rod-cone pattern
Carriers: rod-driven responses
may be reduced

-

CSNB

188,291298

Normal vessels and optic discs in young patients.
CME in all patients (1 family).

Both rod- and cone-driven
responses are NR within the 1st
decade of life.

-

-

299,300

Macular involvement, CME.

NR

MEB

-

301-303

Various macular involvement: bull’s eye
maculopathy, macular atrophy, CME. ERM, PSC.
Fairly normal-colored optic disc.

Scotopically and photopically
NR in an early stage of disease
(earliest described: age 6 years)

-

-

233,304307

Large inter- and intrafamilial variability: from
isolated (bull’s eye) maculopathy to pericentral RP
and severe RCD. Nystagmus.

NR

Polydactyly

CRD, AD MD

188,308313

Classic RP phenotype.

Rod-cone pattern Rod-driven
responses are abolished from
the 2nd decade, cone-driven
responses are SR by then

-

-

314-319

Variable degree of macular atrophy.

Generally NR

-

-

320,321

Macular atrophy in later stages. Optic nerve heads
may initially be normal. PSC.

SR responses in the earlier
phases of the disease. Scotopic
responses become NR over time,
photopic responses tend to
diminish more slowly.

-

322

-

-

314,319,
323,324

AR disease: peripheral pigment clumps. Retinal
features are similar to NR2E3-associated enhanced
S-cone syndrome.
Grayish spots at the level of the RPE. Granularity of
macular RPE.

Dense intraretinal pigment migration (in 1 patient). NR
Macular atrophy, CME, PSC. May present with
para-arteriolar absence of pigmentation or
pericentral RP (described once). No abnormalities
observed in patients that lack penetrance.

The mean (SD) decline in
light-adapted 30-Hz flicker
response is 9.2% per year.
Responses may be normal in
patients that lack penetrance

-

-

188,314,
319,
325-327

Variable macular involvement, CME, RPA,
pericentral RP (described once).

Rod-cone pattern, will become
NR during 6th decade

-

MD, PD, CRD, LCA

175,
328-333

Early-onset disease: (high) myopia, PSC.

Early-onset disease: SR
responses, most often in a
rod-cone pattern, although
cone-rod patterns also occur.

-

-

123,334,
335

Late-onset disease: PSC, (high) myopia.

Late-onset disease: SR rod- and
cone-driven responses, often NR
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Gene/locus

RP type

RDH121a

53

Inheritance
pattern
AD, AR

Decade of onset Visual function
AD disease: 2-5

AD disease: classic RP phenotype.

AR disease: 1-3

AR disease: VA at presentation: 20/40-20/200, may reach HM-LP. VF
constriction to <5˚ in the 2nd – 3rd decade. Central scotoma may occur.
Photophobia.

REEP62a

77

AR

1-2

Gradual VA loss, although a decline to 20/400 at the age of 32 has been
described.

RGR1b

44

AR

NA

VA loss to ≤20/200. Severe VF constriction.

Unclear if RGR is involved in RP, or due to parallel occurrence of CDHR1 mutation
RHO1a

4

AD, AR

1-2, (4)

Highly variable clinical course (also intrafamilial). Annual VA decline: 1.6%.
Annual VF loss: 2.6%. Legal blindness: 6th – 8th decade.

RLBP11a

NA

AR

2

Variable VF loss from the 3rd decade, to <5° residues.

ROM11a

NA

Digenic (ROM1:
Leu185Pro +
PRPH2)

NA

No information on the visual function available.

RP11a

1

AD, AR

AD disease: 2-3

AD disease: moderate decrease in VA in 4-5th decade.

AR disease: 1

AR disease: relative early loss of VA to CF or HM in the 5th decade. VF
constriction to 10˚ in the 3rd decade.

RP1L13a

NA

AR

4-5

Moderate decrease in VA to ±20/80. VF constriction to 5˚ in the 8th decade.

RP21a

2

XL

1

Early loss of central vision. Central scotoma in 50% of patients. Severe VF
constriction in 2nd decade. Large intrafamilial differences.

RP93b

9

AD
NP

1-2

Highly variable presentation. Incomplete penetrance suggested in
asymptomatic patients. Relative early VF constriction: <20˚ in 3rd decade.

RPE651a

20

AD (NP
described), AR

AD disease: 2-5

AD disease: incomplete penetrance suggested in asymptomatic patients.
Early loss of central vision.

AR disease: 1

AR disease: severely, relative early visual loss: CF or HM in the 1st decade.
Photophobia is generally absent.

Female carriers: can be affected as well. Presentation highly variable.

RPGR1a

3

XL

1-2

Early loss of central vision. Annual VF loss: 4.7-9%. Mean age legally blind: 45
years.

RPGRIP12a

NA

AR

1-2

Relative early VA loss to levels of 20/200-CF in 3rd decade.

SAG1a

47

AD, AR

2

AD disease: VF constriction to 10°.

Females carriers: can be affected as well. Presentation highly variable.

AR disease: VA loss may precede NB.
SAMD113b

NA

AR

3-4

Loss of VA from the 6th decade, may eventually reach HM. VF constriction to
<10°. Incidental photophobia.

SEMA4A2a

35

AD

NA

No information on the visual function available.

SLC7A142a

68

AR

1-2

Visual loss, may reach HM in the 4th decade.
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Ophthalmic features

ERG

Syndromic
associations

Other IRD
phenotypes

Ref

AD disease: typical RP features.

AD disease: no further
information available

-

LCA

233,
336-341

AR disease: nystagmus, macular atrophy, dense
intraretinal pigment migration with para-arteriolar
sparing. Hyperpigmentation may reach into the
macular region. Preservation of peripapillary RPE.
CME, PSC.

AR disease: NR or SR in both
scotopic and photopic
conditions.

CME, PSC, vascular sheathing.

SR in a rod-cone pattern or NR

Anosmia

-

342

Macular atrophy in patients with severely affected
VA.

Responses are reduced in a
rod-cone pattern

-

-

343,344

Sector RP, and to a lesser extent pericentral RP.
CME. Late-onset chorioretinal atrophy in patients
with p.Met207Lys mutation.

Rod-cone pattern. Mean annual
decline: 7.7 - 8.7%.

-

CSNB

57,175,
345-349

Minimal or absent bone spicules, RPA.

Rod-cone pattern

-

BRD, NFRCD, FA

154,350,
351

No information on the retinal phenotype available. SR scotopic and photopic
responses

-

-

352-354

AD disease: PSC. RP sine pigmento (described
once).

Rod-cone pattern

-

-

122,
355-362

Typical RP features.

NA

Hearing loss, ataxia,
cerebellar atrophy
(digenic with C2orf71)

OMD

158,363

Myopia. Bull’s eye maculopathy, macular atrophy,
sometimes choroideremia-like degeneration. A
tapetal-like reflex (reported once).

Rod-cone pattern

-

-

364-369

PSC, CME, macular atrophy.
Early stage: regional (or ‘patchy’) loss of rod and
cone function.

Highly variable, varying from
normal to NR responses.

-

-

370-372

AD disease: (sparce) nummular and spicular
pigmentation. Extensive chorioretinal atrophy,
macular atrophy. PSC.

Scotopic responses are generally NR, residual photopic responses
may be present, but often NR.

LCA

373-378

344

AR disease: macular atrophy, CME, myopia.

AR disease: nystagmus, macular atrophy. Bone
spicule pigmentation is often sparse. Lack of FAF.
Rod-cone pattern, but often NR. Hearing loss, respiratory CRD, CD, MD
Variable macular involvement: from no
infections
Annual decline in cone ERG
abnormalities to atrophic lesions. Coats-like
vasculopathy (1 patient). OCT: Ellipsoid zone width amplitude: 7.1%
constriction ±175 µm/year; ONL thinning ±2,50 µm/
year.

53,368,
379-385

Female carriers: tapetal-like reflex possible.
Nystagmus, macular atrophy, pigmentary changes
may be sparse or absent.

NR

-

LCA, CRD

AD disease: typical RP features, hyperreflective foci
on OCT.

Rod-cone pattern

-

Oguchi disease, (can 389-392
occur simultaneously
within families)

-

-

393

No information on the retinal phenotype available. No further information available -

CRD

394,395

Extensive chorioretinal atrophy, including macular
atrophy.

-

396

AR disease: macular atrophy, CME Golden-yellow
fundus reflex with Mizuo-Nakamura phenomenon.
Foveal atrophy, ERM, PSC. Incidental: CME, corneal NR
guttata.
NR

-

386-388
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Gene/locus

RP type

Inheritance
pattern

Decade of onset Visual function

SNRNP2001a

33

AD,
NP described

1-4 (mainly 2)

Variable progression. Generally slow VA loss to HM in the 8th decade. VF
constriction to 10˚.

SPATA71a

NA

AR

1

Considerable VA loss in case of macular involvement. Severe VF constriction.

TOPORS1a

31

AD

2-5

VA is maintained in most patients. Constriction of VF to 10°.

TTC83a

51

AR

1-2

NB and photophobia are early symptoms. Early VA loss to 20/200.

TULP11a

14

AR

1
(onset <5y
possible)

Rapid progression. VA: 20/200 at age 20, may decrease to HM or even LP. VF
loss to 10˚.

USH2A1a

39

AR

3
(mean: 25y)

VA relatively intact to 3rd to 4th decade, then annual VA decline: 2.6%. Annual
loss V4e VF area: 7.0%
Legal blindness (based on VA): 6th - 7th decade.

ZNF4082a

72

AR

2-4

VA generally remains ≥20/40 in the 5th decade VF constriction to 10° at age 50
years. Photophobia is common.

ZNF5133a

58

AR

1

Visual loss to 20/200 - LP.

Candidate genes
ADGRA33b
(formerly
GPR125)

NA

AR

NA

No information on the visual function available.

ARL33a

NA

AD

3

Photopsias.

CRX3a

NA

AD

6-7

VA may decrease to CF in the 8th.

DHX383b

NA

AR

1

VA severely affected by macular colobomas. Early loss of LP.

EMC13b

NA

AR

NA

No information on the visual function available.

KIAA15493b

NA

AR

NA

No information on the visual function available.

NEUROD13a

NA

AR

2

VA loss from the 3rd decade.

RP6 locus3

6

XL

1-2 (generally
<13)

Classic RP phenotype.

RP17 locus3

17*

AD

NA

VA in 3rd decade can range from 20/20 to 20/200. Variable VF constriction:
from pericentral scotoma to 10˚ residue.

RP22 locus3

22

AR

1

Rapidly progressive decline in VA, leading to severe visual impairment at the
age of 40.

RP24 locus3

24

XL

1

Peripheral VF loss in 4th decade.

Loci

Female carriers: asymptomatic, although perimetry reveals sensitivity losses.

RP29 locus3

60

29

AR

2-3

Onset VA loss: 3rd decade. VA may decrease to NLP in 5th decade.

Ophthalmic features

ERG

Syndromic
associations

Other IRD
phenotypes

Ref

Macular atrophy, CME. May present with heavy
pigment clumping. PSC (patients >45 years).

SR or NR

-

-

397-402

Nystagmus, maculopathy, PSC.

NR, although a cone-rod pattern LCA with fertility- or
auditory dysfunction
has been described in early
disease

LCA

403-406

Rod-cone pattern
Pericentral RPE atrophy in young patients, which
progresses to a diffuse pigmentary retinopathy with
choroidal sclerosis.

-

-

407-409

May include macular atrophy, sparse bone spicule
pigmentation.

NR

BBS type 8

-

410-413

Nystagmus, hyperopia, PSC, macular atrophy;
yellow perifoveal annular ring, pericentral RP
(described once).

Scotopic and photopic
responses are SR or NR

-

LCA

188,
414-419

CME can be observed.
FAF: distinctive pattern of diffuse and
homogeneous peripheral hypoautofluorescence.
RP sine pigmento (reported once), pericentral RP.

Photopic responses are SR early USH type 2A
in disease course, and become
NR as the disease progresses.
Mean annual decline in
amplitude to 30 Hz flashes is
13.2%.

-

54,
420-426

High myopia. Vitreous condensations, PSC, ERM,
CME (in 1 patient).

SR in a rod-cone pattern or NR

-

FEVR

124,125,
427

Macular atrophy in all patients, sometimes with
hyperpigmentation.

Loss of both rod- and
cone-driven responses.

-

-

428,429

No information on the retinal phenotype available. No further information available -

-

430

CME, PSC.

No further information available -

-

431

Early macular involvement, pericentral
pigmentation.

Reduced photopic and scotopic responses

LCA, CRD

175,
432-434

Macular colobomas.

SR rod- and cone driven
responses

-

435

No information on the retinal phenotype available. No further information available Cerebellar atrophy,
psychomotor
retardation

-

430,436

No information on the retinal phenotype available. No further information available -

-

430

PSC has been reported.

Reduced or NR rod and cone
responses

-

437-439

Female carriers: tapetal-like reflex.

Reduced scotopic and photopic CGD, McLeod
responses
phenotype, mental
retardation

-

440-443

Atrophic patches, pigment dispersion, granular
aspect of the RPE.

MR scotopic and photopic
responses.

-

-

444

Absence of pigmentation has been described.

NR.
Female carriers: rod-driven
responses may be reduced

Obesity, mental
retardation,
hypogonadism,
hexadactyly.

-

445

Typical RP features.

SR or NR rod-driven responses in 2nd decade. Cone-driven
responses: initially normal,
average annual decline: 0.1 log
unit during 1st and 2nd decade.

-

446

Anterior and posterior polar cataracts, vitreous
cells, obliteration of peripheral blood vessels.

No further information available -

-

447

-

MODY/late-onset
diabetes, neurological
abnormalities
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Gene/locus

RP type

Inheritance
pattern

Decade of onset Visual function

RP32 locus3

32

AR

1

Severely, relatively early visual loss: HM in 3rd decade to LP or worse in 4th-5th
decade.

RP34 locus3

34

XL

2

Nyctalopia is the initial symptom, despite a cone-rod pattern on ERG. Early
impaired color vision.

RP63 locus3

63

AD

2-5

Blurred vision is an early symptom. Yet, VA generally is normal or near
normal.

Withdrawn RP subtypes
- 5 Second RHO (RP4) locus
- 8 Initially described in an Irish family with RP and sensorineural hearing loss that was not linked to the known RP loci. Later the genetic defect in
this family was mapped to 9q, and finally the causative gene, the mitochondrial MT-TS2 gene, was identified. Same subtype as the former RP21
subtype.
- 5 Remapped to the RP3 locus (current RPGR gene).
- 16 - 21 Appeared to be the same subtype as the former RP8 subtype.
- 52 -

A gene is considered a candidate for causality if it has been described in association with non-syndromic RP in only one patient
or family. However, this does not include a single family with non-syndromic RP caused by a gene known to be associated with
syndromic RP. The caveat should be entered that some clinical characteristics are based on limited numbers of patients. The
number of times a gene has been described in association with non-syndromic RP: 1 = more than 5 families described, 2 = 3-5
families described, 3 = 1 or 2 families described, a = animal model that displays a retinal phenotype have been described, b = no
animal models have been described.
* possible second locus, § second RP 66 gene, - none.
Abbreviations: AD: autosomal dominant, ADVIRC: autosomal dominant vitreoretinochoroidopathy, ARB: autosomal recessive
bestrophinopathy, AVMD: adult onset vitelliform macular dystrophy, AR: autosomal recessive, BBS: Bardet-Biedl syndrome, BRD:
Bothnia retinal dystrophy, BVMD: Best vitelliform macular dystrophy, CACD: central areolar choroidal dystrophy, CD: cone
dystrophy, CGD: Chronic granulomatous disease, CISS: Cold-induced sweating syndrome, CF: counting fingers, CRD: cone-rod
dystrophy, CSNB: congenital stationary night blindness, DG: digenic, ERM: epiretinal membrane, ESCS: enhanced S-cone syndrome,
FA: fundus albipunctatus, FAF: fundus autofluorescence, HARP: hypoprebetalipoproteinemia, acanthocytosis, RP and pallidal
degeneration, HIDS: hyper-immunoglobulin D and periodic fever syndrome, HM: hand movements, HMSN: hereditary motor and
sensory neuropathy, HSS: Hallervorden-Spatz syndrome, IP: inheritance pattern, IRD: inherited retinal dystrophy, JNCL: juvenile
neuronal ceroid-lipofuscinoses, JS: Joubert syndrome, LCA: Leber congenital amaurosis, LP: light perception, MD: macular
dystrophy, MEB: muscle-eye-brain disease, MEVA: mevalonic aciduria, MODY: maturity-onset diabetes of the young, MPS:
mucopolysaccharidosis, MR: moderately reduced, MRCS; microcornea, rod-cone dystrophy, cataract, posterior staphyloma, MVK:
mevalonate kinase deficiency, NA: not available, NB: night blindness, NBIA1: neurodegeneration with brain iron accumulation
1, NFRCD: Newfoundland rod-cone dystrophy, NLP: no light perception, NP: non-penetrance, NR: nonrecordable, OCT: optical
coherence tomography, OFDS: orofaciodigital syndrome, OMD: occult macular dystrophy, PD: pattern dystrophy, PPRPE: preserved
para-arteriolar retinal pigment epithelium, PSC: posterior subcapsular cataracts, RPA: retinitis punctata albescens, RPE: retinal
pigment epithelium, SGBS: Simpson-Golabi-Behmel syndrome, SIFD: sideroblastic anemia, B-cell immunodeficiency, recurrent
fevers and developmental delay, SR: severely reduced, SRTD: Short-rib thoracic dysplasia, STGD: Stargardt disease, USH: Usher
syndrome, VA: visual acuity, VF: visual field, VMD: vitelliform macular dystrophy.
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Ophthalmic features

ERG

Syndromic
associations

Other IRD
phenotypes

Ref

Generalized grayish carpet-like retinal
degeneration. Bull’s eye maculopathy, macular
atrophy.

SR responses in 1st-2nd decade,
later NR.

-

-

448

Typical RP features.

Cone-rod pattern

-

-

449

Macular atrophy in some patients.

Both rod- and cone-driven
responses are generally only MR

-

450

451
452-454

455

63

Chapter 2.1

NON-SYNDROMIC RETINITIS PIGMENTOSA

CHAPTER 2.1

Nomenclature
To understand the relatively confusing nomenclature used for RP subtypes, one must consider
its origins. In the early days of genetic research on RP, subtypes were numbered according to
the order in which the RP-linked loci were discovered; thus, the RP1 locus at chromosome 1
was the first RP locus discovered. Unfortunately, the order in which various RP-associated genes
were identified differs from this locus-based numbering system. For example, the rhodopsin
(RHO) gene was the first RP-linked gene identified; however, the RP subtype caused by mutations
in the RHO gene is actually called RP4, as the RHO locus was the fourth RP locus identified. Over
the years, the list of RP subtypes has undergone numerous changes; for example, the RP1 locus
was re-defined from chromosome 1 to chromosome 4, and subtypes RP5, RP8, RP15, RP16,
RP21, and RP52 have been withdrawn. The RP subtypes are listed in Table 2 and are organized
according to the underlying gene (or locus if the causative gene has not been identified), rather
than the traditional classification for RP subtypes, as a classification system based on the
underlying gene is more informative, less subject to change, and provides a direct link to the
underlying mechanism as well as possible therapeutic options.
Age of onset
In most RP cases, the disease manifests in adolescence; however, the age of onset for RP varies
widely. Table 3 summarizes the genes associated with early-onset and late-onset RP. Early forms
of RP and LCA have many causative genes in common; these common genes—with the
exceptions of the CWC27, IMPDH1, and CRX genes—are all associated with an onset of RP before
the age of five years. HGSNAT-linked RP can manifest either early or later in life, ranging from
well under the age of 10 years to after the fifth decade; this wide range in onset is likely due to
a large genetic-modifying effect. In addition to HGSNAT, two other RP genes—CRX and RBP3—
have also been associated with late-onset RP. In patients who develop symptoms at a later age,
one must always consider the possibility of a pseudoretinitis (see Table 1).
Refractive errors
Both myopia and hyperopia—particularly high myopia (odds ratio 10.1) and high hyperopia
(odds ratio 9.7) —are more prevalent in RP patients compared to the general population.117
Hyperopia is typical among RP patients with mutations in the CRB1,55 LRAT,118 or the NR2E3119
gene. Interestingly, hyperopia is frequently associated with LCA, particularly among patients
with a mutation in the GUCY2D, RPGRIP1, CRX, or CEP290 gene.120 Myopia is associated with
Usher syndrome and the following five genetic subtypes of RP: RP1, RBP3, and ZNF408 in
autosomal recessive RP, and RPGR and RP2 in X-linked RP.117,121-125
Pigmentary abnormalities
Peripheral retinal pigmentation
In addition to the typical bone spicule pigmentation that originates in the mid-periphery of the
retina and has an apparent predilection for the perivascular area, other shapes and/or
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Clinical feature

Associated genes

Age of onset <5 years

BBS1, C2orf71, C8orf37, CRB1, CNGA1, DHX38, FSCN2, IDH3A, IFT140, LRAT, MERTK, NR2E3,
NRL, OFD1, PDE6G, PRPF3, PRPF31, RBP3, RDH12, RP2, RP32 locus, RPE65, RPGR, RPGRIP1,
SNRNP200, SPATA7, TTC8, TULP1

Age of onset <10 years

ABCA4, AGBL5, BBS2, BEST1, CLN3, CNGB1, CWC27, HGSNAT, IFT172, IMPDH1, IMGP2,
PDE6A, PDE6B, POMGNT1, PRCD, PROM1, PRPF8, REEP6, RHO, RLBP1, RP9, SLC7A14,
ZNF513, RP6 locus, RP22 locus, RP24 locus

Age of onset >50 years

CRX, RBP3, HGSNAT

Early macular atrophy

C2orf71, C8orf37, CDHR1, CERKL, CRX, DHX38, FSCN2, GUCA1B, HK1, IDH3A, IFT140, IMPG2,
MERTK, PROM1, PRPF6, RDH12, RP2, RPGR, RPGRIP1, SAG, SPATA7, TTC8, ZNF513

Bull’s eye maculopathy

BBS2, CDHR1, CRB1, IMPG2, HK1, MERTK, NRL, PRCD, PROM1, RP2, RP32 locus

Dense pigment migration

BEST1, CDHR1, CRB1, EYS, IFTA140, PDE6A, PDE6B, PRPF8, RDH12, SNRNP200

Absence/scarcity of retinal
hyperpigmentation

CDHR1, CLN3, FAM161A, HGSNAT, LRAT, NRL, OFD1, RLBP1, RP1, RPE65, RPGRIP1, TTC8,
USH2A

Pericentral pigmentary
retinopathy

CERKL, CNGA1*, CNGB1*, CRX*, DHDDS*, HGSNAT, HK1, NR2E3, PDE6B, PRPF31*, PROM1*,
PRPH2, RHO, TOPORS, TULP1*, USH2A

For references, see Table 2. * phenotype described once.

localizations have also been reported. Round clumps of pigment are common in patients
carrying mutations in the ARHGEF18,139 GNAT1,222 NR2E3,119 or NRL278 gene. In BEST1-associated
RP, these pigments are typically located in the outermost periphery of the retina.151 Paraarteriolar absence of pigmentation is a feature of RP in patients with mutations in the CRB1,55,197
PRPF31 (Appendix 3) or RDH12340 gene.
Absence of retinal hyperpigmentation
An absence or scarcity of typical RP-related hyperpigmentation—known as RP sine pigmento—
has been described in several RP subtypes (see Table 3), although this finding may also be
related to the fact that pigmentation is sometimes absent in the early stages of RP.456 The
absence of pigmentation in RP patients over 20 years of age has been reported in patients with
mutations in the RLBP1,154,350 RP1,457 RPGRIP1,386,388 and USH2A426 genes; it is important to note,
however, that only the patient with RP1-associated RP was over 30 years of age. The reason for
this lack of retinal hyperpigmentation is unclear, although myopic degeneration may be a factor
in some RP patients.210 Nevertheless, an absence of pigmentation should not be used to exclude
a diagnosis of RP, particularly in young patients, although other disorders (Table 1) should also
be considered. Minimal pigmentary changes have also been associated with mutations in the
BBS genes; however, with the exception of TTC8 (BBS8), this only concerns syndromic cases.458,459
Pigmentary abnormalities in the macula
In certain RP subtypes, central RPE alterations and atrophy occur relatively early in the disease
course (i.e., earlier than one would expect based on the degree of visual field constriction).
These subtypes are associated with a more rapid decline in visual acuity460 and can be difficult
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to distinguish from a cone-rod dystrophy. The genes associated with early macular atrophy are
listed in Table 3. In patients with the DHX38435 or IDH3A231 subtype, the macular atrophy is often
referred to as macular pseudocoloboma, which is a rather unfortunate term, as a
pseudocoloboma should not be confused with a “true” coloboma, which results from a closure
defect in the embryonic fissure during development and is often accompanied by other closure
defects. In contrast to a loss of pigmentation due to RPE atrophy, deposits of macular pigments
have been described in early-onset RP subtypes due to mutations in either the ABCA4 or
RDH12128,339 gene. In these subtypes, the pigment deposits extend from the periphery/midperiphery to the macular region; in other subtypes, the macula usually remains free of pigment
clumping.
Cystoid macular edema
CME is a common finding among RP patients and is prevalent in all age groups (Table 2).461 The
reported prevalence among patients with an autosomal dominant form of RP is relatively
high,39,462 although this finding has not been widely confirmed by other groups.85,461,463 One report
also suggested an association between CME and female patients.39 The relatively high prevalence
of CME among RP patients suggests that it may not be subtype-specific. A combination of CME
and cells in the vitreous body has been reported in children with variants in the CRB1 or RP1
gene, as well as in young adults with mutations in the PRPF31 or USH2A gene.464,465
This combination of clinical findings can lead to an incorrect diagnosis of intermediate uveitis,
particularly in children with RP in which retinal abnormalities are subtle or even absent.466,467
The therapeutic opticons for CME are discussed in section 6.3.
Vascular abnormalities
Coats-like exudative retinopathy, which is characterized by retinal telangiectasia, lipid deposits,
and exudative retinal detachment, has been reported in 7-15% of patients with CRB1-associated
RP55,199,201,468 and in one patient with a mutation in exon ORF15 in the RPGR gene.385 Unlike Coats’
disease, which is usually unilateral, the Coats-like phenotype in RP patients is frequently
bilateral.469 However, not all affected siblings present with the Coats-like phenotype, which
suggests the presence of non-genetic factors.195 Finally, vascular sheathing has been reported
in some patients with mutations in the CRB1 gene,197 IMPG2,247 or REEP6 gene (Appendix 3).
Localized forms of RP
Sector RP
Although RP is considered a generalized photoreceptor dystrophy, in some patients the retinal
abnormalities are limited to a specific region of the retina. In 1937, Bietti was the first to describe
a form of RP in which the pigmentary alterations were limited to the inferonasal quadrant of
both eyes.470 This so-called sector RP is an atypical form of RP characterized by symmetrical
areas of regional pigmentary alterations, usually restricted to the inferior quadrants of the
retina.471 Visual field defects often correspond to the boundaries of these retinal pigmentary
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alterations, although the abnormalities visible on fluorescein angiography and ERG can extend
beyond the affected areas seen with ophthalmoscopy.472,473 Sector RP usually progresses slowly,
but can evolve to a panretinal RP phenotype.474,475 Sector RP has been described primarily in
patients with an autosomal dominant form of RP caused by pathogenic mutations in the RHO
gene.474,476,477 Other groups have reported sector RP in GUCA1B-associated autosomal dominant225
and RPGR-associated X-linked forms of RP.478,479 Nevertheless, why the atrophic pigmentary
abnormalities are initially limited to a specific region—despite the fact that the underlying
molecular defects are most likely expressed ubiquitously throughout the retina—remains
unclear. Localized differences in the retina’s exposure to light have been suggested as a possible
explanation in RP patients with mutations in the RHO gene.474
Pericentral pigmentary retinopathy
Several RP genes have been associated with pigmentary alterations and annular chorioretinal
atrophy that extends temporal from the optic disc along or adjacent to the vascular arcade and
tends to spare the far periphery (Table 3).175,188,229,407 The clinical findings reported in this
pericentral pigmentary retinopathy (PPR) vary among patients, including both slow progression
and stationary forms of the disease.175,480,481 PPR can be considered part of the RP spectrum,
particularly in patients with progressive disease, a history of night blindness, an annular
scotoma, and reduced rod activity measured on ERG. This clinical picture corresponds with
reports that family members of PPR patients can present with a more typical RP phenotype.175
PPR can resemble pigmented paravenous retinochoroidal atrophy (PPRCA) and
postinflammatory changes in retinal pigmentation.
Retinitis punctata albescens
Some RP patients can present with white punctate deposits that are distributed diffusely
throughout the retina and often decrease in number before the onset of atrophy. Although this
clinical phenomenon has been described as a distinct form of retinal dystrophy called retinitis
punctata albescens, it can also be considered a descriptive subtype of non-syndromic RP.
Retinitis punctata albescens can be caused by mutations in the LRAT,254 PRPH2,482 RHO,483 or
RLBP1484 genes. Mutations in the RLBP1 gene have also been associated with Bothnia retinal
dystrophy485 and Newfoundland rod-cone dystrophy,486 two specific RP subtypes characterized
by the same white punctate deposits present in retinitis punctata albescens.487 These white
deposits have been attributed to the accumulation of all-trans-retinyl esters in the RPE;351
however, given that retinitis punctata albescens patients with LRAT mutations produce little to
no retinyl esters, the precise composition of these deposits remains unclear.488
Miscellaneous
Optic disc drusen are a common finding in RP patients, particularly patients with mutations in
the CRB1 gene, in which the prevalence approaches 1 in 3 patients.55,199 A tapetal-like fundus
reflex is a yellow-golden sheen similar to the Mizuo-Nakamura phenomenon observed in Oguchi

67

Chapter 2.1

NON-SYNDROMIC RETINITIS PIGMENTOSA

CHAPTER 2.1

disease, although this sheen typically does not disappear after dark adaption. This reflex is best
visualized using red-free or near-infrared reflectance.489 Originally, this finding was believed to
be pathognomonic for female carriers of RPGR-associated RP; however, it has also been reported
in female carriers of X-linked RP2.367 Besides the well-recognized hyperautofluorescent ring,
other FAF characteristics have been reported in certain genetic subtypes. For example, mutations
in the RPE65 or LRAT gene, which are both involved in the visual cycle, can lead to a reduced or
even absent signal on FAF imaging.255,490 The presence of 2 or 3 hyperautofluorescent rings has
been associated with mutations in the NR2E3 gene.270,274

G e n e s a n d p roteins invo lved in RP
To date, 84 genes (Figure 7) and 7 candidate genes have been linked to non-syndromic RP. Each
of these genes encodes a protein that plays a role in vital processes within the neuroretina and/
or RPE (e.g., the phototransduction cascade and the visual cycle) or an underlying structure
(e.g., the connecting cilium). Therefore, a mutation in a gene within a specific pathway can
cause the whole pathway to become impaired or even disrupted entirely. In principle, a certain
degree of clinical overlap is to be expected among RP subtypes that are caused by mutations
in genes associated with a common pathway. In practice, however, genetic variants that modify
a pathway’s activity can increase the clinical and/or genetic heterogeneity of diseases that
involve a common pathway. Identifying the pathways affected in non-syndromic RP is therefore
important for understanding the underlying pathogenesis. In this chapter, we provide an
overview of the principal pathways that are affected in RP, and we discuss the location and
function of the genes/proteins involved in RP (Figure 8, Table S3). Specifically, we focus on the
phototransduction cascade (with 10 RP genes involved), the visual cycle (7 RP genes), ciliary
structure and transport (35 RP genes), and the interphotoreceptor matrix (1 RP gene); the
remaining 38 RP genes and their function are listed in Table S3.
The phototransduction cascade
The phototransduction pathway is a cascade of successive reactions triggered by excitation of
the opsin molecule by a photon, resulting in an electrical signal that is transmitted via the optic
nerve to the visual cortex, leading to the perception of an image (see panel 3 in Figure 8). This
cascade is largely similar between rods and cones, with slight differences due to their different
functions in dim light versus bright light.
In rod cells, rhodopsin (encoded by the RHO gene) consists of the apoprotein opsin and the
chromophore 11-cis-retinal. Upon capturing a photon, 11-cis-retinal converts to the all-transretinal isomer, which changes the structure of rhodopsin into that of the photoactive
metarhodopsin II.491 Metarhodopsin II activates the G protein transducin (encoded by the GNAT1
gene), which then activates the cyclic guanosine monophosphate (cGMP) phosphodiesterase
(with subunits encoded by the PDE6A, PDE6B, and PDE6G genes), which hydrolyzes cGMP to

68

Chapter 2.1

NON-SYNDROMIC RETINITIS PIGMENTOSA

Figure 7. Estimated relative contribution of genes to non-syndromic retinitis pigmentosa. The estimates are based on personal
experience and a search of the literature. It is important to realize that the frequency may vary depending on the geographic
region.

form 5’-GMP.492 This process decreases the concentration of cGMP in the photoreceptor’s
cytoplasm, which closes cGMP-gated cation channels (with subunits encoded by the CNGA1
and CNGB1 genes) in the plasma membrane. This in turn hyperpolarizes the plasma membrane
due to a large decrease in intracellular calcium concentration; this hyperpolarization of the
plasma membrane leads to decreased glutamate release at the photoreceptor’s synapse.
After phototransduction, the system returns to the pre-photoactivation state via the following
steps: i) phosphorylation of metarhodopsin II by rhodopsin kinase and the subsequent binding
of arrestin (encoded by the SAG gene), which deactivates transducin;493,494 ii) dissociation of
all-trans-retinal from the visual pigment and conversion to 11-cis-retinal via the visual (retinoid)
cycle (see below); iii) inactivation of transducin by GTPase-accelerating proteins (in particular,
RGS9), thereby inactivating the phosphodiesterase;495,496 and iv) the return of intracellular cGMP
to normal levels by guanylate cyclase (encoded by the GUCY2D gene) which is activated by
guanylate cyclase‒activating protein (encoded by the GUCA1A GUCA1B, and GUCA1C genes).497,498
After all-trans-retinal has dissociated from opsin, 11-cis-retinal binds to opsin to produce
rhodopsin, which then dissociates from arrestin. Rhodopsin is then de-phosphorylated by
protein phosphatase 2A. Thus, in the dark, rhodopsin is predominantly in the nonphosphorylated state.
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Figure 8. Schematic representation of a human rod photoreceptor (purple), cone photoreceptor (orange), Müller cell (blue), RPE
cells (brown), and the interphotoreceptor matrix (beige). The six separate panels provide detailed information regarding the genes
involved in four key processes (panels 1, 3, 4, and 5) and two structures (panels 2 and 6). Note that genes are not shown in italics.
These processes are described in detail in sections 5.1-5.5.
Abbreviations: cGMP: cyclic guanosine monophosphate; GCAP: guanylate cyclase-activating protein; GDP: guanosine diphosphate;
GTP: guanosine triphosphate; PDE: phosphodiesterase; RHAMM: receptor for hyaluronic acid-mediated mobility; RHO*: activated
rhodopsin; RPE: retinal pigment epithelium.
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The majority of molecules in the rod phototransduction cascade have a homolog that performs
a similar function in cone cells. There are two principal differences between rods and cones
with respect to phototransduction. First, cone cells express three different opsins, each of which
is specific—albeit less sensitive—to a given wavelength. Second, opsins in cone cells have faster
kinetics than rod opsins and are nearly unsaturable. Although the functional consequence of
this difference in kinetics is not completely clear, most research suggests that the faster kinetics
in cones translates to a shorter recovery phase. This may be due to the more rapid
phosphorylation of activated cone pigments, a faster dissociation rate of all-trans-retinal, and/
or faster inactivation kinetics of transducin.499,500 Hydrolysis of transducin-bound GTP is the
rate-limiting reaction in rod cells; however, compared to rods, cones contain ten-fold higher
concentrations of the GTPase-accelerating protein complex.
The visual cycle
The vitamin A derivative 11-cis-retinal is an essential component in the phototransduction
cascade. Dietary vitamin A (all-trans-retinol) is absorbed from the blood, enters the RPE, and
is converted to 11-cis-retinal. The visual cycle is a complex process that focuses on regenerating
11-cis-retinal from all-trans-retinal produced in the phototransduction cascade (see panel 4 in
Figure 8) and occurs simultaneously with phototransduction.
Upon photoactivation, all-trans-retinal is released from the activated visual pigment into the
lumen of the outer segment discs, where it reacts with phosphatidylethanolamine to form
N-retinylidene-phosphatidylethanolamine.501 Via the flippase activity of the ABC (ATP-binding
cassette) transporter ABCR (encoded by the ABCA4 gene), all-trans-retinal is released into the
cytoplasm of the photoreceptor, where it is reduced to all-trans-retinol by the enzyme all-transretinal dehydrogenase (encoded by the RDH8, RDH12, and RDH14 genes).502,503 All-trans-retinol
is then transported into the subretinal space, where it binds to interphotoreceptor retinoid‒
binding protein (IRBP, encoded by the RBP3 gene) and is transported to the RPE.504 In the
cytoplasm of the RPE cell, all-trans-retinol binds to cellular retinol‒binding protein (encoded
by the CRBP1 gene) and is re-isomerized via a cascade involving lecithin-retinol acyltransferase
(LRAT), RPE65 (also known as retinoid isomerohydrolase), retinal G protein-coupled receptor
(RGR), and 11-cis-retinol dehydrogenase (encoded by the RDH5 and RDH11 genes).351,505-508 The
resulting 11-cis-retinal is then transported into the interphotoreceptor matrix by cellular
retinaldehyde‒binding protein (CRALBP, encoded by the RLBP1 gene) and is subsequently
transported back into the photoreceptor’s cytoplasm by IRBP. Once back in the photoreceptor,
11-cis-retinal binds to opsin to form a new rhodopsin molecule. This pathway, known as the
canonical visual cycle, catalyzes the re-isomerization of retinal in rod cells.
Recent studies have shown that in addition to the above-mentioned visual cycle, cones also
have a second, non-canonical visual cycle that operates in cone outer segments and Müller
cells (see panel 5 in Figure 8); this cycle regenerates 11-cis-retinal at a 20-fold faster rate,509,510
although all of the proteins in this cycle have not yet been identified. This cycle is initiated when
cone-specific opsin is photobleached and releases all-trans-retinal into the cell’s cytosol, where
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it is then reduced to all-trans-retinol by retinol dehydrogenases (encoded by the RDH8 and
RDH14 genes) and the cone-specific enzyme retSDR1 (encoded by the DHRS3 gene).511 All-trans-retinol then binds to IRBP and is transported into Müller cells, where dihydroceramide
desaturase-1 (DES1, encoded by the DEGS1 gene) catalyzes the direct isomerization of all-transretinol to produce 11-cis-retinol, as well as 9-cis-retinol and 13-cis-retinol.510,512 Because the
isomerization reaction catalyzed by DES1 is reversible,512 the newly formed 11-cis-retinol is
susceptible to re-isomerization. The cell uses two mechanisms to reduce this susceptibility to
re-isomerization. First, 11-cis-retinol can be esterified by multifunctional O-acyltransferase
(MFAT, encoded by the AWAT2 gene) to form 11-cis-retinyl-ester, and secondly, newly formed
11-cis-retinol can be captured by CRALBP.513 A currently undefined 11-cis-retinol-ester hydrolase
(labeled “REH?” in Figure 8) hydrolyzes 11-cis-retinyl-ester to form 11-cis-retinol; this occurs
only when CRALBP is available to bind 11-cis-retinol and prevent re-isomerization by DES1.514
When bound to CRALBP, 11-cis-retinol is released into the interphotoreceptor matrix, where it
binds IRBP and is taken up by the cone outer segment.515 There, an unknown RDH (labeled
“RDH?” in Figure 8) oxidizes 11-cis-retinol to form 11-cis-retinal, which then binds to opsin,
forming a new pigment molecule. This final oxidation reaction can occur in cone outer segments,
but not in rod outer segments;510 thus, the non-canonical visual cycle is specific to cone cells.
Ciliary transport
Cilia are slender, longitudinal, microtubule-based projections that extend from the surface of
most mammalian cells and vary in both shape and size depending on the cell type.516 Cilia can
be divided in two main categories: motile cilia and non-motile (primary) cilia. Motile cilia are
used in specific organs and processes that require the movement of ciliary fluid; examples
include the establishment of left-right asymmetry of viscera in the developing embryo, the
clearance of mucus from the airways, and sperm motility. In contrast, primary cilia are present
on the vast majority of non-motile eukaryotic cells and serve as sensory “antennae” in most
sensory organs.517,518 Given the nearly ubiquitous presence of cilia throughout the body,
mutations in genes encoding ciliary proteins can lead to so-called ciliopathies, which often
involve a syndromic phenotype with multiple affected organs and cellular processes.519,520
Photoreceptor cells contain a highly specialized sensory cilium that consists of the connecting
cilium and associated basal body, as well as an apical outer segment, a highly specialized
structure in which phototransduction takes place.521 Because the outer segment lacks
biosynthetic machinery, all of its components are synthesized and partially pre-assembled in
the inner segment and then transported to the outer segment via the connecting cilium, a
process facilitated by intraflagellar transport (IFT). IFT is also used to assemble and maintain
the cilia.522-526 To date, mutations in more than 30 ciliary protein‒encoding genes have been
linked to non-syndromic retinal diseases (Table S3).527,528 The functions of these ciliary proteins
in the connecting cilium have been identified, and most of these proteins are involved in either
IFT function/regulation or ciliary structure.
IFT is a bidirectional transport system that uses microtubule-based motor molecules to
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transport cargo both from the cilia’s base to the tip (i.e., anterograde transport, which is driven
by kinesin motor proteins) and from the tip to the base (i.e., retrograde transport, which is driven
by dynein motor proteins).529-531 This transport system is capable of moving thousands of
molecules per second in each photoreceptor cell, including the anterograde transport of RHO
and the light-dependent transport of arrestin and transducin.532-535
Many genes associated with non-syndromic RP encode proteins that are involved in various
aspects of ciliary transport (Table S3). For example, ARL3 and RP2 mediate the localization of
motor units at the ciliary tip.536 In addition, IFT is mediated by the so-called IFT proteins (e.g.,
IFT140 and IFT172) that form two complexes (complex A and complex B), which bind and
transport ciliary cargo.537,538 Moreover, the BBSome complex (in which BBS stands for BardetBiedl syndrome) serves as an adaptor between cargo and the IFT complex.539,540 The BBSome
complex consists of eight protein subunits (BBS1, -2, -4, -5, -7, -8 (TTC8), -9, and -18).540 Mutations
in BBSome subunits generally give rise to Bardet-Biedl syndrome;114 however, four of the genes
that encode BBSome subunits (BBS1, BBS2, BBS9, and TTC8), as well as the gene that encodes
ARL6 (a protein that recruits the BBSome complex to the membrane), are associated with nonsyndromic RP.145,147,149,410-412,541-543
The entry and exit of cargo on the ciliary IFT machinery is regulated by the “ciliary gate”, a
specialized ciliary structure located at the base of the primary cilium; this structure forms a
general barrier against periciliary particle diffusion and therefore regulates transport to and
from the structurally isolated outer segment.529,544-548 The gate’s function is mediated by transition
fibers and the transition zone. Transition fibers (also known as distal appendages) anchor the
cilium to the plasma membrane, and the transition zone is a modular structure containing
Y-shaped linkers that are believed to act as a “molecular sieve” in order to restrict and select
the entry and exit of ciliary cargo. The photoreceptor-connecting cilium is both structurally and
functionally analogous to a prototypical transition zone. However, the elongated shape of this
cilium is likely required to achieve the high trafficking rate for transporting biosynthetic material,
as approximately 10% of the outer segment is renewed each day through shedding and
replacement of materials at the tip.549 In addition, a ciliary pore complex, which is homologous
to the nuclear pore complex, functions as an active molecule gate at the base of the cilium.550
Two interacting protein modules—namely, the Meckel/Joubert syndrome (MKS/JBTS) and
nephronophthisis (NPHP) associated modules—assemble the transition zone and control its
gating function.551-553 These modules consist of several ciliopathy-associated proteins and
interact with nearby transition zone components (e.g., the BBSome complex) and a complex
that contains the protein encoded by the RPGR gene, which accounts for 70-90% of X-linked RP
cases and 10-20% of all RP cases.548,554 The RPGR protein is anchored to the connecting cilium
by RPGR interacting protein 1 (RPGRIP1), the localization of which requires another ciliary
protein, spermatogenesis-associated protein 7 (SPATA7). Defects in the RPGR-RPGRIP1-SPATA7
complex lead to the aberrant localization of specific opsins; therefore, this complex is believed
to play a role in the transport of specific opsins.555 For a thorough overview of the interactions
between RPGR and other ciliary proteins such as centrosomal protein 290 (CEP290),
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phosphodiesterase 6D (PDE6D), nephrocystin 1 (NPHP1), nephrocystin 4 (NPHP4), and Whirlin
(WHRN), the reader is referred to a recent review by Megaw and colleagues.554
Outer segment structure
The cilium of the photoreceptor cell consists of the connecting cilium and the outer segment,
the latter of which contains a highly specialized compartment consisting of stacks of intracellular
discs (in rod cells) or lamellae (in cone cells).556,557 Goldberg et al. recently reviewed the
morphogenesis and architecture of intracellular discs in the ouster segment.558 Some subtypes
of non-syndromic RP are associated with proteins that are involved in the development and/
or orientation of outer segment discs (Table S3 and Figure 8), and their genes are discussed
below.
Outer segment discs develop from the connecting cilium as evaginations in the plasma
membrane that are subsequently internalized to form a stack of intracellular discs.559 F-actin
microfilaments located at basal axonemal microtubules are required for the initiation of new
disc evagination.558 The RP-associated gene FSCN2 encodes retinal fascin homolog 2 (FSCN2),
which crosslinks and bundles F-actin filaments.560,561 Peripherin-2 (PRPH2) plays a role in the
formation of the outer segment disc rim, and loss of PRPH2 leads to the absence of outer
segment discs.558,562 PRPH2 has also been suggested to play a role in disc stability and disc
shedding.558,563 Recently, Salinas et al. reported that the photoreceptor cilium can release large
numbers of ectosomes,564 similar to the process recently described in primary cilia, in which
ciliary G protein‒coupled receptors are dispatched in extracellular signaling‒competent vesicles
via actin-mediated ectocytosis.565 PRPH2 maintains this process at the appropriate level,
enabling retained ectosomes to morph into outer segment discs.564 The formation of PRPH2 is
regulated by the rod outer segment membrane protein-1 (ROM1) protein, thereby regulating
the process of disc internalization.566 The initiation of outer segment disc formation requires
the membrane-bound protein prominin-1 (PROM1), which is localized to the nascent disc
edge.558 PROM1 also appears to link outer segment disc rims, thereby helping to stabilize the
stack.567 Cadherin-related family member 1 (also known as protocadherin-21 and encoded by
the CDHR1 gene) has also been implicated in disc rim formation and has been suggested to
function cooperatively with PROM1, as it also resides at the nascent disc edge.568 The
photoreceptor-specific cytosolic protein RP1 is associated with the ciliary axoneme and is
required for outer segment disc morphogenesis.359 Thus, RP1 plays a role in outer segment disc
orientation and has been suggested to serve as the link between outer segment discs and the
axoneme.569 Finally, RP1 has a synergistic interaction with RP1L1, a protein that has a similar
localization pattern and is also required for outer segment morphogenesis.570
The interphotoreceptor matrix
The interphotoreceptor matrix fills the subretinal space, which extends from the external limiting
membrane (i.e., the basal ends of the Müller cells) to the apical surface of the RPE; the inner
and outer segments of photoreceptor cells are also embedded in this space.571 For many years,
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the interphotoreceptor matrix was believed to simply provide support to the retinal tissue, with
no other significant functions. However, we now know that the interphotoreceptor matrix plays
an important role in many key processes, including: i) retinal (retinoid) metabolism; ii) retinal
adhesion to the RPE;572-575 iii) intercellular communication in terms of outer segment shedding
and phagocytosis by the RPE; iv) matrix turnover; v) photoreceptor alignment; vi) growth factor
presentation;576 and vii) regulation of the transport of oxygen and nutrients to photoreceptor
cells.577,578 In addition, this extracellular matrix may also play a key role in the clinical presentation
of progressive retinal degeneration.579
The interphotoreceptor matrix is composed of proteins and carbohydrates that are secreted
by photoreceptors and RPE cells.580 The principal components of this matrix are proteoglycans,
hyaluronic acid, collagen and elastin fibers, and other proteins such as fibronectin, fibrillin,
laminins, and fibulins. Hyaluronic acid polymers form extremely large (100-10,000 kDa)
polysaccharides that interconnect to produce a three-dimensional mesh network.571 This
network is connected to Müller cells via CD44 and to the RPE via proteins containing RHAMM
(receptor for hyaluronic acid-mediated motility)-type binding motifs. In addition, other
extracellular matrix components such as SPACR, SPACRCAN, pigment epithelium-derived factor
(PEDF), and IRBP also contain RHAMM-binding motifs and are also linked to the hyaluronic acid
network.571,581
Three genes (IMPG2, RBP3, and EYS) associated with non-syndromic RP encode proteins that
bind to the hyaluronic acid network.206,207,246,247,334,582,583 SPACRCAN (encoded by the IMPG2 gene)
is a proteoglycan that binds both hyaluronic acid and chondroitin sulfate and plays several
functional roles, including organizing the interphotoreceptor matrix and regulating the growth
and maintenance of the photoreceptor outer segment.584,585 IRBP (encoded by the RBP3 gene)
is the primary soluble protein in the interphotoreceptor matrix and—as discussed above—plays
a role in the visual cycle (see section 4.2).
In humans, the EYS gene encodes the human ortholog of the Drosophila eyes shut protein and
is one of the largest genes expressed in the retina. The resulting protein contains several sites
for the attachment of glycosaminoglycans side chains; in Drosophila, this protein is an
extracellular protein.586,587 The high degree of homology between the human and Drosophila
orthologs suggests that the human protein also functions in the extracellular matrix. In humans,
however, this protein, which has four isoforms,588 can localize to subcellular compartments in
the cytoplasm and to the axoneme of the connecting cilium; moreover, deleting EYS expression
in zebrafish causes mislocalization of outer segment proteins, suggesting a functional role in
ciliary transport.589 In addition, posttranslational modifications may allow the protein to target
to specific locations.588 Finally, the RP1 protein also contains hyaluronic acid‒binding motifs
and may interact with the hyaluronic acid scaffold if it associates with the photoreceptor’s
plasma membrane.571
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M a n a ge m e nt of R P
Retinitis pigmentosa can profoundly impact the physical and emotional lives of patients and
their families. Therefore, providing adequate support to patients and their relatives is an
essential component in managing RP. In this chapter, we discuss ophthalmic and genetic
counseling, we describe the current options for genetic testing, we emphasize the importance
of regular visits to the clinic, and we discuss both current and future therapeutic options.
Ophthalmic and genetic counseling
A multidisciplinary approach that combines ophthalmic and genetic counseling services can
optimize both the diagnostic process and the long-term management of RP.590 In recent years,
the field has witnessed significant advances in the methods used to identify genes. For example,
some centers have switched from using targeted panel sequencing tests for diagnostics and
now perform exome sequencing using a vision-related gene filter.591 In exome sequencing, all
coding regions (i.e., exons) within the entire human genome are sequenced. The addition of a
gene filter containing all known IRD genes can limit the risk of incidental findings in genes that
are not necessarily related to the disease. The advantage of exome sequencing is that if the
causative gene is not identified in any of the known RP genes, the search can be readily
expanded to include other genes, thereby potentially identifying novel RP-related genes. On
the other hand, exome sequencing is not usually the first choice for obvious cases of X-linked
forms of RP. Although mutations in the RPGR gene account for 70-75% of all patients with an
X-linked form of RP, this gene is not suitable for exome sequencing,592 particularly due to the
highly repetitive, purine-rich ORF15 region. Therefore, this region is better suited to direct
sequencing. Currently, exome sequencing provides a molecular diagnosis in 60-80% of RP
patients;430,591 the remaining patients likely have a variant that cannot be detected using exome
sequencing, which can include structural rearrangements, mutations in non-coding and/or
GC-rich regions, and mutations in genes that have not yet been associated with retinal
dystrophy.269,593 The introduction of whole-genome sequencing in routine diagnostics will likely
further increase our ability to obtain molecular diagnoses, although determining the functional
role of many of these putative causative variants will remain a challenge.
Genetic testing often raises a wide range of questions, and patients are usually referred for
genetic counseling, where questions regarding the reliability of the test results and the
implications to the patient and his/her relatives can be addressed. Performing presymptomatic
and/or predictive testing at too early an age may increase the likelihood of an unfavorable
impact on quality of life; therefore, the ideal age for undergoing genetic testing is currently
under debate.594 To help ensure their future autonomy, children rarely undergo presymptomatic
testing; however, the availability of new treatment options, which ideally are applied in the
earliest possible stage of the disease, may warrant testing at a younger age.
Genotyping usually improves the outcome of ophthalmic counseling; however, the number of
well described phenotypes for a given genetic subtype is usually limited, and the phenotypes
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can vary widely within a subtype and even between family members who share identical
mutations. Nevertheless, the information discussed in Chapter 4 can provide the clinician with
an overview of the clinical aspects associated with the various genetic subtypes. For example,
central visual function often deteriorates rapidly in RP patients with a mutation in the CERKL
gene, whereas visual acuity is generally preserved much longer in RP patients with a mutation
in the TOPORS gene. Therefore, understanding the underlying genetic profile and other modifiers
that can influence the phenotype will help provide a more reliable clinical prognosis. In
anticipation of such an in-depth genetic analysis, thorough follow-up examinations that include
visual field analysis, SD-OCT, and FAF will serve to monitor the clinical progression of the retinal
dystrophy, as well as to predict the decline in visual function. In addition, other ocular
pathologies such as cataract and CME may also be identified at an early stage and treated
accordingly.
Visual rehabilitation
In recent years, visual rehabilitation for RP patients with low visual acuity has evolved into a
multidisciplinary approach that focuses on the patient’s functional abilities and needs,595
thereby providing high value to patients with RP. Vision rehabilitation centers provide support
and training, including orientation and mobility training combined with low-vision aids such
as flashlights, night-vision goggles, and/or reverse telescopes in order to optimize residual visual
function. In advanced disease, the patient’s independence and functional quality of life can be
improved using text-to-speech software to allow the patient to interpret text, and a guide dog
can further increase the patient’s mobility and independence. However, the social impact of
the gradual deterioration of the visual field should not be underestimated.
Treatment of associated ocular abnormalities
The visual gain realized following cataract surgery in RP patients depends largely on the amount
of residual macular function. The likelihood of visual recovery is highest in RP patients who
have an intact—or only slightly disrupted—foveal ellipsoid zone.596,597
Some reports indicate that RP patients may have an increased risk of developing complications
during and following cataract surgery; these complications can include zonular insufficiency
(in 19% of cases),598 posterior capsular opacification (44-95% of cases),596,599,600 and anterior
capsule contraction (10-38% of cases).596,601,602 Although the scientific evidence is absent, some
surgeons report a more severe post-operative inflammation in RP patients. In general, preoperative treatment with steroids may be useful in patients with RP to prevent this inflammation
as well as CME. There is currently no indication that surgery accelerates the progression of RP.599
On the other hand, the subjective visual gain following cataract surgery in RP patients is often
considerable. Therefore, cataract extraction should be seriously considered in visually significant
cataracts, even in the presence of advanced RP.
To date, no large randomized controlled clinical trial has been performed to evaluate the effect
of treating CME in RP patients. The treatment of choice for CME is carbonic anhydrase inhibitors.36
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A meta-analysis conducted by Huang et al. showed a mean reduction in central retinal thickness
of 46%.603 However, often there is no correlation between anatomical and functional
improvement.603 Prescribed dosages for oral acetazolamide vary between 125-500mg daily, and
topical carbonic anhydrase inhibitors like 1-2% dorzolamide or brinzolamide are typically
administered three times a day. Since the optimal therapeutic dose for the individual is still
unknown, a trial and error approach is advised. Recurrence of CME can occur after cessation
of carbonic anhydrase inhibitor treatment,603 and efficacy may diminish during prolonged
treatment.604 Retreatment with carbonic anhydrase inhibitors after a period of discontinued
use, may again have a favorable effect.605 Refractory CME can be treated with intravitreal
steroids.604 The use of intravitreal anti-VEGF (vascular endothelial growth factor) in RP patients
remains unclear, as studies do not agree with respect to the beneficial effects; moreover, VEGF
levels are markedly lower in the aqueous humor of RP patients.36 It is important to note that
the amount of CME can fluctuate over time—particularly in children—even without intervention;
this should be taken into account during treatment.604
Although epiretinal membranes are prevalent among RP patients, few reports address the
effects of membrane peeling in RP patients. Ikeda et al. recently reported morphological
improvement following epiretinal membrane peeling in 9 out of 11 eyes, although only three
of these eyes—two of which underwent concomitant cataract extraction surgery—had long-term
improvement in visual acuity.606 This relatively limited rate of success, together with the potential
toxicity associated with direct intraocular illumination, suggests that epiretinal membrane
peeling should be used with caution in patients with RP.
Treatment options for RP
Significant advances in our knowledge regarding the genetic causes of RP have been paralleled
by significant progress in the development of novel strategies for treating this disease.607 These
strategies can be subdivided into two general categories: i) approaches that are gene-specific
or even mutation-specific, and ii) approaches that exert a therapeutic effect independent of
the underlying genetic defect. Below, we discuss the main features of the various therapeutic
approaches, including their potential advantages and limitations with respect to treating
patients with RP.
Gene-specific and mutation-specific approaches
The majority of genes mutated in RP encode proteins that are expressed either in photoreceptor
cells or in the RPE. Therefore, to be effective, gene-specific and/or mutation-specific approaches
require the presence of the cells that will be targeted; as a result, these approaches are most
successful in the early stages of the disease, before cell degeneration. With gene augmentation
therapy‒based approaches, a construct driving the expression of a wild-type copy of the cDNA
corresponding to the mutated gene is introduced into the target cells, with the goal of restoring
wild-type expression in these cells. In the case of RP and allied diseases, virus-based vectors
such as adeno-associated viruses (AAVs) are often used to deliver the genetic cargo to target
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cells in the retina; the virus is usually administered via intravitreal or subretinal injection. In
2008, the first studies to test the safety and efficacy of using RPE65 gene augmentation therapy
in patients with LCA or early-onset RP due to bi-allelic RPE65 mutations were reported.608-610 The
promising results obtained from these studies provided an enormous boost to the field and
led to phase I/II clinical trials designed to test gene therapy‒based approaches for treating
several other genetic subtypes of retinal disease, including choroideraemia,611 MERTK-associated
RP,612 and—more recently—CNGA3-associated achromatopsia, PDE6A-associated RP, RPGRassociated X-linked RP, retinoschisis, and Stargardt disease (see www.clinicaltrials.gov). The
recent phase 3 study in patients with a RPE65-mediated inherited retinal dystrophy who were
treated with voretigene neparvovec, confirmed treatment safety and efficacy; patients showed
improved light sensitivity, visual fields and navigational ability under dim light conditions.613
Subsequently, this led to the first US FDA approved gene therapy for retinal disease. Despite
these initial advances, however, important challenges must be overcome before gene
augmentation therapy can be widely implemented. For example, it is unclear whether one-time
administration of a therapeutic vector can provide long-term, long-lasting clinical benefits. The
cargo capacity of the most commonly used viral vectors is also relatively limited and is therefore
not suitable for delivering the large cDNAs corresponding to several of the genes that are
mutated in many patients with RP (for example, the EYS and USH2A genes). Other challenges
include controlled expression levels, dominant-negative mechanisms, the relative small number
of patients for the genetic subtypes as well as the financial costs of the highly individualized
forms of treatment.
Other emerging therapeutic strategies involve antisense oligonucleotides (AONs), which are
small, versatile RNA molecules that can modify pre-mRNA splicing by specifically binding to a
target region in the pre-mRNA, thereby suppressing aberrant splicing events caused by certain
mutations,614 and genome editing, for example using the CRISPR/Cas9 system. This latter
technique introduces a highly precise double-strand break in the genomic DNA at the site of
the mutation, and can be used to repair a primary genetic defect directly within the patient’s
genome.615
Another class of highly versatile therapeutic compounds that can act in a gene-specific and/or
mutation-specific manner are the small-molecule compounds. In early-onset retinal
degeneration in patients with a mutation in the LRAT or RPE65 gene, the visual cycle—in which
all-trans-retinal is converted back into 11-cis-retinal via several enzymatic reactions—is
disrupted. Oral treatment with 9-cis-retinoid, an analog of 11-cis-retinal, was well tolerated and
moderately effective in early-phase clinical trials in patients with a mutation in the
aforementioned genes; moreover, treatment efficacy was correlated with residual retinal
integrity.616
Although beyond the scope of this review, it is important to note that diet-based treatment can
prevent or reduce disease progression in the following three syndromic forms of RP: adult
Refsum disease, Bassen-Kornzweig syndrome, and α-tocopherol transfer protein deficiency
(also known as familial isolated vitamin E deficiency).
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Mutation-independent approaches
In recent years, several dietary changes and dietary supplements (e.g., vitamin A) have been
recommended for the treatment of RP.617 However, a Cochrane systematic review conducted
by Rayapudi et al.618 found no clear evidence that vitamin A and/or the fish oil docosahexaenoic
acid has beneficial effects in RP patients in general.
Cell replacement therapy is the administration of ocular-derived retinal progenitor cells (RPCs)
or non‒ocular-derived stem cells such as embryotic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) into the vitreous body or subretinal space. Each of these cell types has specific
advantages and disadvantages.619 For example, RPCs are relatively easy to process, and the
recipient does not require immunosuppression therapy; however, obtaining sufficient donor
cells is problematic. In contrast, stem cells require a more extensive manufacturing process.
The key difference between ESCs and iPSCs is that iPSCs can be derived from the patient,
thereby allowing the autologous transplantation of iPSC-derived RPE or photoreceptor cells,
thus avoiding immunosuppressive treatment; moreover, the underlying genetic defect can even
be corrected prior to transplantation using genome editing.620 However, such highly
individualized treatments are associated with extremely high costs. Therefore, options for using
human leukocyte antigen (HLA)-matched iPSCs from a databank are receiving increasing
attention.621,622 Various transplantation approaches are currently used, including transplantation
of stem cell‒derived RPE cells and/or photoreceptor cells.623 Phase I/II trials using RPCs are
currently being performed in RP patients in order to assess the in vivo safety, long-term survival,
and function of the graft (see www.clinicaltrials.gov). Although clinical applications are still in
their infancy, stem/progenitor cell‒based therapeutic approaches represent a promising future
for patients with advanced RP.
Another emerging approach is the use of electronic retinal implants for end-stage RP patients
with little or no light perception. Two retinal implants are currently available on the market.
The Argus II epiretinal implant (produced by Second Sight Medical Products Inc. in Sylmar, CA)
has received both European CE certification and US FDA approval, and the Alpha AMS subretinal
implant (produced by Retina Implant AG in Reutlingen, Germany) has received CE certification.624
Both of these implants function by stimulating the inner retinal layers and therefore require an
intact inner retinal architecture. An epiretinal implant is connected to a miniature camera
mounted on eyeglasses; the implant then stimulates the residual retinal ganglion cells directly.
In contrast, a subretinal implant consists of a light-sensitive micro-photodiode array that
stimulates the bipolar cell layer. Retinal implants can restore basic visual function, improve
performance in vision-related tests, and increase the daily mobility of patients with RP.625-627 For
example, improvement in visual acuity from light perception without projection to 20/546 was
recently reported in a patient who received an Alpha AMS implant.627 Despite these promising
results, visual rehabilitation for patients with these prostheses is complex, and several challenges
must still be overcome, including adverse effects, device longevity, and resolution.628,629
Yet another relatively new approach that can provide therapeutic benefits in patients who have
lost photoreceptor and/or RPE cells is optogenetics, which uses gene therapy to express light-
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activated ion channels in the residual retinal neurons, thereby restoring photosensitivity.630
Despite promising results in both cell-based models and animal models, the true potential of
this approach needs to be tested fully in a clinical setting.
Finally, several neuroprotective factors have been shown to slow photoreceptor loss in
numerous animal models, including brain-derived neurotrophic factor (BDNF),631 basic fibroblast
growth factor (bFGF),632 ciliary neurotrophic factor (CNTF),633 glial cell‒derived neurotrophic
factor (GDNF),634 nerve growth factor (NGF),635 and rod-derived cone viability factor (rdCVF).636
However, there is currently no evidence that these compounds are beneficial in treating RP.637
Transcorneal electrical stimulation (TES), a novel therapeutic approach for retina disease and
optic neuropathy, also seems to exert its effect through the release of neurotrophic factors after
corneal electrostimulation. Proof of principle of TES has been established in animal models638
and treatment appears to be safe in patients,639-641 although larger studies are needed to provide
treatment efficacy over a prolonged time.

Co n c l u s ions
In this review, we provided an overview of the clinical characteristics of RP in general, as well
as the specific features of genetically defined RP subtypes. This information can help the
clinician identify the clinical RP entity and better predict the disease course, ultimately providing
the patient with the best possible information regarding prognosis. In addition, we discussed
the main pathways affected in RP, as well as the location and function of the proteins involved,
thereby revealing high genetic and clinical similarity between RP and other IRDs, including LCA
and cone-rod dystrophies. Together, these disorders are currently considered to represent a
continuum of retinal dystrophies with significant clinical and genetic overlap.
Our rapidly increasing knowledge of affected biological pathways has shifted attention to the
individual genetic subtypes of RP. This is paralleled by various treatment strategies exploring
the applications of gene and cell-based therapies, retinal implants or transplantation. The
nature of the genetic defect, the resulting molecular pathogenesis and the extent of the
degeneration will determine which therapeutic modality will be the most appropriate in the
individual RP patient.
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Differential diagnoses for non-syndromic RP
Disease

Clinical features

Refs

Cone-rod dystrophy

Patients typically present with VA loss, dyschromatopsia
and photoaversion. May experience nyctalopia. Primary
loss of cone function on the ERG, followed by rod
impairment. Syndromal associations.

1,2

Cone dystrophy

Progressive loss of VA and dyschromatopsia often
accompanied by photoaversion and photophobia.
Macula: ranging from normal to a bull’s eye
maculopathy or RPE atrophy. Reduced or nonrecordable
photopic ERG.

3

Leber congenital amaurosis

Early-onset retinal dystrophy at birth or in first months of
life, nystagmus, hyperopia, amaurotic pupils,
oculo-digital sign, extinguished photopic and scotopic
ERG. Syndromal associations.

4

Macular dystrophies (Stargardt disease, Sorsby fundus
dystrophy)

Progressive loss of VA, advanced disease sometimes
associated with night blindness and loss of peripheral
vision.

5

Bietti crystalline corneoretinal dystrophy

Yellow-white crystalline retinal deposits throughout
posterior pole and sometimes in corneal limbus.
Sclerosis of the choroidal vessels. Often marked
asymmetry in retinal findings.

6

Late-onset retinal degeneration

Perimacular yellow-white drusen-like lesions, long
anterior zonules, and hyperpigmentation in the
midperiphery. Gradual loss of dark adaptation in
fifth-sixth decade. Reduced visual acuity in advanced
stages caused by scalloped areas of RPE atrophy or
neovascularization, accompanied by ERG changes
(rod-cone pattern). Normal caliber of retinal vessels.

7,8

Largely non-progressive. Nightblindness. Nystagmus
and myopia with decreased VA if onset early in life. Most
common ERG is ’negative’ dark-adapted ERG. Oguchi
disease and fundus albipunctatus are forms of CSNB.

9

Choroideremia

X-linked, pigment clumping at RPE level, followed by
patchy loss of RPE and choriocapillaris with visible
underlying large choroidal vessels and sclera. Normal
appearing retinal vessels.

10,11

Gyrate atrophy

Well demarcated, circular areas of chorioretinal atrophy
often starting in far periphery, early onset cataract
formation, myopia, CME, elevated plasma ornithine,
type II muscle fiber atrophy, hair thinning.

12,13

Helicoid peripapillary chorioretinal degeneration
(Sveinsson chorioretinal atrophy)

Autosomal dominant, peripapillary chorioretinal
atrophy with radially extending wing-shaped atrophy, no
attenuation of retinal vessels.

14,15

Progressive bifocal chorioretinal atrophy

Slowly progressive, large atrophic lesions in macula and
nasal to the optic disc. Nystagmus and myopia.

16

VA loss from the 1st/2nd decade of life. Cystoid macular
lesions, typically in an spoke-wheel pattern, peripheral
schisis in 50% of patients. ERG: selective reduction in
b-wave amplitude.

17

Inherited retinal diseases
Progressive retinal disease

Stationary retinal disease
Congenital stationary night blindness

Chorioretinal dystrophies

Vitreoretinal dystrophies
X-linked juvenile retinoschisis
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Clinical features

Refs

Enhanced S-cone syndrome/Goldmann-Favre
Syndrome

ERG: enhanced S-cone sensitivity (pathognomic).
Variable phenotype, hallmarks are nummular
pigmentations at RPE level and cystoid or schisis-like
maculopathy. Night blindness from birth and decreased
VA.

18,19

Wagner syndrome/erosive vitreoretinopathy

Optically empty vitreous with avascular vitreous strands
and veils, presenile cataract, moderate myopia,
progressive chorioretinal atrophy sometimes with
diffuse pigmentary changes, reduced VA, night blindness
and visual field constriction. Retinal detachment in
advanced stages of disease.

20,21

Snowflake vitreoretinopathy

Autosomal dominant, corneal guttae, cataract, fibrillar
degeneration of the vitreous, retinal detachment, and
peripheral retinal degeneration, including crystalline
deposits referred to as snowflakes, vascular attenuation
and chorioretinal pigmentation.

22,23

Retinitis pigmentosa

Female carriers of XL-RP: highly variable presentation;
from no abnormalities to RP phenotype. Tapetal-like
reflex possible.

24

Choroideremia

Female carriers are generally asymptomatic, although
chorioretinal atrophy and ERG changes similar to those
in affected males can be observed.

11

Ocular albinism

Female carriers GPR143 gene (OA1): patchy
hypopigmentation of the RPE, iris transillumination.

25

Usher syndrome

RP with partial or complete neurosensory hearing loss,
sometimes vestibular dysfunction.

26

Bardet-Biedl syndrome

RP and obesity, postaxial polydactyly, hypogonadism,
renal dysfunction, cognitive impairment.

27

Cohen syndrome

RP and myopia, mental retardation, hypotonia, fascial
dysmorphism, short stature, neutropenia.

28

Joubert syndrome

RP/LCA with dysmorphic facial features, congenital
hypotonia evolving in ataxia, developmental delay and
unusual fast or slow breathing. Oculomotor apraxia and
nystagmus may be present. The hallmark feature is the
‘molar tooth sign’ on MRI.

29,30

Senior-Løken syndrome

RP/LCA and nephronophthisis (NPHP).

31

Sensenbrenner syndrome (cranioectodermal
dysplasia)

RP and craniosynostosis, ectodermal abnormalities.

32,33

Short-rib thoracic dysplasia with or without
polydactyly (includes Jeune, Mainzer-Saldino,
Ellis-van Creveld and short rib-polydactyly syndrome)

RP and thoracic hypoplasia, short stature, brachydactyly,
polydactyly, chronic renal failure, (sometimes lethal)
respiratory insufficiency.

34,35

Alfa-tocopherol transfer protein deficiency (familial
isolated vitamin E deficiency)

RP with (Friedrich-like) ataxia, dysarthria, reduced
proprioception and hyporeflexia.

36,37

Bassen-Kornzweig syndrome (abetalipoproteinemia)

Atypical RP with onset 1st-2nd decade. Wide spectrum of
abnormalities including progressive cerebellar ataxia,
gastrointestinal disorders, acanthocytosis and absence
of apo-B containing lipoproteins.

38,39

Female carriers of inherited retinal diseases

Syndromic forms of retinitis pigmentosa
Ciliopathies

Metabolic disorders
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Mucopolysaccharidoses

Group of disorders with RP, cloudy cornea and glaucoma
and numerous symptoms in varying degree: cognitive
impairment, developmental delay, hearing loss,
hydrocephalus, facial abnormalities, dwarfism and
hepato-splenomegaly.

40

Neuronal ceroid-lipofuscinoses, childhood onset
(Batten disease)

RP with early vision loss, FAG: diffuse RPE atrophy with
stippled hyperfluorescence, progressive
neurodegeneration, seizures, may cause early death.

41

Refsum disease (phytanic acid oxidase deficiency)

RP and anosmia, miosis, attenuated effect of mydriatica,
elevated phytanic acid levels, anosmia, hearing loss,
ataxia, polyneuropathy, ichthyosis, cardiopathy.

42,43

Mevalonate kinase deficiency (mevalonic aciduria
(MEVA) and hyper-immunoglobulin D and periodic
fever syndrome (HIDS)

Spectrum of clinical phenotypes, sometimes with RP.
HIDS: recurrent febrile attacks lymphadenopathy,
arthralgia, gastrointestinal disturbances, skin rash and
increased levels of serum immunoglobulin D. MEVA is
the most severe form with psychomotore retardation,
progressive cerebellar ataxia, dysmorphic features,
recurrent febrile crises, and failure to thrive.

44,45

HARP syndrome (hypoprebetalipoproteinemia,
acanthocytosis, RP and pallidal degeneration)

Part of the pantothenate kinase-associated
neurodegeneration (PKAN) spectrum. RP with
hypoprebetalipoproteinemia, acanthocytosis and
pallidal degeneration (eye of the tiger sign on MRI).

46

PHARC syndrome (polyneuropathy, hearing loss,
ataxia, RP, and cataract

RP with polyneuropathy, hearing loss, cerebellar ataxia
and early-onset cataract.

47

Kearns-Sayre Syndrome

RP with progressive external ophthalmoplegia, heart
conduction defect, cerebellar ataxia or elevated protein
concentration in cerebrospinal fluid. Onset <20 years.

48

NARP syndrome (Neuropathy, Ataxia, RP)

RP and peripheral neuropathy, neurogenic muscle
weakness, ataxia.

49

Thioridazine and chlorpromazine

Nummular areas with loss of RPE and choriocapillaris
perfusion. Chlorpromazine often leads to posterior
subcapsular cataract.

50,51

Quinolines (e.g. (Hydroxy)chloroquine)

Bull’s eye maculopathy, Asian patients: pericentral
retinopathy. In case of poisoning: initially fixed dilated
pupils, later miosis. Late fundus appearance.

52-54

Often unilateral or sectorial retinal disease. History of
infectious retinal disease.

55-61

Ocular clinical criteria: mutton-fat or small
granulomatous KPs and/or iris nodules; nodules in
trabecular meshwork or tent-shaped PAS; vitreous
snowballs; peripheral chorioretinal lesions; nodular/
segmental periphlebitis; optic disc nodule(s) and/or
solitary choroidal nodule; bilaterality. Extraocular
granulomas in: lymph nodes, lungs, skin, liver, spleen,
salivary glands, heart, bones and nervous system.

62

Mitochondrial disorders

Pseudoretinitis pigmentosa
Drug-induced

Chorioretinal infections
Syphilis, Lyme disease, acute retinal necrosis and
other viral infections (rubella, chicken pox, measles,
cytomegalovirus)
Sequela of inflammatory disease
Sarcoidosis
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Clinical features
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Acute posterior multifocal placoid pigment
epitheliopathy

Sudden loss of VA, blurred vision and central scotomas.
Often self-limiting, good prognosis with visual recovery.

63

Birdshot chorioretinopathy

Gradual decline in VA due to CME and retinal atrophy,
nyctalopia, floaters, glare, dyschromatopsia and
photopsia. Cream-colored, irregular or elongated
choroidal lesions radiating from optic disc. Supportive:
HLA-A29+ and retinal vasculitis.

64

Serpiginous choroidopathy

Symptoms: VA loss, metamorphopsia or central
scotoma. Signs: recurrent gray-yellowish subretinal
infiltrates, centrifugally spreading from peripapillar
region in a serpiginous manner. They resolve in atrophy.
Bilateral, but often asymmetric.

65

Diffuse unilateral subacute neuroretinitis (DUSN)

Early stage: vitritis, papillitis, clustered yellow-gray-white
lesions.
Later stage: optic atrophy, arteriolar narrowing,
increased ILM reflex (Oréfice’s sign), subretinal tunnels
(Garcia’s sign), diffuse RPE degeneration, and afferent
pupillary defect. Nematode sometimes visible.

66

Systemic lupus erythematosus (SLE)

Extraocular SLE characteristics (fever, joint pain, rash,
etc), cotton wool spots.

67,68

Vitamin A deficiency

Xerophthalmia and nightblindness. Yellow and white
retinal spots may be present in the periphery. Symptoms
may be reversible with vitamin A treatment.

69,70

Paraneoplastic

Photopsias, history of primary tumor; most often breast
- or lung carcinoma or melanoma.

71,72

Trauma

Patient history, unilateral.

73

Siderosis bulbi

Patient history, unilateral, inner retinal layers more
severely affected than outer layers.

74

Old retinal detachment

Unilateral, history of retinal detachment.

Pigmented paravenous retinochoroidal atrophy
(PPRCA)

Pigment accumulation solely along retinal veins, no or
very slow progression, often asymptomatic. Etiology
unclear.

75

Acute zonal occult outer retinopathy

Acute onset, often initially unilateral; however, majority
develops bilateral disease, scotoma, photopsias, fundus
examination often apparently normal, later RPE
disturbances. ERG: delayed implicit time of 30-Hz cone
flicker response. EOG: reduction in the light rise.

76

Miscellaneous

Abbreviations: CME: cystoid macular edema, ERG: electroretinography, ILM: internal limiting membrane, FAG: fluorescein
angiography, KPs: keratic precipitates, PAS: peripheral anterior synechiae, RP: retinitis pigmentosa, RPE: retinal pigment
epithelium, VA: visual acuity
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Multimodal images of three patients with pseudoretinitis pigmentosa
(A-I) Fundus photograph of a 41-year-old female with pigmented paravenous retinochoroidal atrophy, showing peripapillary
atrophy, and both hyperpigmentation and RPE atrophy along the retinal vessels (A-II) visible as hypoautofluorescence on fundus
autofluorescence (FAF). (A-III) Optical coherence tomography (OCT) image of the same patient showing intact central retinal
layers.
(B-I) Fundus photograph of a 60-year-old female with a hydroxychloroquine retinopathy, showing a bull’s eye maculopathy with
mottled RPE atrophy in the posterior pole, a normal caliber of the retinal vessels, and temporal pallor of the optic disc. (B-II) FAF
image of the same patient, showing a mottled pattern of hypo- and hyperautofluorescence, and annular hypoautofluorescence
in the macula. (B-III) OCT scan revealing CME and the preservation of the ellipsoid zone at the fovea.
(C-I) Fundus photograph of a 51-year-old female with acute zonal occult outer retinopathy, showing severe hyperpigmentation
and RPE atrophy confined to the nasal retina, (C-II) which corresponds to hypoautofluorescent regions on FAF. The contralateral
eye of the patient showed no abnormalities.
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Atlas of color fundus photographs of non-syndromic retinitis pigmentosa
This atlas contains color fundus photographs of 75 of the 84 genetically defined RP subtypes.
The photographs show the phenotypic characteristics of each subtype, and illustrate the
heterogeneity of RP. Nevertheless, it is important to realize that even within a specific subtype,
considerable phenotypic variation can occur.
In case photographs are reprinted from previous articles, permission to reprint has been
obtained from the publisher, and a reference to the original article is provided.
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ABCA4

AGBL5

Fundus photograph of a 48-year old female, showing peripheral bone spicule
pigmentations, mild attenuation of vessels, and mid-peripheral atrophy.
Reprinted from Klevering et al., 2004 with permission from Nature Publishing
Group.

Composite fundus photograph of a 27-year old female, showing peripheral
bone spicule pigmentation, vessel attenuation, and optic disc pallor.
Reprinted from Astuti et al., 2016.§

AHI1

ARHGEF18

Fundus photograph of a female RP, showing severe RPE atrophy, and hyperpigmentation in the macula. Reprinted from Huang et al., 2015.*

Composite fundus photograph of a 37-year old female, showing vascular
attenuation and occlusion, peripheral RPE atrophy, white dots, and
nummular pigmentation. Reprinted from Arno et al., 2017.¥

ARL2BP

BBS1

Relatively low quality fundus photograph image of a 36-year old female,
showing vessel attenuation, macular atrophy and a pale optic disc. Reprinted
from Audo et al., 2017 with permission from John Wiley and Sons.

Fundus photograph of a 33-year old male with BBS1-associated RP, showing
attenuated vessels, RPE atrophy.
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C2orf71

Composite fundus photograp of a 44-year old female, showing bone spicule
pigmentation, vessel attenuation, and waxy pallor of the optic disc.

Composite fundus photograph of a 50-year old male, showing peripheral
bone spicule pigmentation, attenuation of retinal vessels, severe retinal
atrophy, and pallor of the optic disc. 4 round reflection artefacts. Reprinted
from Collin et al., 2010.¥

C8orf37

CA4

Fundus photograph of a 39-year old female, showing macular atrophy and
pigmentation clumps, as well as pallor of the optic disc, attenuated vessels,
paravascular atrophy of the RPE, and abundant bone spicules. Reprinted
from Van Huet et al., 2013.

Fundus photograph of a 42-year old female RP, showing bone spicule
pigmentation in the mid-periphery, and attenuated vessels.

CDHR1

CERKL

Composite fundus photograph of a 46-year old male, showing vessel
attenuation, bone spicule-like pigmentation, and (patchy) atrophy in the
periphery and macula.

Composite fundus photograph of a 49-year old female, showing bone
spicule pigmentation in the mid-periphery, attenuated vessels, and RPE
alterations in the macula.

Chapter 2.1

BEST1

115

CHAPTER 2.1

CLN3

CLRN1

Fundus photograph of a female, showing profound retinal degeneration,
attenuated vessels, pallor of the optic disc and parapapillary atrophy.
Reprinted from Wang et al., 2014 with permission from Springer Nature.

Fundus photograph of a 48-year old male, showing attenuated vessels, bone
spicule pigmentation, and macular involvement.
Reprinted from Khan et al., 2011 with permission from Elsevier.

CNGA1

CNGB1

Composite fundus photographs of a 49-year old female, showing midperipheral bone spicule pigmentation, attenuated vessels and parapapillary
atrophy.

Composite fundus photograph of a 67-year old male, showing attenuated
vessels, RPE atropy, and mid-peripheral pigment clumping.

CRB1

CWC27

Composite fundus photograph of a 21-year old male RP, showing dense
pigment migration with para-arteriolar absene of pigmentation.

Composite fundus photograph of a 14-year old male, showing wide-spread
grayish pigment flecks in the RPE.
Reprinted from Xu et al., 2017 with permission from Elsevier.
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EYS

Composite fundus photograph of a male patient, showing diffuse
pigmentary retinal degeneration with pigmentary clumping and vascular
attenuation.
Reprinted from Züchner et al., 2011.¥

Fundus photograph of a 39-year old male, showing bone spicule
pigmentation in the mid-periphery, attenuated vessels and RPE atrophy.

FAM161A

FSCN2

Fundus photograph of a 62-year old male, showing vessel attenuation, and
extensive RPE atrophy that includes the macula.

Fundus photograph of a 28-year old male, showing mild vessel attenuation,
and central involvement.

GNAT1

GUCA1B

Composite fundus photograph of a 80-year old male, showing optic disc
pallor, vessel attenuation, normal macula and scattered bone spicule
pigment deposits. Reprinted from Carrigan et al., 2016.§

Relatively low quality fundus photograph of a 23-year old female, showing
mid-peripheral bone spicule pigmentation, mild attenuation of retinal
vessels and perifoveal atrophy. Reprinted from Sato et al., 2005 with
permission from Springer.
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HK1

Composite fundus photograph of a 67-year old male, showing sparce bone
spicule pigmentation, slight attenuation of retinal vessels, and RPE atrophy.

Composite fundus photograph of a 56-year old female, showing heavy
pigmentary deposits and focal areas of hypopigmentation primarily in the
mid-periphery. Retinal vessels are moderately attenuated.
Reprinted from Sullivan et al., 2014.

IDH3A

IFT140

Fundus photograph of a 26-year old female, showing bone spicule
pigmentary changes, and macular pigmentation with severe
pseudocoloboma-like atrophy. Reprinted from Pierrache et al., 2017 with
permission from Elsevier.

Composite fundus photograph of a 44-year old male, showing central
macular atrophy with mid-peripheral hypopigmentary dots.
Reprinted from Hull et al., 2016.§

IFT172

IMPDH1

Fundus photographs of a 33-year old female, showing peripheral bone
spicule pigmentation, attenuated vessels and optic disc pallor. Right
photograph: round reflection artefact. Reprinted from Bujakowska et al.,
2015 with permission from Oxford University Press.

Fundus photograph of a 42-year old male, showing RPE atrophy, attenuated
retinal vessels and optic disc pallor.
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KIZ

Composite fundus photograph of a 59-year old female, showing marked
bone spicule pigmentation in the mid-periphery, waxy pallor of the optic
disc, attenuated vessels, and macular atrophy.

Fundus photograph of a 50-year old male, showing pigmentary changes in
the peripheral retina, and atrophic changes in the macula. Reprinted from El
Shamieh et al., 2014.¥

KLHL7

LRAT

Fundus photograph of a 37-year old female, showing retinal degeneration
and pigmentation.
Reprinted from Friedman et al., 2009.¥

Composite fundus photograph of a 27-year old male, showing widespread
RPE atrophy, arteriolar attenuation, and minimal retinal pigmentation.
Reprinted from Dev Borman et al., 2012.

MAK

MERTK

Fundus photograph of 41-year old male, showing attenuated vessels, pallor
of the optic disc, and RPE atrophy.

Fundus photograph of a 22-year old female, showing attenuated vessels,
optic disc pallor, and an epiretinal membrane.

Chapter 2.1

IMPG2

119

CHAPTER 2.1

MVK

NR2E3

Fundus photograph of a 61-year old male, showing RPE atrophy in the midperiphery with bone spicule pigmentation.
Reprinted from Siemiatkowska et al., 2013 with permission from Elsevier.

Low quality fundus photograph of a patient with autosomal dominant RP,
showing attenuated vessels and bone spicule pigmentation.
Reprinted from Van Cauwenbergh et al., 2017.†

NRL

OFD1

Composite fundus photograph of a female with autosomal recessive RP,
showing subretinal scars in the temporal macula, and patches of retinal
atropy along the arcades and around the optic disc with pigmentary
cluming. Reprinted from Newman et al., 2016.†

Composite fundus photograph of a 11-year old male, showing attenuated
retinal arterioles and near-confluent changes in the pigment epithelium in
the mid-periphery.
Reprinted from Hardcastle et al., 2000.

PDE6A

PDE6B

Fundus photograph of a 34-year old female, showing vessel attenuation,
perifoveal hyperpigmentation and atrophy, and optic disc pallor.

Composite fundus photograph of a 27-year old female, showing bone
spicule pigmentation in the mid-periphery, vessel attenuation, and cystoid
macular edema (confirmed by OCT).
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POMGNT1

Fundus photograph of a 26-year old male, showing attenuated retinal blood
vessels, a pale optic disc, and RPE atrophy.
Reprinted from Dvir et al., 2010.¥

59-year old female with typical RP-associated characteristics; including
attenuation of the retina blood vessels, bone spicule-like deposits, and waxy
pallor of the optic disc.
Reprinted from Wang et al., 2016.§

PRCD

PROM1

Fundus photograph of a 24-year old male, showing bone spicule-like
pigmentation, attenuated vessels, maculopathy and optic disc pallor.
Reprinted from Pach et al., 2013.*

Fundus photograph of a 67-year old female, showing some pigment
deposits, slightly attenuated vessels and RPE atrophy.

PRPF3

PRPF4

Fundus photograph of a 71-year old female, showing optic disc pallor, and
bone spicule pigmentation in the mid-periphery.
Reprinted from Vaclavik et al., 2010.*

Relatively low quality fundus photograph of a 47-year old male, showing
bone spicule pigmentation, attenuated vessels and pallor of the optic disc.
Reprinted from Chen et al., 2014 with permission from Oxford University
Press.
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PRPF6

PRPF8

Fundus photograph of a 55-year old patient, showing attenuated retinal
vessels, bone spicule pigmentation in the mid-periphery, macular atrophy,
and waxy pallor of the optic disc.
Reprinted from Tanackovic et al., 2011.¥

Relatively low quality fundus photograph of the nasal retina, showing optic
disc pallor, vessel attenuation, and bone spicule pigmentation.
Reprinted from Ezquerra-Inchaust et al., 2017.†

PRPF31

PRPH2

Composite fundus photograph of a 40-year old female, showing dense bone
spicule pigmentation with para-arteriolar sparing, attenuation of retinal
vessels, and waxy pallor of the optic disc.

Fundus photograph of a 50-year old female, showing RPE atrophy, macular
RPE alterations, and a couple of pigment deposits.

RBP3

RDH12

Fundus photograph of a 56-year old male, showing attenuated vessels, bone
spicule pigmentation, and macular involvement.

Composite fundus photograph of a 17-year old female, showing
para-arteriolar sparing of the intraretinal pigmentation, macular
hypopigmenation, and a pale optic disc.
Reprinted from Mackay et al., 2011.*
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RGR

Fundus photograph of a 40-year old male, showing macular deposits,
attenuated vessels, and vascular sheating.

Composite fundus photograph of a 32-year old male, showing attenuated
vessels, macular atrophy, mid-peripheral RPE atrophy and mid-peripheral
bone spicule pigmentation.
Reprinted from Arno et al., 2015.§

RHO

RLBP1

Fundus photograph of a 59-year old female with autosomal dominant RP,
showing attenuated vessels and severe RPE atrophy.

Relatively low quality composite fundus photograph of a 40-year old male,
showing severe retinal atrophy.
Reprinted from Bocquet et al., 2013.*

RP1

RP1L1

Fundus photograph of a 56-year old female, showing profound RPE atrophy,
temporal pigment clumping, attenuated vessels, and a pale optic disc.

Fundus photograph of a 35-year old female, showing mid-peripheral bone
spicule pigmentation, and attenuated vessels.
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RPE65

Fundus photograph of a 29-year old male, showing severely attenuated
retinal vessels, and extensive RPE atrophy.

Fundus photograph of a 13-year old female with autosomal recessive RP,
showing attenuated retinal vessels, optic disc pallor, and relative absence of
retinal hyperpigmentation.

RPGR

RPGRIP1

Composite fundus photograph of a 16-year old male, showing midperipheral bone spicule pigmentation, and mild attenuation of retinal
vessels.

Low quality fundus photograph of a female patient, showing attenuated
retinal vessels.
Reprinted from Huang et al., 2017.‡

SAG

SAMD11

Composite fundus photograph of a 48-year old male, showing bone spicule
pigmentation and patches of atrophy.
Reprinted from Sullivan et al., 2017.§

Relatively low quality fundus photographs of a 74-year old female, showing
round- and bone spicule pigmentation, attenuated retinal vessels, and
macular atrophy.
Reprinted from Corton et al., 2016.†
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SNRNP200

Fundus photograph of a male, showing extensive retinal atrophy, and waxy
pallor of the optic disc.
Reprinted from Jin et al., 2014.*

Fundus photograph of a 49-year old female, showing attenuated vessels,
bone spicule pigmentation in the mid-periphery, atrophy of the RPE, waxy
pallor of the optic disc, and a foveal reflection artefact.
Reprinted from Liu et al., 2012.±

SPATA7

TOPORS

Fundus photographs of a 55-year old male, showing pigmentary deposits,
and attenuated retinal vessels.
Reprinted from Wang et al., 2009.¥

Fundus photograph of a 64-year old female, showing severe RPE atrophy,
attenuated retinal vessels, pigment clumps and a waxy, pale optic disc.

TTC8

TULP1

Fundus photograph of a male patient, showing waxy pallor of the optic disc,
attenuated vessels, RPE atrophy and peripheral bone spicules.
Reprinted from Riazuddin et al., 2010. ¥

Fundus photograph of a 63-year old female, showing diffuse bone spicule
pigmentation extending to the macular region, attenuated vessels, disc
pallor, and RPE atrophy that includes the macula.
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USH2A

ZNF408

Composite fundus photograph of a 47-year old male, showing bone spicule
pigmentation in the mid-periphery, and attenuated retinal vessels.

Fundus photographs of a 69-year old female, showing attenuated retinal
vessels, extensive RPE atrophy, bone spicule pigmentation and a pale optic
disc. Reprinted from Avila-Fernandez et al., 2015 with permission from
Oxford University Press.

ZNF513

Low quality fundus photograph of a 32-year old male, showing waxy pallor
of the optic disc, attenuated vessels, peripheral bone spicules, and atrophy of
the RPE and macula.
Reprinted from Naz et al. 2010 with permission from Elsevier.

± Creative Commons Attribution (CC BY)
‡ Creative Commons Attribution 3.0 (CC BY 3.0)
† Creative Commons Attribution 4.0 (CC BY 4.0)
# Creative Commons Attribution-NonCommercial 4.0 (CC BY-NC 4.0)
* Creative Commons Attribution-NonCommercial-NoDerivs 3.0 (CC BY-NC-ND 3.0)
§ Creative Commons Attribution-NonCommercial-NoDerivs 4.0 (CC BY-NC-ND 4.0)
¥ Elsevier user license
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Overview of the genes associated with non-syndromic RP
Gene

Protein

Involved in

ABCA4

ATP-binding cassette protein A4

Visual (retinoid) cycle

ADGRA3

G protein-coupled receptor 125

Unknown

AGBL5

ATP/GTP binding protein-like 5

Ciliary structure and transport

AHI1

Abelson helper integration site 1 (Jouberin protein)

Ciliary structure and transport

ARHGEF18

Rho/Rac guanine nucleotide exchange factor 18

Cell-cell adhesion
Retinal development

ARL2BP

ADP-ribosylation factor-like 2 binding protein

Ciliary transport

ARL3

ADP ribosylation factor-like GTPase 3

Ciliary structure and transport

ARL6

ADP-ribosylation factor-like 6

Ciliary transport

BBS1

BBS1 protein

Ciliary transport

BBS2

BBS2 protein

Ciliary transport

BBS9

Parathyroid hormone-responsive B1 protein

Ciliary transport

BEST1

Bestrophin 1

Retinal homeostasis

C2orf71

Chromosome 2 open reading frame 71

Ciliary structure and transport
Retinal development

C8orf37

Chromosome 8 open reading frame 37

Ciliary structure, ciliary transport and/or ciliary
gate

CA4

Carbonic anhydrase IV

Retinal homeostasis

CDHR1

Cadherin-related family member 1 (protocadherin 21)

Ciliary structure
OS disc morphogenesis

CERKL

Ceramide kinase-like

Retinal homeostasis

CLN3

CLN3, battenin

Retinal homeostasis

CLRN1

Clarin 1

Ciliary structure

CNGA1

Rod cGMP-gated cation channel α-subunit

Phototransduction

CNGB1

Rod cGMP-gated cation channel β-subunit

Phototransduction

CRB1

Crumbs homologue 1

Cell-cell adhesion

CRX

Cone-rod otx-like photoreceptor homeobox transcription
factor

Gene transcription

CWC27

CWC27 spliceosome associated protein homolog

RNA splicing

DHDDS

Dehydrodolichyl diphosphate synthetase

Phototransduction

DHX38

DEAH (Asp-Glu-Ala-His) box polypeptide 38

RNA splicing

EMC1

Endoplasmatic reticulum membrane protein complex subunit
1

Unknown

EYS

Eyes shut/spacemaker (Drosophila) homolog

Ciliary transport
Interphotoreceptor matrix

FAM161A

Family with sequence similarity 161 member A

Ciliary structure and transport
Retinal development

FSCN2

Retinal fascin homolog 2

Ciliary structure (OS disc morphology)
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Function

Inheritance

Ref

Photoreceptor disc membrane flippase
for all-trans-retinal.

Recessive

1-3

Unknown function

Recessive

4

Involved in posttranslational modifications of α- and β-tubulin (the main component of
microtubules), cleaves branching point glutamates.

Recessive

5-8

Scaffold protein, for example in protein complex assembly or cell signaling processes, involved in
ciliogenesis.

Recessive

9-11

Key component of tight junctions and adherence junctions.

Recessive

12

May play a role in trafficking of ciliary proteins and factors.

Recessive

13

Involved in ciliogenesis, interacts with RP2 and mediates localization of motor proteins for IFT.

Dominant

14-17

Binding site for BBSome, provides ciliary entrance to BBSome.

Recessive

18-20

BBSome component, involved in ciliary transport.

Recessive

18,20,21

BBSome component, involved in ciliary transport.

Recessive

20,22

BBSome component, involved in ciliary transport.

Recessive

20,23

Multifunctional protein in basolateral plasma membrane of RPE cells, transmembrane oligomeric
chloride channels, probably involved in Ca2+ channels.

Recessive /
Dominant

24,25

Protein localizes to primary cilia, exact function unknown.

Recessive

26,27

Protein localizes to basal body of connecting cilium in photoreceptor and RPE cells; exact function
unclear.

Recessive

28,29

Membrane-anchored enzyme found in retinal choriocapillaris; Zn-containing enzyme that catalyze
hydration of carbon dioxide; involved in pH regulation of retina and choriocapillaris.

Dominant

30

Involved in outer segment disc development, unlikely to be involved in cell-cell adhesion.

Recessive

31-33

Involved in neuronal cell survival and apoptosis in retinal ganglion cells.

Recessive

34

Involved in lysosomal function, likely located in the lysosomal/endosomal membrane.

Recessive

35,36

4-transmembrane protein with a possible role in hair cell and photoreceptor synapses, protein
localizes to the plasma membrane of the connecting cilium.

Recessive

37-40

α-subunit of the cGMP-gated cation channel that enables sodium, calcium and magnesium influx in Recessive
photoreceptor cells.

41

β-subunit of the cGMP-gated cation channel that enables sodium, calcium and magnesium influx in Recessive
photoreceptor cells.

42-44

Localizes to the IS, transmembrane protein, adherent junctions between neighboring
photoreceptors and photoreceptors and Müller cells.

Recessive /
Dominant

45-48

Activator of retinal genes.

Dominant

49,50

May mediate protein-protein interactions during the assembly and rearrangement of spliceosome
components.

Recessive

51

Enzyme in the dolichol synthesis pathway and dolichol is involved in biosynthesis of N-linked
oligosaccharide chains on proteins such as rhodopsin.

Recessive

52

Putative RNA helicase involved in pre-RNA splicing.

Recessive

53

Subunit of the endoplasmic reticulum protein complex; possibly involved in protein folding and/or
processing.

Recessive

4,54

Extracellular matrix protein; likely to have a role in the modeling of retinal architecture.

Recessive

55-57

Protein localizes to connecting cilium, basal body and daughter centriole; involved in development Recessive
of retinal progenitors during embryogenesis; involved in microtubule stabilization.

58-62

Dominant

63,64

Photoreceptor-specific paralog of fascin which crosslinks and bundles f-actin; proposed to play a
role in photoreceptor disc morphogenesis.
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Appendix 4. Continued
Gene

Protein

Involved in

GNAT1

G protein subunit alpha transducin 1

Phototransduction

GUCA1B

Guanylate cyclase activating protein 1B

Phototransduction

HK1

Hexokinase 1

Retinal metabolism

HGSNAT

Heparan-alpha-glucosaminide N-acetyltransferase

Retinal homeostasis

IDH3A

NAD(+)-specific isocitrate dehydrogenase 3 alpha

Retinal metabolism

IDH3B

NAD(+)-specific isocitrate dehydrogenase 3 beta

Retinal metabolism

IFT140

Intraflagellar transport 140 (Chlamydomonas) homolog

Ciliary transport
Retinal development

IFT172

Intraflagellar transport 172

Ciliary transport
Retinal development

IMPDH1

Inosine-5’ monophosphate dehydrogenase type I

Nucleotide synthesis

IMPG2

Interphotoreceptor matrix proteoglycan 2

Interphotoreceptor matrix

KIAA1549

KIAA1549 protein

Unknown

KIZ

Kizuna centrosomal protein

Ciliary structure
Cell division

KLHL7

Kelch-like 7 protein

Retinal homeostasis

LRAT

Lecithin retinol acetyltransferase

Visual (retinoid) cycle

MAK

Male germ-cell associated kinase

Ciliary structure

MERTK

Mer tyrosine kinase proto-oncogene

Retinal homeostasis

MVK

Mevalonate kinase

Retinal homeostasis

NEK2

NIMA (never in mitosis gene A)-related kinase 2

Retinal development

NEUROD1

Neuronal differentiation 1

Gene transcription

NR2E3

Nuclear receptor subfamily 2

Gene transcription

NRL

Neural retina leucine zipper

Gene transcription

OFD1

Oral-facial-digital syndrome 1 protein

Ciliary transport
Retinal development

PANK2

Pantothenate kinase 2

Retinal metabolism

PDE6A

Rod cGMP-phosphodiesterase α-subunit

Phototransduction

PDE6B

Rod cGMP-phosphodiesterase β-subunit

Phototransduction

PDE6G

Rod cGMP-phosphodiesterase γ-subunit

Phototransduction

POMGNT1

O-linked mannose N-acetylglucosaminyltransferase 1
(beta 1,2-)

Ciliary structure and transport

PRCD

Progressive rod-cone degeneration protein

Unknown

PROM1

Prominin 1

Ciliary structure (OS disc morphology)

PRPF3

Precursor-mRNA processing factor 3

RNA splicing
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Inheritance

Ref

Rod-specific Gα transducin subunit, stimulates cyclic guanosine monophosphate (cGMP)
phsphodiesterase (PDE).

Recessive

65,66

Calcium-binding protein that activates photoreceptor guanylate cyclases.

Dominant

67,68

Catalyzes the first step in glucose metabolism; the phosphorylation of glucose to glucose-6phosphate.

Dominant

69,70

Acetylates heparin and heparan sulfate in lysosomes.

Recessive

71

Subunit of heterotetramer IDH3, catalyzes conversion of isocitrate to α-ketogluterate in the citric
acid cycle in mitochondria.

Recessive

72

Subunit of heterotetramer IDH3, catalyzes conversion of isocitrate to α-ketogluterate in the citric
acid cycle in mitochondria.

Recessive

73

Subunit of IFT-A complex, involved in photoreceptor development (ciliogenesis).

Recessive

74-77

Subunit of IFT-B complex, involved in transition of anterograde to retrograde transport, involved in
ciliogenesis.

Recessive

78-80

Catalyzes the oxidation of inosine monophosphate to form xanthosine monophosphate during
guanine synthesis.

Dominant /
Recessive

81,82

Component of the retinal extracellular matrix; involved in the organization of the
interphotoreceptor matrix, and photoreceptor OS growth and maintenance.

Recessive

83-85

May fuse with oncogene BRAF, which leads to activation of the mitogen-activated protein kinase
pathway, function unknown.

Recessive

4

Protein localizes to basal body, stabilizes the ciliary centrosomes during cell division, may be
involved in ciliary transport.

Recessive

86,87

Involved in the the ubiquitin-proteasome system mediated protein degradation.

Dominant

88-90

Isomerization of all-trans-retinol to all-trans-retinylester.

Recessive

91,92

Involved in regulation of ciliogenesis and regulation of cilium length.

Recessive

93-95

RPE receptor involved in outer segment phagocytosis.

Recessive

96

Peroxisomal enzyme; a key early enzyme in isoprenoid and sterol synthesis.

Recessive

97

Plays an important role in regulation of cell cycle progression through localization to the
centrosomes and interaction with microtubules.

Recessive

98

Basic helix-loop-helix transcription factor.

Recessive

99

Ligand-dependent transcription factor.

Recessive /
Dominant

100-102

Retinal transcription factor which interacts with CRX, promotes transcription of rhodopsin and other Recessive /
retinal genes, and is required for rod photoreceptor development.
Dominant

103,104

Protein localizes to basal body of connecting cilium and centrosome, recruits IFT88, involved in
ciliogenesis.

X-linked

Chapter 2.1

Function

105-110

Enzyme involved in the biosynthesis of CoA, metabolism of neurotransmitters and glutathione, fatty Recessive
acid synthesis and degradation.

111

Rod cGMP-phosphodiesterase hydrolyses cGMP to 5’-GMP.

Recessive

112,113

Rod cGMP-phosphodiesterase hydrolyses cGMP to 5’-GMP.

Recessive

112,113

Inhibitory subunit of cGMP phosphodiesterase.

Recessive

114

Localized at basal body and involved in membranogenesis and eye morphogenesis.

Recessive

115-117

Localizes to the photoreceptor OS, function unknown.

Recessive

118,119

5-transmembrane glycoprotein associated with plasma membrane evaginations in rod outer
segments; exact function unknown.

Recessive

120,121

Member of the U4/U6-U5 tri-snRNP particle complex (spliceosome).

Dominant

122,123
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Gene

Protein

Involved in

PRPF31

Precursor-mRNA processing factor 31

RNA splicing

PRPF4

Precursor-mRNA processing factor 4

RNA splicing

PRPF6

Precursor-mRNA processing factor 6

RNA splicing

PRPF8

Precursor-mRNA processing factor 8

RNA splicing

PRPH2

Peripherin-2

Ciliary structure (OS [disc] morphology)

RBP3

Retinol binding protein 3

Visual (retinoid) cycle

RDH12

Retinol dehydrogenase 12

Visual (retinoid) cycle

REEP6

Receptor accessory protein

Retinal homeostasis

RGR

RPE-vitamin A G-protein coupled receptor

Visual (retinoid) cycle

RHO

Rhodopsin

Phototransduction

RLBP1

Retinaldehyde binding protein

Visual (retinoid) cycle

ROM1

Rod outer segment protein 1

Ciliary structure (OS disc morphology)

RP1

Retinitis pigmentosa 1, axonemal microtubule-associated
protein

Ciliary structure

RP1L1

Retinitis pigmentosa 1-like protein 1

Ciliary structure and transport

RP2

Plasma membrane associated protein

Ciliary transport

RP9

PIM1-kinase associated protein 1

RNA splicing

RPE65

Vitamin A trans-cis isomerase

Visual (retinoid) cycle

RPGR

Retinitis pigmentosa GTPase regulator

Ciliary transport

RPGRIP1

RP GTPase regulator-interacting protein 1

Ciliary transport

SAG

Arrestin

Phototransduction

SAMD11

Sterile alpha motif domain containing 11

Gene transcription

SEMA4A

Semaphorin 4A (semaphorin B)

Retinal development

SLC7A14

Solute carrier family 7 member 14

Retinal development

SNRNP200

Small nuclear ribonucleoprotein 200kDa (U5)

RNA splicing

SPATA7

Spermatogenesis-associated protein 7

Ciliary transport

TOPORS

Topoisomerase I binding arginine/serine rich protein

Ciliary structure or transport
Photoreceptor development

TTC8

Tetratricopeptide repeat domain 8

Ciliary transport

TULP1

Tubby-like protein 1

Ciliary transport

USH2A

Usherin

Ciliary structure and transport

ZNF408

Zinc finger protein 408

Retinal development

ZNF513

Zinc finger protein 513

Retinal development

Abbreviations: cGMP: cyclic guanosine monophosphate, IFT: intraflagellar transport, IS: inner segment, OS: outer segment,
RNA: ribonucleic acid, RPE: retinal pigment epithelium.
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Function

Inheritance

Ref

Member of the U4/U6-U5 tri-snRNP particle complex (spliceosome).

Dominant

124

Member of the U4/U6-U5 tri-snRNP particle complex (spliceosome).

Dominant

125

Member of the U4/U6-U5 tri-snRNP particle complex (spliceosome).

Dominant

126

Member of the U4/U6-U5 tri-snRNP particle complex (spliceosome).

Dominant

127

Transmembrane glycoprotein involved in OS development, localized at the peripheral rim of rod OS Dominant /
discs, and the ‘closed’ rim of cone OS lamellae.
Digenic

128-131

Binds and transports retinoids in the interphotoreceptor matrix between the RPE and
photoreceptors.

Recessive

132,133

Reduction of all-trans-retinal to all-trans-retinol.

Dominant

134,135

Involved in trafficking of cargo via a subset of Clathrin-coated vesicles to selected membrane sites
in retinal rod photoreceptors.

Recessive

136-138

Binds all-trans retinal which light converts to 11-cis retinal in the RPE.

Recessive

139

G-protein coupled photon receptor; activation of transducin after photoactivation.

Dominant
Recessive

140,141

11-cis-retinaldehyde carrier in visual cycle.

Recessive

142

Essential for disk morphogenesis; may also function as an adhesion molecule involved in
stabilization and compaction of outer segment disks or in maintenance of rim curvature.

Dominant /
Digenic

130,143

Localizes to the connecting cilium in rods and cones (OS axoneme), involved in regulation of ciliary Recessive /
length and stability, involved in localization of OS discs.
Dominant

144-148

Same localization as RP1, synergist of RP1, involved in OS morphogenesis.

149-151

Recessive

Localizes to the plasma membrane of the connecting cilium of photoreceptors and RPE, interaction X-linked
with ARL3, involved in ciliary transport.

15,152-154

Has a role in pre-mRNA splicing and interacts with a U2-complex splice factor.

Dominant

155

Isomerization of all-trans-retinylester to 11-cis-retinol.

Recessive
Dominant?

91

Localizes to the basal body and axoneme, involved in opsin transport, mediates ciliary transport.

X-linked

153,
156-158

Localizes to the axoneme, anchors RPGR to the axoneme.

Recessive

158-161

Arrestin binds to activated rhodopsin (metarhodopsin II) to stop the activation of transducin.

Recessive

140,162,163

Localizes to the nuclear layers of the retina, interacts with CRX.

Recessive

164

Involved in neuronal development and/or immune response; enhances T-cell activation.

Dominant

165,166

Potential cationic transporter protein with an unknown ligand.

Recessive

167

Member of the U4/U6-U5 tri-snRNP particle complex (spliceosome).

Dominant

168,169

Localizes to the connecting cilium, interacts with RPGRIP1.

Recessive

170,171

Localizes to the basal body of the connecting cilium, may play a key role in regulating primary
cilia-dependent photoreceptor development and function.

Dominant

172,173

BBSome component, involved in ciliary transport.

Recessive

20,174,175

Localizes to the photoreceptor cytoplasm, possibly involved in transport of rhodopsin from IS to
OS.

Recessive

176-179

Transmembrane adhesion protein; involved in Usher interactome, provides docking side for IFT
cargo, extracellular strands between connecting cilium and calycal process.

Recessive

180-183

DNA binding protein that interacts with other proteins.

Recessive

184-186

Possible transcriptional regulator involved in retinal development.

Recessive

187
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A bst ra ct
Background
Retinitis pigmentosa (RP) shows substantial genetic heterogeneity. It has been estimated that
in approximately 60-80% of RP cases the genetic diagnosis can be found using whole exome
sequencing (WES). In this study, the purpose was to identify causative variants in individuals
with genetically unexplained retinal disease, which included one consanguineous family with
two affected siblings and one case with RP.
Methods
To identify the genetic defect, WES was performed in both probands and clinical analysis was
performed. To obtain insight into the function of KIAA1549 in photoreceptors, mRNA expression,
knockdown and protein localization studies were performed.
Results
Through analysis of WES data, based on population allele frequencies, and in silico prediction
tools we identified a homozygous missense variant and a homozygous frameshift variant in
KIAA1549 that segregate in two unrelated families. Kiaa1549 was found to localize at the
connecting cilium of the photoreceptor cells and the synapses of the mouse retina. Both variants
affect the long transcript of KIAA1549 which encodes a 1950-amino acid protein and shows
prominent brain expression. The shorter transcript encodes a 734-amino acid protein with a
high retinal expression and is affected by the identified missense variant. Strikingly, knockdown
of the long transcript also leads to decreased expression of the short transcript likely explaining
the nonsyndromic retinal phenotype caused by the two variants targeting different transcripts.
Conclusion
In conclusion, our results underscore the causality of segregating variants in KIAA1549 for
autosomal recessive RP. Moreover, our data indicates that KIAA1549 plays a role in photoreceptor
function.
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Retinitis pigmentosa (RP; MIM: #268000) encompasses a clinical and genetic heterogeneous
group of progressive inherited retinal dystrophies (IRD). RP is characterized by the primary
degeneration of rod photoreceptor cells, followed by the loss of cone photoreceptor cells and
retinal pigment epithelium (RPE). With a prevalence of approximately 1 in 4,000 persons, it is
considered the most common form of inherited retinal dystrophy.1 RP typically displays night
blindness in early adulthood or adolescence, followed by the progressive loss of the peripheral
visual field. The visual acuity can be relatively preserved until the advanced disease stages, but
RP leads to severe visual impairment or blindness in a large number of patients.2
Besides clinical heterogeneity, RP is also characterized by its broad range of genetic
heterogeneity. A large number of genes has been implicated in the pathogenesis of RP, and
pathogenic variants can be inherited in a recessive, dominant or X-linked manner (RetNet;
available at https://sph.uth.edu/retnet/). Recently, it has been estimated that in only 60-80%
of RP cases the genetic explanation can be found using whole exome sequencing (WES), which
is currently the most widely applied method for disease gene identification.3,4 A better
understanding of the underlying disease mechanisms, the role of variants in the pathogenesis
of disease in currently known RP genes, and genotype-phenotype correlations are required to
provide further insights towards developing therapeutic approaches.
Recently, KIAA1549 (GenBank: NM_001164665; MIM: *613344) has been proposed as a candidate
RP gene; however, supporting evidence is limited. In an autosomal recessive RP (arRP) family
a homozygous frameshift variant in KIAA1549 was described to be the only variant remaining
after applying filtering criteria on WES data.4
In this study, we report on homozygous variants in KIAA1549 in two families with arRP. In
addition, protein localization studies have been performed to provide insight in the involvement
of KIAA1549 in photoreceptor function, supporting its role as an RP gene.

M et h o d s
Subjects and clinical examinations
Two families with individuals with genetically unexplained RP were included in this study; one
consanguineous Iranian family with two affected siblings, and one case from the Netherlands
(Figure 1A). This study was approved by the Institutional Review Boards of the participating
centers, and adhered to the tenets of the declaration of Helsinki. All subjects provided informed
consent prior to inclusion in the study.
Clinical data were collected from the medical records of two patients from Family A (A-II:1, A-II:2)
and one patient from Family B (B-II:1), including information regarding best-corrected Snellen
visual acuity, and results of slit-lamp biomicroscopy and ophthalmoscopy. In patient A-II:2 and
B-II:1, fundus photography, spectral-domain optical tomography (SD-OCT; Spectralis, Heidelberg
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Figure 1. KIAA1549 variants detected in
patients in two families with retinitis
pigmentosa. (A) Pedigrees of two families
with RP associated to homozygous variants
in KIAA1549 (NM_001164665). (B)
Evolutionary conservation of the mutated
amino acid (M2) identified in Family B.
Black boxes indicate fully conserved amino
acid residues, whereas dark grey boxes
indicate highly conserved and light grey
boxes moderately conserved amino acid
residues. M, mutation.

Engineering) and Goldmann kinetic perimetry were performed, and full-field electroretinography
was recorded according to the International Society for Clinical Electrophysiology of Vision
guidelines and assessed by applying local standard values.5 In addition, fundus autofluorescence
(Spectralis, Heidelberg Engineering) images, were available for patient B-II:1.
Whole exome sequencing and variant interpretation
Genomic DNA was isolated from peripheral blood using standard isolation methods and WES
was performed in both probands. For proband A-II:2, exome enrichment was performed using
the Agilent SureSelect Human All Exome V6 kit. Read mapping along the hg19 reference genome
(GrCH37/hg19) and variant calling were performed using BWA version 0.78 and the haplotype
caller module of GATK (Broad Institute). CNV detection was performed using CoNIFER version
0.2.2. Exome enrichment for proband B-II:1 was carried out with the Agilent SureSelect XT
Human All Exon V5 enrichment kit. Mapping of sequencing reads along the hg19 reference
genome and variant calling were performed using Lifescope version 1.3 (Life Technologies).
CNV detection was performed using ExomeDepth version 1.1.1.
For both datasets, the obtained variants were filtered based on population allele frequencies
≤ 0.5% in gnomAD, ExAC, dbSNP, and an in-house exome database (containing 15,576 alleles).
Only nonsense, indels, splice site (-14/+14 nucleotides), missense and synonymous variants
were assessed. Missense variants were only assessed when predicted to be possibly pathogenic
by at least one in silico predictor; a Grantham score ≥80, PhyloP ≥2.7 or CADD-Phred score ≥15.
Synonymous variants were only assessed when predicted to have an effect on splicing by one
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KIAA1549 expression in human tissues
KIAA1549 expression was determined in human adult tissues using commercially available cDNA
panels. Total RNA derived from heart, lung, brain, kidney and bone marrow (Bio-Chain) and
total RNA derived from skeletal muscle, liver, duodenum, stomach, spleen, thymus and testis
(Stratagene) were utilized. Total RNA from retina was obtained from a healthy anonymous donor.
Subsequently, cDNA was prepared using the iScript cDNA Synthesis kit (Bio-RaD) and purified
with NucleoSpin Gel and PCR Clean-up Columns (Machery-Nagel). Quantitative PCR was
performed using GoTaq qPCR Master Mix (Promega) according to manufacturer’s protocol.
Transcript-specific intron-spanning primers have been designed and validated for the long
(NM_001164665) and short transcript (XM_935390) of KIAA1549, and for the reference gene GUSB
(MIM: #611499). Primer locations and sequences can be found in Table S1. Amplifications were
performed with the Applied Biosystem Fast 7900 System (Applied Biosystems). All PCR reactions
were executed in duplicate and relative gene expression levels compared to the reference gene
GUSB were determined with the delta-delta Ct method.
Immunofluoresence of Kiaa1549 in mouse retinal sections
An eye obtained from a healthy 2-month-old mouse was dissected and cryoprotected for 30
minutes with 10% sucrose in PBS before embedding Tissue-Tek OCT (Sakura). Subsequently,
sections were frozen in isopentane cooled by liquid nitrogen. For immunofluorescence,
unfixed cryosections (7µm) were permeabilized in 0.01% Tween20 in PBS for 20 minutes.
After washing with PBS, blocking was performed for 1 hour using a blocking solution
containing 0.1% ovalbumin and 0.5% fish gelatin in PBS. Primary antibodies against Kiaa1549
(1:500; cat.# HPA019560, Sigma-Aldrich) and Centrin (1:500; cat.# 04-1624, Millipore) were
diluted in blocking solution and incubated on the sections overnight at 4°C. Subsequently,
sections were rinsed with PBS and incubated with secondary antibodies goat-anti-rabbit
Alexa 568 and goat-anti-mouse Alexa 488 (1:500; Molecular Probes) and DAPI (1:8000;
Molecular Probes) in blocking solution for 45 minutes. Finally, sections were post-fixed with
4% PFA for 10 minutes before mounting with Prolong Gold (Molecular Probes). Sections were
analyzed using a Zeiss Axio Imager Z2 fluorescence microscope equipped with an Apotome
using several magnifications.
Knockdown of KIAA1549 in vitro using siRNAs
Silencer® Select siRNAs targeting KIAA1549 (s33562 and s33563) and non-targeting Negative
Control No. 1 were obtained from Thermo Fisher Scientific (Table S2). For transfection, hTERT-
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of the splice prediction tools that are embedded in the AlamutVisual software (version 2.10).
Candidate genes in which remaining variants were found were compared to currently known
IRD-associated genes listed on RetNet (accessed on 1st June 2018). Validation of found variants
and segregation analysis were performed by Sanger sequencing. Primer sequences and PCR
conditions are available upon request.
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RPE1 or HEK293 cells (ATCC) were transfected with a single siRNA in duplicate (15 nM final
concentration), using Lipofectamine RNAiMax transfection reagent (Thermo Fisher Scientific)
according to manufacturer’s protocol. After 24 hours of transfection, cells were serum starved
(0.2% FCS) for 48 hours to induce ciliogenesis. To assess the effect of the siRNAs on KIAA1549
expression, RNA was isolated using the NucleoSpin RNA kit (Macherey-Nagel), and expression
was quantified by qPCR. To evaluate the effect of knockdown of the long transcript on expression
of the short transcript, HEK293 cells were used. HEK293 cells express both the long and short
transcript abundantly, unlike hTERT-RPE1 cells which only express the long transcript.
For immunofluorescence, transfected hTERT-RPE1 cells were fixed with 2% PFA for 20 minutes,
and permeabilized using 1% Triton X-100 in PBS for 5 minutes. Subsequently, cells were blocked
with 2% BSA in PBS for 45 minutes. Primary antibodies against the primary cilium (anti-ARL13B;
1:500; cat.# 17711-1AP; ProteinTech) and the ciliary transition zone (anti-RPGRIP1L; 1:500; cat.#
SNC039; 6) diluted in blocking solution were incubated for 1 hour. After incubation with
secondary antibodies in blocking solution for 45 minutes, samples were mounted by
VECTASHIELD containing DAPI (Vector Laboratories). Cells were imaged using a Zeiss Axio Imager
Z2 fluorescence microscope and a 63x magnification. Percentage of ciliated cells and cilium
length were calculated using Fiji Is Just ImageJ (FIJI).7 Each experiment was performed three
independent times.

Re s u l ts
Identification of KIAA1549 variants
To identify the genetic defect underlying the arRP in two affected siblings of an Iranian
consanguineous family (Family A; Figure 1A), exome sequencing was performed in individual A-II:2.
After analysis of the WES data, the frameshift variant c.52del (Hg19:g.138,665,964del; p.
(Arg18Alafs*64)) was detected in the candidate RP gene KIAA1549 (Family A). This variant is located
in the second largest homozygous region of 13.2 Mb. Presence of the homozygous variant was
confirmed and segregation analysis was performed using Sanger sequencing. The variant is absent
from population frequency databases gnomAD, ExAC, dbSNP and the in-house database.
Moreover, the variant is absent from the Iranome database, which contains whole exome
sequencing data of 800 healthy individuals from eight major ethnic groups in Iran. The variant
causes a frameshift in exon 1, and is predicted to result in degradation of KIAA1549 mRNA due to
nonsense-mediated decay. Previously, a heterozygous variant in CRB1 was reported for Family A
in both affected siblings.8 Analysis of the WES data of patient A-II:2 did not yield additional variants
or copy number variants in this gene. Moreover, the c.2816A>G (p.(Asn894Ser)) variant was
predicted to be benign by in silico predictions suggesting that CRB1–variants are unlikely to cause
disease in this family. No CNVs or other compound heterozygous or homozygous variants were
detected in currently known IRD-associated genes. Also, no heterozygous candidate variants were
found in causative genes related to the patient’s phenotype. WES was performed in patient B-II:1
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affected with RP (Family B, Figure 1A), and revealed a homozygous missense variant in KIAA1549;
c.4686C>A (Hg19:g.138,554,373G>T; p.(His1562Gln)). After analysis, this was the only homozygous
variant remaining in an IRD-associated gene and no compound heterozygous variants were
observed. The homozygous variant was validated in the proband and segregation analysis was
performed by Sanger sequencing in two unaffected siblings. The moderately conserved mutated
histidine residue is located in a highly conserved region (Figure 1B), has a CADD-Phred score of
24.2, a PhyloP score of 0.53 and a Grantham score of 24. Additionally, the prediction tools
MutationTaster9, PolyPhen-210 and SIFT11 predicted the variant to be disease causing (p-value:
0.835), possibly damaging (HumDiv: 0.889; HumVar: 0.651) and tolerated (0.17), respectively.
Moreover, putative changes are predicted by Human Splicing Finder. The binding sites of the
splicing factors SRp40 and SF2/ASF are no longer present, and a potential creation of an exonic
splicing silencer site is predicted.12 Heterozygous variants in currently known IRD-associated genes
were found in ABCA4 (c.2588G>C(;)5603A>T; p.[Gly863Ala, Gly863del](;)(Asn1868Ile) and CDHR1
(c.512C>G; p.(Thr171Ser)), but no second pathogenic alleles could be detected for these genes.
No CNVs were detected in regions overlapping with known IRD-associated genes.
Clinical evaluation
Clinical data were collected from the medical records of two patients from Family A (A-II:1, A-II:2)
and one patient from Family B (B-II:1). An overview of the clinical characteristics of the three
affected individuals with damaging KIAA1549 variants at the most recent examination is provided
in Table 1 and clinical images of patient A-II:2 and B-II:1 are shown in Figure 2. All affected
individuals were diagnosed with RP. They all initially experienced night blindness, followed by
a gradual decline of their visual fields and visual acuity. The age of onset varied from the first
decade (patient A-II:1) to the fifth decade (patient B-II:1) and all patients were myopic. Cortical
cataract was observed in patient A-II:1 (age 38), whereas patient A-II:2 underwent a cataract
extraction at the age of 38 (right eye) and 52 years (left eye). Ophthalmoscopy revealed
characteristic RP features in all three patients, including attenuated retinal vessels, waxy pallor
of the optic disc, and bone spicule pigmentation (Figure 2A, 2D). In addition, nummular deep
pigmentations were visible in the mid-periphery. SD-OCT imaging in patient A-II:2 showed
profound atrophy of the outer retinal layers with preservation of the photoreceptors in the
fovea. This patient was treated for Coats-like exudative vasculopathy related to her RP in the
past. Fundus autofluorescense imaging in patient B-II:1 showed the characteristic
hyperautofluorescent ring that represents the transition zone between intact and degenerated
photoreceptor outer segments, corresponding with a preserved ellipsoid zone within the ring
on SD-OCT, and loss of the ellipsoid zone external to the ring (Figure 2E-F). In addition, the SDOCT image of patient B-II:1 showed evident cystoid macular edema, that was refractory to
topical treatment with nonsteroidal anti-Inflammatory drugs, steroids, as well as both topical
and oral carbonic anhydrase inhibitor treatment (Figure 2F). Electrophysiology examination
demonstrated a generalized retinal dystrophy with non-recordable rod and cone-driven
responses in patient A-II:2 at the age of 32 years, and severely reduced rod and cone-driven
responses in patient B-II:1 at 54 years of age. Finally, perimetric analysis revealed a severely
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constricted visual field up to 5 degrees in patient A-II:2, and a complete and partial ring scotoma
in the right and left eye of patient B-II:1, respectively. No visual field testing was performed in
patient A-II:1, yet he reported severe visual field constriction. All patients were in good general
health, and no non-ocular conditions were reported.
Expression of KIAA1549 transcripts in human tissues
To gain knowledge on the specific role of KIAA1549, its relative expression was determined in a
set of human adult tissues. Two major KIAA1549 isoforms have been identified (Uniprot:
Q9HCM3), a long primary isoform (NM_001164665) of 1950 amino acids (aa) and a short isoform
(XM_935390) of 734 aa (Figure 3A) which is produced from an alternative transcript transcribed
from an alternative promoter sequence located in intron 8. The nomenclature of all genetic or
protein elements is based on the long isoform. The expression of both KIAA1549 transcripts and
of the reference gene GUSB was evaluated in cDNA of human tissues by qPCR (Figure 3B). The
long transcript showed a low to moderate expression in retina and other tissues, such as heart
and kidney, and is predominantly expressed in brain as has been previously described.13 On the
contrary, the less characterized short transcript showed an abundant expression in the retina

Figure 2. Multimodel retinal imaging of patients with segregating KIAA1549 variants.
A–C, Clinical characteristics of patient II:2 of Family A. (A) Composite fundus photograph of the right eye of patient A-II:2 showing
attenuated retinal vessels, bone spicule and nummular pigmentation, moderate optic disc pallor, and a remnant of RPE between
optic disc and macula, and at the fovea. (B) Infrared image of the posterior pole of the right eye of patient A-II:2, indicating the
position of the corresponding optical coherence tomography (OCT) examination. (C) Spectral-domain OCT showing atrophy of
the outer retina with intact photoreceptors in the fovea. D–F, Clinical characteristics of patient II:1 of Family B. (D) Composite
fundus photograph of the right eye of patient B-II:1, showing attenuated retinal vessels, waxy pallor of the optic disc, and midperipheral bone spicule and nummular pigmentation. (E) Fundus autofluorescence of the right eye of patient B-II:1, showing a
central hyperautofluorescent ring surrounding the normal appearing retina, hypoautofluorescence spots along and external to
the vascular arcade, and a spoke wheel pattern in the fovea corresponding to the cystoid macular edema visible on OCT. (F)
SD-OCT scan taken along the horizontal meridian of the central retina, revealing peripheral loss of the outer retina with central
preservation of the ellipsoid band, and macular cysts.
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Localization of Kiaa1549 in mouse retina sections
To confirm the presence of KIAA1549 in the retina, as well as to define its specific localization
in this tissue, immunofluorescence was performed in retina sections obtained from a healthy,
2-month-old mouse. Costaining was performed with anti-Centrin, a well-defined marker for the
connecting cilium within the photoreceptor cell.14 Results showed that Kiaa1549 colocalized
with Centrin, and thus is located at the connecting cilium of the photoreceptor cells (Figure 4).
Moreover, positive staining of Kiaa1549 was also observed at the outer plexiform layer of the
mouse retina. This layer contains neural synapses between the photoreceptors and the bipolar
and horizontal cells in the retina.

Figure 3. Expression of KIAA1549 transcripts in human tissues. (A) Schematic representation of the major long and short KIAA1549
transcripts and identified segregating variants. A previously reported KIAA1549 variant by Abu-Safieh et al. is depicted in italics.4
The short transcript is transcribed from an alternative promoter sequence present in intron 8, and includes a transcript-specific
exon referred to as exon 8a. (B) Relative KIAA1549 expression in human tissues determined by qPCR. Expression of the transcript
encoding the long isoform (NM_001164555) is depicted in the left panel, and expression of the transcript encoding the short
isoform (XM_935390) is depicted in the right panel. The long transcript is predominantly expressed in the brain, whereas expression
of the short transcript is significantly increased in the retina compared to other tissues.
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(~200 times; normalized for GUSB), compared to only minimal expression in brain and other
tissues. This suggests that the short KIAA1549 isoform may harbor a retina-specific function.
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Table 1. Clinical features at most recent examination in patients with segregating KIAA1549 variants
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Figure 4. Localization of Kiaa1549 in the retina of an adult mouse. Immunofluorescence analysis of Kiaa1549 (red) stained on
an unfixed retina section obtained from a healthy 2-month-old mouse. Costaining was performed with an antibody for Centrin
(green), a connecting cilium marker of the photoreceptor. (A) Provides an overview of the retina section and was imaged using
a 40x magnification. The scale bar represents 20 µm. Kiaa1549 is detected at the connecting cilium photoreceptor cells and the
outer plexiform layer of the mouse retina. (B) Focused image of the photoreceptor region taken using a 63x magnification. The
signal of Kiaa1549 at the connecting cilium shows overlap with that of Centrin. CC, connecting cilium; INL, inner nuclear layer;
IPL, inner plexiform layer; IS, inner photoreceptor segment; ONL, outer nuclear layer; OPL, outer plexiform layer; OS, outer
photoreceptor segment.

Assessing the function of KIAA1549
To investigate whether KIAA1549 plays a role in ciliogenesis, an in vitro study was performed in
which KIAA1549 was knocked down in hTERT-RPE1 cells with two different siRNAs targeting the
long transcript. The efficiency of KIAA1549 knockdown was validated by qPCR analysis, and
induced ciliogenesis was studied using immunocytochemistry. The percentage of ciliated cells
and average cilium length showed no significant difference when comparing cells treated with
KIAA1549-targeting siRNAs or the non-targeting siRNA (Figure S1), suggesting that KIAA1549
does not have a function in the formation of cilia however KIAA1549 may be involved in other
processes that are performed at the primary cilium.

D is c u s s io n
In this study, we report on two families in which autosomal recessive RP is associated with
homozygous variants in KIAA1549. The retinal phenotype in both families is typical for RP, and
patients’ complaints started with night blindness with subsequent constriction of the visual

157

CHAPTER 3.1

field. Fundus examination revealed the hallmark RP features. However, patients in Family A are
more severely affected compared to the patient in Family B, which is displayed in a lower age
at onset, severely constricted visual fields, and more severely reduced ERG responses.
In Family A, a homozygous frameshift variant was found in exon 1 (c.52del; p.(Arg18Alafs*64))
by WES. Although putative alternative start codons are present in exon 2, exon 1 encodes the
signal peptide of the protein (aa 1-60). Therefore, a shorter protein is potentially mislocalized,
impairing protein function. In Family B, a homozygous missense variant was found in exon 14
(c.4686C>A; p.(His1562Gln)), that affects a highly conserved region of the protein. The damaging
nature of these variants is supported by a probability of loss of function intolerance (pLi) score
of 1.00 (Scale 0-1) in gnomAD (accessed on 1st June 2018) and that no homozygous variants
have been reported in the entire KIAA1549 gene. Combined, this suggests that the identified
KIAA1549 variants in both families can be associated to the RP-phenotype of the patients.
Regardless, the presence of pathogenic variants present in non-coding regions uncovered by
WES cannot be ruled out.
KIAA1549 encodes a transmembrane protein and is described to be predominantly expressed
in the brain and is involved in oncogenesis when fused to BRAF (MIM: *164757).4,15 BRAF-KIAA1549
in-frame fusion genes are caused by a 2 Mb tandem duplication at 7q34, and are found to induce
BRAF kinase activity and consequently, activation of the MAPK pathway which is involved in
the development of cancer. For this reason, these fusion genes are the major cause (66%) for
pilocytic astrocytomas, the most frequently occurring central nervous system tumor in children
and young adolescents.
Besides this role in oncogenesis, knowledge about the function of KIAA1549 is limited. Recently,
a homozygous truncating variant in KIAA1549 was found in an arRP family with two affected
siblings in a study performed by Abu-Safieh et al.4 Involvement of KIAA1549 in photoreceptor
function was suggested, however no functional data was provided.4 Nevertheless, KIAA1549 is
reported to be among the top 4% of genes being enriched for binding sites for the photoreceptor
specific transcription factor CRX.16 Kiaa1549 expression was evaluated in a Nrl-/- knockout mouse
that is characterized by degenerated rod photoreceptors. In this mouse, Kiaa1549 expression
was found to be reduced ~88% (WT: 106 reads, KO: 13 reads) when compared to the wild type
mouse, based on number of sequencing reads.16
In this study, expression levels of the major short and long transcripts of KIAA1549 have been
evaluated in a set of human tissues, which demonstrated that both isoforms are present in the
retina, of which the expression of the transcript encoding the short isoform is significantly higher
in retina compared to other tissues. We hypothesize that both isoforms are required for the
correct function of the protein in the retina, as the homozygous frameshift variant affecting the
long isoform has detrimental consequences as observed in Family A and the family previously
described in the study of Abu-Safieh et al. By performing an in vitro experiment in which HEK293
cells were transfected with KIAA1549-targeting siRNAs that specifically recognize the long
transcript of KIAA1549 (Table S1), also a significant decrease in expression of the short transcript
was observed (Figure S2) which suggests a functional dependency between the two transcripts.
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Hence, observed variants in the long transcript likely cause a decrease in the abundant retinal
expression of the short transcript and thereby could lead to retinal degeneration. The fact that
the identified variants have different consequences on the two KIAA1549 transcripts could
explain the phenotypic differences observed among the affected individuals. The phenotype
of the family described by Abu-Safieh et al. (a non-recordable ERG at age 35) (personal
communication Prof. F.S. Alkuraya and N. Patel, PhD) is more comparable with Family A (Nonrecordable ERG at age 32 in patient A-II:2) than Family B (severely reduced photopic and
moderately reduced scotopic ERG at age 54), which may be in line with the genotype having a
damaging variant in the long transcript. Identification of additional families with KIAA1549associated RP are required to provide deeper insight into a possible phenotype-genotype
correlation. 17
In addition, we showed localization of KIAA1549 at the connecting cilium of mouse photoreceptor
cells, providing the first information on KIAA1549 function in photoreceptors. Moreover, KIAA1549
localization was also noted at the outer plexiform layer of the mouse retina. Proteins localized
at the ribbon synapses of the outer plexiform layer are often structural or synaptic vesicle
proteins or are involved synaptic vesicle trafficking.18,19 The KIAA1549 antibody will recognize
both isoforms and thus does not provide additional knowledge on alternative localization of
the isoforms. Hypothetically, the long and short isoforms may harbor a unique function at either
one of the identified locations. Additional research is required to unravel the functional
differences between the short isoform and the ubiquitously expressed long isoform of KIAA1549.
Besides localization in the photoreceptor, there is additional evidence for ciliary function is at
the molecular level. A recent study based on proximity-dependent biotinylation revealed an
interaction between KIAA1549 and TMEM17 (MIM: *614950).20 TMEM17 is a part of the Meckel
syndrome (MKS) protein complex located in the ciliary transition zone, in which it facilitates
cilium formation. Also, pathogenic variants in genes encoding proteins in this complex are
known to cause (severe) ciliopathies.21 TMEM17 pathogenic variants have been reported to
cause oral-facial-digital syndrome type 6 (MIM: #277170).21 The MKS complex contains both
cytoplasmic and transmembrane proteins, and functions as a barrier preventing rapid diffusion
of transmembrane proteins between cilia and plasma membranes.22 The interaction between
KIAA1549 and TMEM17 was only observed in cells in non-ciliated conditions, which suggests
that the interaction is involved in a cilium-related process.13
We have studied the role of KIAA1549 in ciliogenesis, by knocking down the expression of the
gene in hTERT-RPE1 cells using siRNAs. siRNA-transfected cells did not show a difference in
percentage of ciliated cells or ciliumlength, suggesting that KIAA1549 does not have a direct
role in the cilium formation explaining the nonsyndromic phenotype observed in the patients
of Family A and B, as well as the family of Abu-Safieh et al., which is restricted to the retina.
Pathogenic variants that do affect genes essential for ciliogenesis, such as TMEM17, would give
rise to a phenotype likely affecting multiple organs as in ciliopathies. Transmembrane proteins
present at the transition zone are often involved in the sensing and transducing of extracellular
signals. Like TMEM17, KIAA1549 is a transmembrane protein, therefore it is plausible that
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KIAA1549 may be involved in these processes at the primary cilium of the photoreceptors
specifically.22
In conclusion, by employing WES we have identified that homozygous frameshift or missense
variants in KIAA1549 are associated with RP in two families. We demonstrated retina-specific
expression of the short isoform of KIAA1549 and provide evidence that damaging variants
targeting the long transcript may cause RP by reducing the expression of the short transcript.
Moreover, we showed that KIAA1549 resided in the connecting cilium of the mouse retina,
thereby providing supporting evidence that KIAA1549 might act as an essential photoreceptor
protein.
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Supplementary tables

Primer name

Location (NM_001164665)

Sequence (5’-3’)

KIAA1549_long_Fw

Exon 2

ACACCAACACTGGCTACTGC

KIAA1549_long_Rev

Exon 3

TGATGTACTCCTGCACAGCTC

KIAA1549_short_Fw

Exon 8a

AGCTTCTGCAATGTGAATGG

KIAA1549_short_Rev

Exon 9

TGTACCGGATTGTCATCTCC
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Table S1. Sequences of primers used for qPCR to determine tissue-specific expression levels

Table S2. siRNAs used for KIAA1549 knockdown in vitro experiments
siRNA ID

Location (NM_001164665)

Sequence (5’-3’)

s33562 (siRNA 1)

Exon 3

GGAGUACAUCAUUACAGCAtt

s33563 (siRNA 2)

Exon 5

CAGGGAACGUAUAACCUCAtt
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Supplementary figures

Figure S1. Effect of KIAA1549 knockdown on ciliogenesis.
hTERT-RPE1 cells were transfected with two different siRNAs targeting KIAA1549 (siRNA 1 and 2) and one non-targeting siRNA
(siRNA NT). After transfection of the cells, ciliogenesis was induced and immunofluorescence was used for analysis. Primary cilia
were stained using an anti-ARL13B antibody (red), and the transition zone was stained using an anti-RPGRIP1L antibody (green).
(A) Percentage of ciliated cells calculated and (B) measured cilium lengths for hTERT-RPE1 cells transfected with the different
siRNAs. (C) Images of ciliated cells transfected with one of the siRNAs. A close-up picture of the primary cilium is shown to visualize
the transition zone.

Figure S2. Expression levels of KIAA1549 transcripts in HEK293 after knockdown using siRNAs.
HEK293 cells were transfected with two different siRNAs targeting the long KIAA1549 transcript specifically (siRNA 1 and 2) and
one non-targeting siRNA (siRNA NT) in two independent experiments. After transfection of the cells, expression levels of both the
short and the long transcript were quantified using qPCR. (A) Using siRNA 1 and 2, a significant knockdown of the long KIAA1549
transcript was established. (B) Also, decreased expression levels of the short transcript were observed, which was found significant
for siRNA 1. Significance was calculated using an unpaired t-test, ** p-value < 0.01, *** p-value < 0.001.
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A bst ra ct
Background
Early-onset photoreceptor dystrophies are a major cause of irreversible visual impairment in
children and young adults. This clinically heterogeneous group of disorders can be caused by
mutations in many genes. Nevertheless, to date, 30%-40% of cases remain genetically
unexplained. In view of expanding therapeutic options, it is essential to obtain a molecular
diagnosis in these patients as well. In this study, we aimed to identify the genetic cause in two
siblings with genetically unexplained retinal disease.
Methods
Whole exome sequencing was performed to identify the causative variants in two siblings in
whom a single pathogenic variant in TULP1 was found previously. Patients were clinically
evaluated, including assessment of the medical history, slit-lamp biomicroscopy, and
ophthalmoscopy. In addition, a functional analysis of the putative splice variant in TULP1 was
performed using a midigene assay.
Results
Clinical assessment showed a typical early-onset photoreceptor dystrophy in both the patients.
Whole exome sequencing identified two pathogenic variants in TULP1, a c.1445G>A (p.
(Arg482Gln)) missense mutation and an intronic c.718+23G>A variant. Segregation analysis
confirmed that both siblings were compound heterozygous for the TULP1 c.718+23G>A and
c.1445G>A variants, while the unaffected parents were heterozygous. The midigene assay for
the c.718+23G>A variant confirmed an elongation of exon 7 leading to a frameshift.
Conclusion
Here, we report the first near exon RNA splice variant that is not present in a consensus splice
site sequence in TULP1, which was found in a compound heterozygous manner with a previously
described pathogenic variant in two patients with an early-onset photoreceptor dystrophy. We
provide proof of pathogenicity for this splice variant by performing an in vitro midigene splice
assay, and highlight the importance of analysis of noncoding regions beyond the noncanonical
splice sites in patients with inherited retinal diseases.

168

RNA SPLICE VARIANT IN TULP1

Inherited retinal diseases are characterized by the progressive degeneration of photoreceptor
and/or retinal pigment epithelium cells, and are a major cause of irrecoverable visual
impairment. Retinitis pigmentosa (RP) encompasses the most common group of inherited
retinal diseases, with a worldwide prevalence of approximately 1 in 4,000 individuals.1 RP is
characterized by the rod photoreceptor degeneration that precedes cone photoreceptor
degeneration. Patients generally present with night blindness, followed by a gradual constriction
of the visual field. The visual acuity typically remains relatively preserved until the final stages
of disease. Characteristic fundus features include bone spicule pigmentation, attenuation of
retinal vessels, and a waxy pallor of the optic disc. RP can follow all Mendelian patterns of
inheritance: autosomal dominant, autosomal recessive and X-linked. In contrast, Leber
congenital amaurosis (LCA) is considered the most severe form of inherited retinal disease. It
is characterized by severe loss of visual function, nystagmus, photophobia, amaurotic pupils
(i.e., sluggish or near-absent pupillary responses), high hyperopia, oculo-digital signs such as
poking, pressing, and rubbing the eyes, and severely reduced or absence of electroretinogram
responses. LCA is generally inherited in an autosomal recessive manner.2,3
Early onset RP and LCA represent a continuum of retinal dystrophies, and are generally
differentiated based on the age of onset; patients with an onset after infancy (variably defined
as age one or two) are diagnosed as having RP, while LCA generally presents in the first months
of life.4 This arbitrary cut-off point gives rise to large clinical and genetic overlap between both
phenotypes. In addition, both RP and LCA display large clinical and genetic heterogeneity. The
genetic heterogeneity is illustrated by the 87 genes that have been associated with nonsyndromic
RP, and the 25 genes that are associated with LCA (Retnet; available at https://sph.uth.edu/
retnet/).4,5 Ten genes have been associated with both RP and LCA, among which TULP1 (OMIM:
602280).5
The TULP1 gene has been associated with LCA, early-onset RP and cone(-rod) dystrophy.6-10
TULP1 encodes a 542-aa (61kDa) photoreceptor-specific tubby-like protein (i.e., tubby-like
protein-1, TULP1) that is likely involved in the transport of several phototransduction proteins
from the photoreceptor inner segment to the outer segments, particularly from the opsin (e.g.,
rhodopsin and cone opsin) and guanylate cyclase carrier pathways (e.g., guanylate cyclase 1
and guanylate cyclase-activating proteins 1 and 2).11-13
To date, a molecular diagnosis can be identified by whole exome sequencing (WES) in
approximately 60%–70% of RP and LCA patients.4,14-16 In the remaining cases, the causative
variants could be located in a gene that has not yet been associated with early-onset retinal
dystrophies. Alternatively, the genetic defect could reside in a gene that has previously been
associated with RP, but the mutation may not have been detected using WES because the
variant resides in a GC-rich region, concerns a structural variant, or was not covered for another
reason. Finally, the pathogenic variant could have been missed because of too stringent variant
filtering procedures or because it resides outside of the coding regions and splice sites.
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With the advent of therapeutic options for inherited retinal disorders it becomes essential to
also obtain a molecular diagnosis in patients without a conclusive genetic diagnosis.
In recent years, various studies have shown the importance of searching for variants beyond
the coding and splice site regions. Up to 15% of LCA patients carry a deep-intronic mutation
(c.2991+1655A>G) in CEP29017-19 and these patients may benefit from an upcoming treatment
with antisense oligonucleotides (AONs)20(ClinicalTrials.gov NCT03140969). Additionally, studies
in Stargardt disease have identified numerous variants leading to an alternative splicing or
pseudoexon inclusion in ABCA4.21 In this study, we provide evidence for pathogenicity of the
first intronic variant outside of the splice site consensus sequence in TULP1, which we coin a
near-exon aberrant RNA (NEAR) splice variant, segregating with a previously described
pathogenic missense variant in two siblings with early-onset retinal dystrophy.

M et h o d s
Ethical compliance
The study adhered to the tenets of the Declaration of Helsinki and was approved by the local
ethics committee. Written informed consent was obtained from both patients and their parents
prior to inclusion in this study.
Clinical evaluation
A family with two siblings with an autosomal recessive early-onset retinal dystrophy was
clinically examined at the Radboud university medical center in Nijmegen, the Netherlands.
Clinical data were obtained from the medical records of the patients. Patients’ medical history
was registered with special attention for the age at onset, initial symptoms and the course of
the disease. In addition, both patients were re-evaluated after the identification of the genetic
cause of disease. We performed a detailed ophthalmic examination, which included bestcorrected visual acuity, slit-lamp biomicroscopy, and ophthalmoscopy. Fundus photography,
spectral-domain optical coherence tomography (SD-OCT; Spectralis HRA+OCT, Heidelberg
Engineering, Heidelberg, Germany) and fundus autofluorescence (FAF; HRA+OCT, Heidelberg
Engineering, Heidelberg, Germany) imaging were performed. The visual field was assessed
using a Goldmann perimeter. Full-field electroretinography (ffERG) recordings were performed
according to the International Society for Clinical Electrophysiology of Vision (ISCEV) guidelines
and assessed applying local standard values.22
Genetic analysis
Genomic DNA was extracted from peripheral lymphocytes according to standard procedures.
WES was performed in a certified DNA diagnostic laboratory in both siblings.14 The exome was
enriched using Agilent’s SureSelectXT Human all Exon V5 (Agilent Technologies, Santa Clara,
CA). Subsequently, next-generation sequencing using an Illumina HiSeq 4000 sequencer
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Variant prioritizing
Prioritizing candidate variants for causality was based on their presence in both affected siblings,
a minor allele frequency of < 0.5% in ExAC, dbSNP and the Nijmegen in-house database
consisting of 15,576 individuals, their effect (i.e., nonsense, frameshift, canonical (donor +1 and
+2, acceptor -1 and -2) and noncanonical (donor +3 to +6, acceptor -3 to -14) splice site variants),
and the occurrence in a homozygous or compound heterozygous state. Moreover, for the
remaining heterozygous variants in currently known retinal dystrophy-associated genes we
manually assessed the BAM-files to verify if all exons (potentially harboring pathogenic variants)
were covered.
The pathogenicity of missense variants was evaluated by combining in silico prediction tools,
such as SIFT (http://sift-dna.org/), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), and
Mutation Taster (http://www.mutationtaster.org/), and by using the PhyloP score (range -14.1–
6.4; predicted pathogenic ≥2.7)23, CADD-PHRED (range 1–99; predicted pathogenic ≥15) (https://
cadd.gs.washington.edu/) and Grantham scores (range 0–215; predicted pathogenic ≥80)24. The
in silico prediction of non-canonical splice variants was assessed using algorithms (i.e.,
SpliceSiteFinder-like,25 MaxEntScan (http://genes.mit.edu/burgelab/maxent/Xmaxentscan_
scoreseq.html), GeneSplicer (https://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.
shtml), and Human Splicing Finder (http://www.umd.be/HSF/)) embedded in the Alamut Visual
software version 2.10 (Interactive Biosoftware, Rouen, France; http://www.interactivebiosoftware.com).
In vitro midigene splice assay
TULP1 (GenBank: NM_003322.5) is a photoreceptor-specific protein and not expressed in
available somatic cells. Therefore, a functional analysis of the putative splice variant c.718+23G>A
in TULP1 was performed using a midigene assay. We designed two midigene constructs with
an insert of 6.3 kb, a wild-type and mutant multi-exon splice vector, using a modified protocol
of the previously described method (Figure 4).26 In short, exon 4–11 of TULP1 of the genomic
DNA from a control individual was amplified using forward primer 5’-GGAGATCCCTAGGGTGAGGA-3’
and reverse primer: 5’-ATCAAAGCGAGAGGCCCTA-3’. Both primers have an attB1 and attB2 tag
at 5’ end to enable Gateway cloning. The wild-type construct served as a template to generate
the mutant construct of c.718+23G>A by mutagenesis PCR. Subsequently, wild-type and mutant
constructs were incorporated into the pCI-NEO-RHO Gateway-adapted vector as previously
described.26 This resulted in a wild-type midigene c.718+23G and a mutant midigene c.718+23A.
Finally, we transfected HEK293T cells with the wild-type or mutant midigene and studied the
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(Illumina, Inc. San Diego, CA), read alignment to the human reference genome (Genome
Reference Consortium Human Reference 37/hg19) using Burrows-Wheeler Aligner, and variant
calling with the Genome Analysis Toolkit were performed at BGI-Europe (Copenhagen,
Denmark). Copy number variants were detected using CoNIFER 0.2.0, and variants were
annotated using a custom designed in-house annotation strategy.
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transcripts with reverse transcription–polymerase chain reaction with primers in exons 4 and
11 (RT-PCR) (Forward primer: 5’-GTCTACGCCAGGTTCCTCAG-3’ and Reverse primer:
5’-TCCTCGGGACAGATTGGTAG-3’).

Re s u l ts
Clinical findings
Figure 1 shows the pedigree of the two siblings we studied, both were from Dutch ancestry and
presented with a retinal dystrophy that we classified as very early-onset forms of RP. An overview
of the clinical characteristics at the most recent examination is provided in Table 1. The eldest
patient, individual II:1, presented with a fine horizontal nystagmus at the age of three.
Subsequently, he developed night blindness that became apparent at the age of five. His visual
acuity gradually deteriorated from 20/50 at age five to 20/100 when he was 15 years of age. His
younger sister (patient II:2) presented with a subtle horizontal nystagmus at the age of one. Her
visual acuity deteriorated from 20/50 at the age of three to 20/60 at age 13, and she also
experienced impaired night vision in early childhood. At the most recent examination, both
siblings complained of photophobia. In addition, patient II:1 reported photopsias, particularly
after a sudden increase in light intensity. Perimetry showed constriction of the visual field from
age 11 in patient II:1, with a central island measuring up to 10 degrees at the age of 15 years. In
patient II:2, the constriction of the visual field started at age 10 and progressed to a constriction
up to 20–30 degrees at the age of 13 years. High hyperopia was present in both siblings, with
spherical equivalent refractions ranging from 6.13 to 7.25. Both siblings were in good general
health, and no extra-ocular conditions were reported.
Ophthalmoscopy showed peripheral bone spicule pigmentation, attenuated retinal vessels,
and small hyperemic optic discs (often found in high hyperopia) in both siblings (Figure 2).
Fundus autofluorescence imaging revealed the characteristic hyperautofluorescent ring that
represents the transition zone between intact and degenerated photoreceptor outer segments.

Figure 1. Pedigree of the family included in this study. The variants in
TULP1 segregate with the disease.
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Figure 2. Multimodal images of both siblings. (A-C) Multimodal imaging of the left eye of patient II:1 at the age of 15 years. (A)
Composite fundus photograph showing a hyperemic optic disc, sparse bone spicule pigmentation in the periphery, and slightly
attenuated vessels. (B) 30° fundus autofluorescence image revealing a characteristic hyperautofluorescent ring, (C) which
corresponds to preservation of the ellipsoid zone within the ring, as visible on spectral-domain optical coherence tomography
(SD-OCT). In addition, SD-OCT imaging also showed a thickened retina. (D-F) Multimodal imaging of the left eye of patient II:2 at
the age of 13 years. (D) Composite fundus photograph showing a small and hyperemic optic disc, attenuation of the retinal vessels,
and bone spicule pigmentation in the periphery. (E) 55° fundus autofluorescence image showing a central hyperautofluorescent
ring. (F) The SD-OCT scan reveals preserved photoreceptor layers at the fovea, and multiple small intraretinal cysts.

This was confirmed by SD-OCT images that showed an intact ellipsoid zone layer inside the
ring, and loss of the outer retinal layers outside of the hyperautofluorescent ring area. In
addition, the SD-OCT image revealed diffuse thickening of the retina in patient II:1, which proved
refractory to treatment with 125 mg oral carbonic anhydrase inhibitors three times a day. Cystoid
macular edema was identified in patient II:2 at age 11. However, in her case, the cystoid macular
edema revolved after treatment with carbonic anhydrase inhibitors, and did not recur—or at
least in a severely reduced fashion—after sustained treatment with 125 mg oral carbonic
anhydrase inhibitors two times a day. Electrophysiological examination at the age of five (patient
II:1) and six (patient II:2) demonstrated a generalized photoreceptor dystrophy with severely
affected photoreceptor responses in a rod-cone pattern.
Genetic findings
Initial analysis of WES data in patient II:1 detected two heterozygous variants, a c.1445G>A
(p.(Arg482Gln)) missense variant in TULP1 and a c.1567C>T (p.(Arg523*)) nonsense variant in
FAM161A. Subsequently, WES was performed in patient II:2; she also carried the heterozygous
missense variant in TULP1, as well as a heterozygous c.3683A>G (p.(Tyr1228Cys)) missense
variant in RPGRIP1. All coding regions of TULP1 were covered in the WES data of both siblings,
and uncovered exons from RPGRIP1 and FAM161A were Sanger sequenced but did not reveal
additional putative pathogenic variants in either sibling. Moreover, no copy number variants
were identified in FAM161A, RPGRIP1 or TULP1 in both individuals. As the FAM161A and RPGRIP1

173

CHAPTER 3.2

Figure 3. Molecular genetic characterization of the splice effect of the c.718+23G>A variant in TULP1. (A) Schematic representation
of the TULP1 gene and enlargement of the wild-type and mutant DNA sequences at the exon-intron boundary of exon 7 of TULP1.
The SpliceSiteFinder-like (SSFL, range 0–100), MaxEntSCan (MES, range 0-12), GeneSplicer (GS, range 0–24) and Human Splicing
Finder (HSF, range 0–100) scores for the splice donor site are indicated above the gene. The red “A” highlights the variant
c.718+23G>A identified in both siblings. The red numbers represent altered scores compared to the wild-type. The green circle
implies a newly recognized SC35 motif. Dotted circles indicate exonic splice silencers no longer present by prediction tools (B)
Schematic representation of the mutant pCI-NEO-RHO vector, containing exon 4–11 of the TULP1 gene used to transfect HEK293T
cells with a wild-type or mutant midigene. (C) RT-PCR products of the wild-type and mutant midigene showing the expected
832-bp wild-type fragment and a 852-bp fragment of the mutant midigene corresponding to a 20-nucleotide elongation of the
mRNA encoded by exon 7. The wild-type fragment was absent in the cells transfected with the mutant midigene. RT-PCR analysis
of RHO exon 5 was performed as a control for efficient transfection. (D) Sanger sequence analysis of the RT-PCR fragments
confirmed the wild-type and the 20-bp elongation of exon 7 in the mutant.
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pathogenic variant were not shared between the siblings, we pursued to study TULP1 in more
detail. The previously described variant c.1445G>A (p.(Arg482Gln) has a CADD-Phred score of
23.2, a PhyloP score of 6.1 and a Grantham score of 43. 7 An expanded analysis beyond the
coding regions and putative splice site regions resulted in the identification of a heterozygous
intronic variant, c.718+23G>A (Figure 3), found in both siblings. Segregation analysis confirmed
that both siblings were compound heterozygous for the c.718+23G>A and c.1445G>A variants,
while the unaffected parents were heterozygous (Figure 1). Although the c.718+23G>A variant,
based on splice score prediction algorithms, does not alter the nearby splice donor site, this
deep-intronic variant increased the splice prediction scores at position c.718+20 when using
programs SpliceSiteFinder-like (+4.4%), MaxEntScan (+33.33%), GeneSplice (+12.5%) and Human
Splicing Finder (+1.1%) (Figure 3). Additionally, c.718+23G>A introduced a new exonic splice
enhancer (ESE) motif recognized by the SC35 exonic splice enhancer at the c.718+21 to c.718+29
positions where a putative splice donor site is already located in the wild-type mRNA, and
reduces the number and strength of exonic splice silencer (ESS) motifs present in the reference
sequence.
In vitro midigene splice assay
Reverse transcription polymerase chain reaction showed the expected 832-bp wild-type
fragment (Figure 3). In contrast, the mutant midigene showed a product that corresponds to a
larger fragment, and absence of the wild-type fragment. Sanger sequencing verified that the
mutant mRNA product contained a 20-nucleotide elongation of exon 7, which can be explained
by the use of a cryptic splice donor site 20 nucleotides downstream of exon 7 (Figure 3). This
elongation causes a frameshift and results in early protein truncation (p.(Thr241Glyfs*23)).

D is c u s s io n
In the present study, we identified a near-exon aberrant RNA splice variant that we termed a
“NEAR” splice variant in TULP1 in trans with a previously described exonic variant in two siblings
with early-onset RP. Both siblings showed a nystagmus, night blindness and a reduced visual
acuity early in life. Fundus examination at the age of 15 (patient II:1) and 13 years (patients II:2)
showed bone spicule pigmentation, attenuation of the retinal vessels and a small, hyperemic
optic disc. High hyperopia (i.e., refractive error of more than +5.00 D) was present in both siblings.
TULP1-associated disease has previously been associated with myopia 6,27-29 and hyperopia.29,30
However, high hyperopia has only been described in patients with LCA, and is thought to result
from impaired emmetropization caused by early-onset visual impairment.2,30
Both siblings were diagnosed with early-onset RP based on an onset after the age of one.
However, they also show characteristic aspects of LCA such as a nystagmus and hyperopia. The
difficulty in classifying such patients arises from the strict and rather arbitrary separation of
both entities, when in fact they represent a continuum of retinal dystrophies.

175

Chapter 3.2

RNA SPLICE VARIANT IN TULP1

CHAPTER 3.2

Thus far, three noncanonical splice site variants in the TULP1 gene (i.e., c.999+5G>C, c.1224+4A>G,
and c.1496-6C>A) have been reported in patients with TULP1-associated disease.29,31,32 We
identified two pathogenic variants in TULP1, a c.1445G>A (p.(Arg482Gln)) missense mutation
and an intronic c.718+23G>A variant. The TULP1 p.(Arg482Gln) mutation, previously described
in patients with early-onset RP, alters the structure and function of the Tubby domain, and is
expected to affect TULP1 function 7. To our knowledge, pathogenicity of mutations in TULP1
such as the c.718+23G>A variant, which we coin as a NEAR splice variant, has not been described
before. Our definition of a NEAR splice variant is a variant located outside of the splice site
consensus sequence leading to an alteration of the splicing of a nearby exon, whereas a deepintronic variant often leads to the inclusion or alteration of a cryptic exon.
The consequence of a NEAR splice variant depends on the context of the variant, such as the
strength of nearby splice acceptor and splice donor sites, the presence and size of flanking
exons, and the effect on the appearance or removal of ESE, ESS, intronic splice enhancer, and
intronic splice silencer motifs. To assess the effect of this variant on splicing, we generated a
midigene assay which contained exon 4 to 11 of TULP1. This analysis showed the use of a cryptic
splice donor site 20 bp downstream, which causes a shift of the reading frame resulting in early
termination of protein synthesis. The severe nature of the c.718+23G>A NEAR splice variant is
supported by the absence of a wild-type fragment in cells transfected with the mutant midigene
and corresponds with the severe phenotype observed in the patients.
The donor splice site of exon 7 of the TULP1 gene contains a fairly weak splice site as indicated
by the score of 77.4 for Human Slicing Finder. A natural stronger cryptic splice donor site is
present at the c.718+20 position in the wild-type mRNA with a score of 83.4 for the Human
Splicing Finder prediction.33 The presence of ESSs located in and near the c.718+20 position
likely explain why the cryptic donor site is not utilized by the splice machinery in wild-type cells.
The c.718+23G>A variant, however, shows a decreased number of ESSs in this region, and
consequently enables recognition of the putative splice donor site by the spliceosome (http://
www.umd.be/HSF3/). In addition, according to ESE predictions, this variant also creates a new
binding site for exonic splice enhancer SC35 at the c.718+21 to c.718+29 positions that
strengthens this putative splice donor site and generates preference for the c.718+20 donor
instead of the canonical splice donor site. This supports the role of ESEs and ESSs in the splicing
process, and highlights the importance of these factors when analyzing the pathogenicity of
variants within or outside of the coding and splice site regions.
While this is the first intronic variant outside of the splice site consensus sequences deemed
pathogenic in TULP1, the causality of deep-intronic variants has also been described in nine
other retinal dystrophy genes: ABCA4, CEP290, CHM, OA1, OAT, OFD1, PROM1, PRPF31, and USH2A
17, 34-43
(www.dbass.soton.ac.uk). Intronic variants are likely to explain a substantial portion of the
current genetically unexplained or monoallelic retinal dystrophy cases, and underscore the
importance of genetic tests uncovering those regions, such as whole genome sequencing.
Future studies with whole genome sequencing will likely increase the number of genetically
solved patients. However, the increase in the use of whole genome sequencing will be

176

accompanied by the detection of a large number of variants of unknown significance, and
determining the functional role of these variants will remain a challenge.
The identification of biallelic variants in patients with a retinal dystrophy is essential for eligibility
for upcoming genetic therapies. Besides gene augmentation therapy, patients with a TULP1
NEAR splice variant may benefit from AONs treatment, which can suppress the aberrant splicing
effect by binding to the mutated region in the pre-mRNA. To date, proof-of-concept of AONs
has been shown in both cell-based models and animal models for four retinal dystrophy genes:
CEP290,20, 44-46 CHM,47 RHO,48 and USH2A,49 and represents a promising therapy for retinal
dystrophies.50
In conclusion, we identified a pathogenic NEAR splice variant in TULP1 in trans with a known
pathogenic missense variant in two siblings with an early-onset photoreceptor dystrophy in
whom analysis of the exonic and consensus splice site regions did not identify the cause of
disease. This highlights the importance of investigating noncoding regions in order to obtain a
conclusive molecular diagnosis in patients with a hereditary retinal dystrophy.
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CHAPTER 4.1

A bst ra ct
Purpose
To describe the clinical and genetic spectrum of RP1-associated retinal dystrophies.
Methods
In this multicenter case series, we included 22 patients with RP1-associated retinal dystrophies
from 19 families from the Netherlands and Japan. Data on clinical characteristics, visual acuity,
visual field, electroretinography (ERG), and retinal imaging were extracted from medical records
over a mean follow-up of 8.1 years.
Results
Eleven patients were diagnosed with autosomal recessive macular dystrophy (arMD) or
autosomal recessive cone-rod dystrophy (arCRD), five with autosomal recessive retinitis
pigmentosa (arRP), and six with autosomal dominant RP (adRP). The mean age of onset was
40.3 years (range 14–56) in the patients with arMD/arCRD, 26.2 years (range 18–40) in adRP, and
8.8 years (range 5–12) in arRP patients. All patients with arMD/arCRD carried either the
hypomorphic p.Arg1933* variant positioned close to the C-terminus (8 of 11 patients) or a
missense variant in exon 2 (3 of 11 patients), compound heterozygous with a likely deleterious
frameshift or nonsense mutation, or the p.Gln1916* variant. In contrast, all mutations identified
in adRP and arRP patients were frameshift and/or nonsense variants located far from the
C-terminus.
Conclusions
Mutations in the RP1 gene are associated with a broad spectrum of progressive retinal
dystrophies. In addition to adRP and arRP, our study provides further evidence that arCRD and
arMD are RP1-associated phenotypes as well. The macular involvement in patients with the
hypomorphic RP1 variant suggests that macular function may remain compromised if expression
levels of RP1 do not reach adequate levels after gene augmentation therapy.
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Retinitis pigmentosa (RP) encompasses a heterogeneous group of inherited retinal dystrophies
characterized by rod photoreceptor degeneration that precedes cone photoreceptor
degeneration. The RP1 gene is one of the more than 80 genes associated with RP. Besides RP1,
seven other RP-genes—BEST1, NR2E3, NRL, RHD12, RHO, RPE65, and SAG—have been associated
with both autosomal dominant and autosomal recessive modes of inheritance.1 In general, RP
patients with an autosomal recessive inheritance pattern have a more severe disease course
compared with patients with autosomal dominant RP (adRP). This also applies to patients with
RP1-associated RP: autosomal recessive RP1 patients generally have a lower age of onset
compared to autosomal dominant RP1 patients, as well as a worse long-term prognosis with
respect to retaining central vision due to the occurrence of early macular atrophy or cystoid
macular edema.1,2
The RP1 gene, mapped to chromosome 8q12.1, contains four exons, three of which are coding,
and encodes a photoreceptor-specific microtubule-associated protein that plays a vital role in
the architecture of both rod and cone photoreceptor outer segments.3,4 RP1 is located at the
photoreceptor axoneme, where it links outer segment discs to the axonemal microtubules, and
thereby regulates the length and stability of the axoneme.5 The interaction with the microtubules
is mediated primarily by two doublecortin (DCX) domains encoded by exons 2 and 3.5 In
addition, RP1 contains a third putative domain, between amino acid residues 486 and 635, that
shares homology with the Drosophilia melangomaster bifocal (BIF) protein, which is required
for normal photoreceptor morphogenesis.6 RP1 mutations that are known to cause adRP are
clustered in a relatively small region in exon 4 between amino acid residues 500 and 1053,7 and
result in the production of a truncated protein with a presumed dominant-negative activity.8 In
contrast, most mutations located more toward the N- or C-terminus of RP1 result in autosomal
recessive RP (arRP).7
In 2016, Ellingford et al.9 identified compound heterozygous mutations in RP1 (i.e., p.Tyr41His
and p.Leu172Arg) in a patient diagnosed with macular dystrophy (MD)/presumed Stargardt
disease. However, because this new genotype-phenotype correlation was identified in only a
single family, they concluded that reevaluation of the clinical phenotype was warranted. 9
Knowledge about the entire disease spectrum associated with certain genes is important,
particularly in view of novel therapeutic options, as the prognosis and disease course between
phenotypes may differ markedly. In this study, we report patients diagnosed with MD and conerod dystrophy (CRD) in addition to patients with RP, and expand the clinical spectrum associated
with mutations in the RP1 gene.
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M et h o d s
Patients
Twenty-two patients (19 families) with a retinal dystrophy and mutations in the RP1 gene were
clinically examined at the Radboud university medical center in Nijmegen, The Netherlands
(families A, B, M, N , P, and Q); the Tohoku University Graduate School of Medicine in Sendai,
Japan (families C–E, J and L); the Kyushu University Hospital, Fukuoka, Japan (families F and
K); the Yuko Wada Eye Clinic, Sendai, Japan (family G); and the Amsterdam UMC, The Netherlands
(families H, I, O, R and S). The genetic evaluation was performed between June 2013 and May
2018. Informed consent was obtained from all patients before data collection and additional
ophthalmic examinations. The study adhered to the tenets of the Declaration of Helsinki, and
was approved by the local ethics committees.
Genetic analysis
In all families, genomic DNA was extracted from peripheral lymphocytes according to standard
procedures. The genetic data of the Japanese patients was obtained in context of another
study.10 In short, whole exome sequencing was performed in patients A-II:2, A-II:4, A-II:5, B-II:8,
H-II:2, I-II:2, M-II:2, P-II:13 and Q-III:4. The exome data were analyzed using a vision gene panel
consisting of 220 (patients H-II:2 and I-II:2), 342 (patient P-II:13), 366 (patient B-II:7), and 395
genes (patients M-II:2 and Q-III:4) or without the use of a gene filter (family A). See Supplementary
Table S1 for an overview of the genes included in these panels. Targeted panel sequencing
covering 256 (patient R-IV:2) or 266 vision genes (patients O-II:1 and S-III:4) was performed in a
certified DNA diagnostic laboratory, with additional Sanger sequencing for all areas with a
coverage below 30 reads (Supplementary Table 1). Mutational screening in patient N-III:9 was
performed using an arrayed primer extension microarray for autosomal dominant RP (containing
414 variants in 16 genes), according to a previously described protocol.11 All variants detected
by microarray analysis were verified by direct sequencing. Patients C to G and J to L had their
RP1 open reading frame screened by means of Sanger sequencing as previously reported.10 In
addition, molecular inversion probes were used to exclude variants in 109 other inherited retinal
dystrophy genes in patient C to F, J and K,10 and targeted resequencing containing 83
nonsyndromic RP genes was performed in patient L-II:2 (Supplementary Table 1). The
pathogenicity of novel missense variants was assessed combining cosegregation analysis and
in silico prediction tools, including SIFT and Polyphen-2, and by using the PhyloP, CADD-PHRED
and Grantham scores. For an extensive description of the genetic analysis, see Appendix 1.
Clinical evaluation
Clinical data were obtained from the medical records of the patients. In addition, three patients
(family A) were reevaluated after the identification of the causative RP1 mutations. We performed
a detailed ophthalmic examination, which included visual acuity testing, slit-lamp
biomicroscopy, and detailed ophthalmoscopy. Most patients also underwent conventional
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fundus photography and/or ultra-widefield fundus imaging (Optos P200Tx; Optos, Dunfermline,
UK), Goldmann perimetry, as well as spectral-domain optical coherence tomography (SD-OCT)
using a confocal scanning laser ophthalmoscope (Spectralis HRA+OCT; Heidelberg Engineering,
Heidelberg, Germany, Cirrus; Carl Zeiss Meditec, Inc., Dublin, CA, or Topcon 3D OCT-2000;
Topcon, Inc, Tokyo, Japan ). Fundus autofluorescence (FAF) imaging was performed using the
Spectralis HRA+OCT 30° x 30° field of view centered on the macula,12 or the 200° field of view
from the ultra-widefield imaging device. All patients underwent full-field ERG, and multifocal
electroretinography (mfERG) was performed in patients B-II:8, C-II:2, D-II:1 and E-II:2.
Electrophysiological recordings were performed according to the International Society for
Clinical Electrophysiology of Vision guidelines and assessed by applying local standard
values.13,14
Patients were diagnosed based on their (initial) symptoms, fundus abnormalities, ERG findings,
and overall course of the disease. They received the diagnosis MD if they experienced central
vision loss without symptoms of night blindness, ophthalmoscopy and multimodal imaging
revealed no signs of peripheral involvement, in the presence of an intact peripheral visual field,
normal to marginally abnormal scotopic ERG responses, and normal to moderately reduced
photopic ERG responses. Patients with a panretinal phenotype received the diagnosis CRD or
RP, depending on which photoreceptor function was affected first. CRD was diagnosed when
the onset of loss of central vision preceded that of night blindness, presence of a central
scotoma, no or mild constriction of the visual field, and reduced ERG responses in a cone-rod
pattern. Patients were diagnosed with RP when they presented with night blindness, constriction
of the visual field, and reduced ERG responses in a rod-cone pattern. The clinical distinction
between MD and CRD, however, can be difficult and is sometimes arbitrary in view of the
significant clinical overlap. In addition, in individual MD patients the MD may progress in a more
generalized disorder that fits the criteria of CRD. In the present study, we therefore grouped the
MD and CRD spectrum into a single category for further analysis.

Re s u l ts
Genetic findings
Genetic analysis detected 16 unique variants in the RP1 gene, including six newly identified
variants, in the 19 families (Figure 1).10 The novel variants included five nonsense and frameshift
mutations, as well as the p.Val190Gly missense variant that is likely pathogenic according to
the guideline proposed by the American College of Medical Genetics and Genomics.15 The
variant segregates with the disease (M8, family H), affects a highly conserved amino acid that
is located in the DCX domain, is extremely rare in the gnomAD database (1/249046), and is
predicted to be pathogenic with a high Grantham score (109/215) and CADD-PRHED score (22.2)
including a high SIFT (pathogenic) and PolyPhen-2 score (probably damaging). Heterozygous
variants in other inherited retinal dystrophy genes are listed in Supplementary Table S2.
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Figure 1. Pedigrees of the families included in this study. Squared boxes indicate men, circles indicate women, filled symbols
represent affected persons, and unfilled symbols represent unaffected persons. The plus sign denotes the wild-type allele, and
the arrow indicates the proband of the family. Double lines point out consanguineous marriages, the number above the lines
indicates the degree of consanguinity. Where relatives were available (family A, B, C, D, H, I, and N), the mutations segregate with
the disease. Families C to F, J and K have previously been described by Nikopoulos et al.10 § Novel variants.
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Notably, compound heterozygous mutations were identified in all patients with autosomal
recessive MD (arMD)/autosomal recessive CRD (arCRD). In particular, the p.Arg1933* mutation,
which was identified in a compound heterozygous state with another nonsense or frameshift
mutation in six of eight families with arMD/arCRD, from both East Asian and Caucasian origins
(Figure 1). The remaining two families with arMD/arCRD (families B and H) carried a heterozygous
missense mutation (p.Phe180Cys or p.Val190Gly) located in exon 2, in the region that encodes
the DCX domain, together with a frameshift mutation on the second allele. Families with an
identical combination of mutations were identified; p.Arg1933* in combination with p.
Tyr1352Alafs*9 was previously identified in four families of East Asian origin (families C to F).10
In contrast, in five out of six families with arRP, homozygous nonsense or frameshift variants
were identified. Remarkably, the p.Tyr1352Alafs*9 mutation that was found in patients with
arMD/arCRD in combination with p.Arg1933* in families C–F, was identified in a homozygous
state in two families with arRP (families J and K), as described.10 In addition, the p.Pro124Alafs*20
mutation that causes arMD/arCRD in combination with the p.Val190Gly missense mutation in
patient H, was also identified in a homozygous state in arRP family N.
Clinical findings
An overview of the individual clinical characteristics of the patients with an RP1 mutation is
provided in the Table. The clinical characteristics stratified by phenotype are provided in
Supplementary Table S3. Of the 22 patients, 11 patients (seven arMD and four arCRD patients
from eight families) were diagnosed with arMD/arCRD, five patients (five families) with arRP,
and six patients (six families) with adRP. Patient B-II:8 was initially diagnosed with a
hydroxychloroquine-associated maculopathy as she received treatment with
hydroxychloroquine for rheumatoid arthritis. The correct diagnosis of RP1-associated MD was
made based on her clinical presentation that was atypical for hydroxychloroquine maculopathy,
the low cumulative dose of 280 g of hydroxychloroquine, and an affected sister free of the
medication. Subsequent molecular genetic testing revealed compound heterozygous mutations
in the RP1 gene in both of them.
Patients with arMD/arCRD
The patients with arMD/arCRD presented the latest of the three phenotypes (mean age of onset
40.3 years; standard deviation (SD) 13.1 years, range 14–56 years), although they showed overlap
in age at onset with the adRP patients (mean 26.2 years, SD 8.2 years, range 18–40 years, p=0.025)
(Supplementary Table 3). Their initial symptom was a decrease in visual acuity or
metamorphopsia, sometimes accompanied by photophobia (patient C-II:2) or night blindness
(patient F-II:3 and G-II:2). With progression of the disease, 8 of 11 patients developed
photophobia. All patients were myopic (range of spherical equivalents: -9.50 diopters [D] to
-0.25D). Biomicroscopy revealed several types of lens opacities in 6 of 11 patients of which
patient F-II:3 underwent cataract extraction at the age of 61 years (Table 1, Supplementary Table
S3). The course of the visual acuity for each patient is represented in Figure 2. Ten patients
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Figure 2. Graph showing the course of visual acuity over time in patients with mutations in the RP1 gene. The three phenotypes
are indicated with different colors: arMD/arCRD in blue, arRP in orange, and adRP in red. The visual acuity of the best eye is
displayed. Snellen visual acuity was converted into logMAR. A logMAR value of 1.9 was assigned to counting fingers (CF), 2.3 to
hand movements (HM), and 2.7 to light perception (LP).

revealed mild to moderate visual acuity impairment during working life, which eventually led
to acuity levels of 20/400 in the eighth decade (patient A-II:2). However, patient C-II:2 already
had a visual acuity of 20/400 at the age of 41 years. Visual field testing revealed an absolute
central scotoma, except for a paracentral scotoma in the left eye of patient B-II:8 (age 55 years),
and a central, relative scotoma in patient B-II:3 (age 64 years). In addition, the visual field was
mildly constricted in patients B-II:3, F-II:3 and G-II:2.
Ophthalmoscopy showed RPE alterations or atrophy in the macula (Table and Figure 3).
Attenuation of the retinal vessels was present in patients A-II:4, B-II:3, F-II:3 and G-II:2, focal bone
spicule pigmentations were observed in patient F-II:3, and a single nummular pigmentation in
patient G-II:2. A bull’s eye maculopathy was noticed in the left eye of patient B-II:8 (age 55) and
both eyes of patient E-II:2 at the most recent examination. In patient A-II:5, the bull’s eye
maculopathy had progressed to macular atrophy with foveal involvement (Figure 4). A posterior
staphyloma was visible in patient A-II:2 with spherical equivalents of -8.38/-8.00D. SD-OCT
images revealed loss of the outer retinal layers in the macula, with sparing of the foveal
photoreceptors in the patients with a bull’s eye maculopathy and the left eye of patient B-II:3
(age 64), in which the photoreceptors and RPE at the fovea were preserved in a foveal sparinglike pattern (Figure 3F). The right eye of patient B-II:3 initially showed foveal sparing at the age
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Autosomal recessive RP
The arRP patients were affected at the earliest age, with a mean age of onset of 8.8 years and
an onset at the age of only 5 years in the youngest patient (SD 2.8; range 5–12 years;
Supplementary Table S3). The initial symptom in the arRP patients was night blindness in all
cases and all patients were myopic (range of spherical equivalents: -9.00D to -1.63D; Table,
Supplementary Table S3). Despite their young age, all four patients for whom data were available
already showed lens opacities at a mean age of 33 years. The visual acuity deteriorated from
adolescence or early adulthood to levels of light perception in the sixth decade of life and
constriction of the visual field with a residue of less than 10 degrees at the most recent
examination was present in three of four patients (Table 1, Figure 2).
Ophthalmoscopy showed the three hallmark RP signs—bone spicule pigmentations, attenuation
of the retinal vessels, and pallor of the optic disc—often accompanied by profound peripheral
RPE atrophy. In addition, macular atrophic lesions were present in four of five patients, with
sparing of the fovea in two of them (Table 1). This was confirmed by an intact ellipsoid zone
layer in the fovea on SD-OCT (Figure 3R, Supplementary Table S3). Finally, ERG responses were
severely reduced or nonrecordable under scotopic and photopic conditions in all RP patients.
Autosomal dominant RP
Patients with adRP presented with night blindness, at a mean age of 26.2 years (SD 8.2; range
18–40 years). Five of six patients were myopic (range of spherical equivalents: -10.00 to +4.00),
except for patient O-II:13 who was hyperopic with spherical equivalents of +1.50D and +4.00D
(Table). Biomicroscopy revealed several types of lens opacities in four of six patients of whom
three patients underwent cataract extraction (Table, Supplementary Table S3). The visual acuity
was relatively preserved, as all patients retained a visual acuity of 20/80 or better, even at the
age of 72 (patient O-II:13) (Figure 2, Supplementary Table S3). However, the visual field showed
severe constriction with a central residue of less than 10 degrees in two of six patients at a mean
age of 48 years (Table, Supplementary Table S3).
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of 56 years, although shortly afterward the foveal cells degenerated as well, with a corresponding
loss in visual acuity. FAF imaging showed a round to oval zone of reduced FAF or a speckled
pattern of alternating normal and decreased FAF, bordered by a band of increased FAF (Figure
3); except for patient E:II-2, in whom an oval zone of increased FAF was visible without a reduced
autofluorescence signal. FAF images of patients F-II:3 and G-II:2 were not acquired. Full-field
ERG ranged from normal rod and cone responses to patients in whom both cone and rod
responses were moderately or severely reduced (Table). The mfERG, performed in patients
B-II:8, C-II:2, D-II:1 and E-II:2, was severely reduced in all patients except for patient B-II:8 in
whom a decreased response in the parafoveal ring was visible in the right eye and moderately
reduced responses in the left eye.
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Table. Clinical features of patients carrying pathogenic mutations in RP1.
ID/Sex/Age of
onset(y)/Age
Race

Initial symptom

Visual acuity

SER†

RE

LE

RE

LE

Lens status

Macular dystrophy/cone-rod dystrophy
A-II:2/F/31/77
Caucasian

Decrease in VA/
metamorphopsia

20/400

20/400

-8.38

-8.00

Mild PSC, severe cortical and nuclear
cataract

A-II:4/M/50/69
Caucasian

Decrease in VA

20/200

20/200

-2.00

-2.00

Cortical and nuclear cataract

A-II:5/F/45/67
Caucasian

Metamorphopsia

20/500

20/63

-5.50

-4.88

Cortical and nuclear cataract, mild PSC

B-II:3/F/56/64
Caucasian

Decrease in VA

20/110

20/125

-2.00

-1.00

Mild cortical and nuclear cataract

B-II:8/F/55/55
Caucasian

Decrease in VA

20/400

20/17

-1.00

-0.50

Clear

C-II:2/F/25/41
East Asian

Decrease in VA/
photophobia

20/500

20/400

-9.00

-9.50

Clear

D-II:1/M/44/54
East Asian

Decrease in VA

20/222

20/133

-2.50

-2.50

Clear

E-II:2/F/36/43
East Asian

Decrease in VA

20/33

20/50

-0.25

-0.25

Clear

F-II:3/M/50/61
East Asian

Decrease in VA/
night blindness

20/630

20/400

-0.50

-2.50

Moderate cortical and mild nuclear
cataract; extracted at 60y

G-II:2/F/37/37
East Asian

Decrease in VA/
night blindness

20/50

20/200

-1.25

-1.00

Clear

H-II:2/M/14/18
Caucasian

Decrease in VA

20/28

20/50

-3.00

-2.00

Clear

Autosomal recessive retinitis pigmentosa
I-II:3/F/11/13
Caucasian

Night blindness

20/25

20/22

-2.13

-1.63

Unknown

J-II:2/M/6/32
Caucasian

Night blindness

20/67

LP

-4.00

-4.50

Mild nuclear cataract
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ERG results

Scot

Goldmann
perimetry

Dx

Mutation(s)

Phot

Well-demarcated area of central and peripapillary SN
chorioretinal atrophy. Normal aspect of retinal
vessels and optic disc. Posterior staphyloma
LE>RE.

MR

Central scotoma

arMD

p.Gln1916*
p.Arg1933*

Well-demarcated area of central and peripapillary N
chorioretinal atrophy. Normal optic disc, mild
attenuation of retinal veins. No intraretinal
hyperpigmentation.

N

Central scotoma

arMD

p.Gln1916*
p.Arg1933*

Macular and peripapillary atrophy. Normal aspect N
of vasculature and optic disc. No intraretinal
hyperpigmentation.

N

Central scotoma

arMD

p.Gln1916*
p.Arg1933*

Severe atrophy and gliosis in the macula BE, with SR
foveal sparing in the LE. Peripapillary atrophy,
attenuated vessels, and no intraretinal
hyperpigmentation.

SR

Slightly constricted
VF (RE>LE), moderate
central sensitivity
loss

arCRD

p.Phe180Cys
p.His1414Glnfs*5

Well-demarcated area of macular atrophy in the
RE, and RPE alterations with a bull’s eye
configuration in the LE. Normal aspect of the
retinal vessels and optic disc. No intraretinal
hyperpigmentation.

SN

Central scotoma RE,
paracentral scotoma
LE

arMD

p.Phe180Cys
p.His1414Glnfs*5

RPE alterations in the macula with small,
SN
parafoveal areas of atrophy. Normal aspect of the
optic disc and retinal vessels. No intraretinal
hyperpigmentation.

MR

Central scotoma

arMD

p.Arg1933*
p.Tyr1352Alafs*9

RPE alterations in the macula with small,
SN
parafoveal areas of RPE atrophy. Peripapillary
atrophy. Normal aspect of the optic disc and
retinal vessels. No intraretinal hyperpigmentation.

MR

Central scotoma

arMD

p.Arg1933*
p.Tyr1352Alafs*9

Granular pigment alterations in the macula in a
SN
bull’s eye pattern. Normal aspect of the optic disc
and retinal vessels. No intraretinal
hyperpigmentation.

MR

Central scotoma

arMD

p.Arg1933*
p.Tyr1352Alafs*9

Macular atrophy, mild attenuation of retinal
vessels, nummular hyperpigmentation LE.

MR

MR

Central scotoma and
mild VF constriction

arCRD

p.Arg1933*
p.Tyr1352Alafs*9

Macular atrophy, mild attenuation of retinal
vessels. Sporadic nummular pigmentation in LE.

SR

SR

Central scotoma and
VF constriction
(nasal>temporal)

arCRD

p.Arg1933*
p.Glu334fs*22

Mild RPE alterations in the macula. Periphery
normal.

MR

MR

Intact peripheral VF

arCRD

p.Pro124Alafs*20
p.Val190Gly

Bone spicule pigmentation, attenuated vessels,
pallor op the optic disc, and peripheral atrophy.

NR

SR

Constricted VF to
10-15°

arRP

p.Ile168Asnfs*17
p.Lys1044Asnfs*16

Macular atrophy, attenuation of retinal vessels,
bone spicule pigmentation, and pallor of the
optic disc.

NR

NR

Constricted VF <10°

arRP

p.Tyr1352Alafs*9
p.Tyr1352Alafs*9

N
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ID/Sex/Age of
onset(y)/Age
Race

Initial symptom

Visual acuity

SER†

RE

LE

RE

LE

Lens status

K-II:1/M/12/46
East Asian

Night blindness

HM

HM

-1.25

-2.00

PSC and ASC; extracted at 45y

L-II:2/M/10/22
East Asian

Night blindness

20/67

20/50

-5.50

-5.25

Congenital coronary cataract BE

M-II:2/F/5/52
Caucasian

Night blindness

LP

LP

-9.00

-8.25

Mild PSC, mild cortical and nuclear
cataract

Autosomal dominant retinitis pigmentosa
N-III:9/F/18/56
East Asian

Night blindness

20/50

20/50

-9.38

-10.00

Moderate nuclear cataract; extracted at
55y

O-II:1/F/
childhood/40
Caucasian

Night blindness

20/66

20/40

-5.75

-5.50

Mild cataract

P-II:13/M/40/72
Caucasian

Night blindness

20/40

20/63

+1.50

+4.00

Moderate nuclear cataract; extracted at
70y

Q-III:4/M/25/46
African

Night blindness

20/55

20/46

-4.00

-4.00

Extracted at 34y

R-IV:2/M/25/35
Caucasian

Night blindness

20/20

20/20

-1.25

-2.25

Clear

S-III:4/F/23/40
Caucasian

Night blindness

20/20

20/34

-3.38

-3.38

Clear

All features are present symmetrically, unless mentioned otherwise. ad = autosomal dominant; ar = autosomal recessive; ASC =
anterior subcapsular cataract; BE = both eyes; CRD = cone-rod dystrophy; Dx = final diagnosis; ERM = epiretinal membrane; F =
female; HFA = Humphrey field analyzer; HM = hand movements; LE = left eye; LP = light perception; phot = photopic; PSC = posterior
subcapsular cataract; RE = right eye; M = male; MD = macular dystrophy; MR = moderately reduced; N = normal; NP = not performed;
NR = non-recordable; RP = retinitis pigmentosa; scot = scotopic; SER = spherical equivalent refraction; SN = subnormal; SR =
severely reduced; VA = visual acuity; VF = visual field. † If cataract surgery has been performed, the preoperative spherical equivalent
was reported.

194

Ophthalmoscopy results

ERG results

Goldmann
perimetry

Dx

Mutation(s)

Scot

Phot

NP

NP

Constricted VF <10°

arRP

p.Tyr1352Alafs*9
p.Tyr1352Alafs*9

Bone spicule pigmentation, attenuated retinal
SR
vessels, pallor of the optic disc, and central RPE
alterations with small islands of macular atrophy.

SR

Constricted VF <10°

arRP

p.Met500fs*33
p.Met500fs*33

Generalized retinal dystrophy with macular
atrophy, bone spicule pigmentation, attenuated
retinal vessels, and waxy pallor of the optic disc.

NR
(46y)

NR
(46y)

No VF measurable

arRP

p.Pro124Alafs*20
p.Pro124Alafs*20

Tessellated fundus with RPE atrophy in the
NR
periphery, dense nummular and bone spicule
(51y)
pigmentation, severely attenuated retinal vessels,
and waxy pallor of the optic disc.

NR
(51y)

Constricted VF to 10°
with a small
temporal residue

adRP

p.Leu762Tyrfs*17

Profound atrophy with some sparing of the
center, bone spicule pigmentation, attenuated
retinal vessels, and pallor of the optic disc.

NR
(36y)

SR
(36y)

Constricted VF to 10°,
with a inferonasal
residue (RE) and
temporal residue
(LE)

adRP

p.Leu762Tyrfs*17

Profound (mid-)peripheral atrophy, extensive
NR
bone spicule and nummular pigmentation, severe (71y)
attenuation of retinal vessels, and waxy pallor of
the optic disc.

NR
(71y)

Constricted VF to 15°
(RE) and 20° (LE)

adRP

p.Ser911*

Profound bone spicule pigmentations, severe
attenuation of retinal vessels, peripapillary
atrophy and some (waxy) pallor of the optic disc.

NR

NR

Constricted VF to 5°
(RE) and 3° (LE)

adRP

p.Arg677*

Bone spicule pigmentation in the midperiphery
NP
(particularly nasal retina), mild attenuation of the
retinal vessels, normal aspect of the optic disc.
Mild ERM right eye.

NP

Constricted VF <10°

adRP

p.Arg677*

Bone spicule pigmentation, attenuated retinal
vessels, generalized retinal atrophy with foveal
sparing.

SR

HFA 30-2: central
residue

adRP

p.Arg25Serfs*37

Profound panretinal degeneration, abundant
bone spicule pigmentation, and severely
attenuated vessels. Vascular sheathing LE.

NR
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The patients with adRP also showed bone spicule pigmentation and attenuation of the retinal
vessel, often accompanied by profound peripheral RPE atrophy and macular atrophy in four of
six patients (Table). However, the fovea was spared from the atrophic lesions in all patients
(except for the left eye of patient O-II:1). Patient O-II:1 previously underwent a pars plana
vitrectomy with peeling of the internal limiting membrane in both eyes for macular holes.
Cystoid macular edema was present in patient Q-III:4, with a moderate response to oral carbonic
anhydrase inhibitors. Finally, ERG responses were nonrecordable under scotopic conditions
and severely reduced or nonrecordable under photopic conditions.

 Figure 3. Multimodal images of patients with mutations in RP1. (A–C) Multimodal images of the left eye of patient A-II:4. (A)
Composite fundus photograph showing a well-demarcated area of chorioretinal atrophy involving the fovea. (B) This area
corresponds with an oval zone of absent FAF, bordered by a small residual band of increased FAF. (C) SD-OCT scan revealing loss
of the outer retinal layers in the macula. (D–F) Multimodal imaging of the left eye of patient B-II:3. (D) Composite fundus photograph
showing macular atrophy, attenuated retinal vessels, and no hyperpigmentation. (E) FAF image revealing decreased
autofluorescence surrounded by a hyperautofluorescent ring. (F) SD-OCT scan showing preservation of the RPE, ellipsoid zone
and external limiting membrane layer in the fovea, and an epiretinal membrane. (G–I) Multimodal imaging of the left eye of patient
B-II:8, at the age of 55 years. (G) Fundus photograph showing a bull’s eye maculopathy, a normal aspect of the optic disc and
vasculature, and no intraretinal hyperpigmentation. (H) FAF shows a corresponding oval area of speckled hyper- and
hypoautofluorescence, surrounded by a ring of hyperautofluorescence. (I) SD-OCT image revealing the parafoveal loss of outer
retinal layers with preservation of the ellipsoid zone and external limiting membrane layer in the fovea. (J–L) Multimodal imaging
of the right eye of patient D-II:1. (J) Ultra-widefield fundus photograph showing RPE alterations in the macula, peripapillary
atrophy, no hyperpigmentations, and a normal aspect of the optic disc and retinal vessels. (K) Ultra-widefield FAF image showing
a speckled pattern of hyper- and hypoautofluorescence, surrounded by a band of increased FAF. (L) OCT scan showing generalized
loss of photoreceptor inner and outer segments, and an epiretinal membrane. (M–O) Multimodal imaging of the left eye of patient
J-II:2. (M) Ultra-widefield fundus photograph showing RPE atrophy, bone spicule pigmentation, and attenuation of the retinal
vessels. (N) Autofluorescence image revealing decreased autofluorescence in the macula and along and surrounding to the
vascular arcades. (O) SD-OCT scan showing generalized loss of the outer retinal layers in the macula. (P–R) Multimodal imaging
of the left eye of patient N-III:9. (P) Composite fundus photograph showing profound peripheral atrophy, severe attenuation of
retinal vessels, extensive bone spicule and nummular pigmentation, and waxy pallor of the optic disc. (Q) FAF image showing a
hyperautofluorescent ring in the macula, surrounded by a speckled pattern of hyper- and hypoautofluorescence, and nummular
areas of decreased macular and peripheral autofluorescence. (R) SD-OCT scan revealing the preservation of the photoreceptor
layer at the fovea.
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Figure 4. Multimodal images of the left eye of patient A-II:5 over an interval of 6 years. (A) Fundus photograph showing a bull’s
eye maculopathy, some peripapillary atrophy, and a normal aspect of the optic disc and retinal vessels. (B) The FAF image reveals
an oval area of hyperautofluorescence containing a ring of hyper-and hypoautofluorescence. (C) Horizontal SD-OCT showing
perifoveal loss of the outer retinal layers. (D) Fundus photograph 6 years later showing macular atrophy, and (E) FAF showing the
corresponding area of hypoautofluorescence surrounded by a zone of increased autofluorescence. (F) The OCT scan shows the
loss of the outer retinal layers that now also involves the fovea.

D is c u s s io n
Mutations in the RP1 gene have previously been described in patients with adRP and arRP. In
the present study, we provide a detailed clinical description of these phenotypes and report
two additional RP1-associated diagnoses: arMD and arCRD, which may represent a single
spectrum of retinal degeneration.
The patients with RP1-associated arMD/arCRD presented with a decrease in visual acuity or
metamorphopsia, generally first noticed in the fourth decade, which eventually progressed to
legal blindness. Considerable macular abnormalities were observed at the most recent
examination including a bull’s eye maculopathy in two patients. This bull’s eye maculopathy
may eventually progress to macular atrophy with foveal involvement, as was observed in patient
A-II:5. Unfortunately, longitudinal data of the other patients to confirm this hypothesis were not
available.
MD and CRD may show large overlap in clinical and genetic findings. This overlap also occurs
in time: an MD phenotype can eventually progress to a more generalized disorder and converge
into a CRD phenotype. This may explain the intrafamilial differences in family B, as patient B-II:8
shows abnormalities limited to the macular region, whereas her older sister displays generalized
disease, which may represent a later disease stage. It might also explain the more severe
phenotype in patient F-II:3, who carries the same mutations as the younger patients C to E with
less severe disease. In addition, the mean age of onset of both phenotypes was the same
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(p=0.817). Therefore, arMD and arCRD might represent the longitudinal progression of macular/
cone predominant RP1-associated disease. Nevertheless, some patients may never show
progression to a CRD phenotype and other (genetic) modifiers may also exert their effect on
the final phenotype. Because the focus of our manuscript lies on the description of patients
with a phenotype that does not match the existing phenotypes with predominant rod
involvement, we have combined them into the all-embracing term “arMD/arCRD”.
The arMD/arCRD shows similarities with other MDs (e.g., central areolar choroidal dystrophy
and Stargardt disease), multifocal pattern dystrophy simulating Stargardt disease, and cone
dystrophies and, because of its later age of onset, can mimic AMD.16-18 It is, however, important
to distinguish these disorders to provide the patient with valuable and correct prognostic
information and accurate treatment. An adequate family history, the absence of drusen, and
the symmetrical presentation of the macular atrophy can help the clinician in distinguishing
hereditary forms of MDs from AMD.17 The absence of irregular yellowish (pisciform) and/or
hyperautofluorescent flecks can help to differentiate RP1-associated disease from Stargardt
disease, pseudo-Stargardt and certain cases of central areolar choroidal dystrophy, and ERG
responses can help to differentiate from cone dystrophies.
The phenotype of the RP patients was in accordance with earlier reports on RP caused by RP1
mutations in literature. The five patients with arRP experienced night blindness in the first or
second decade of life and showed early involvement of the macular region, whereas the age
of onset in the six patients with adRP was between the second and fourth decades, and the
fovea remained relatively intact during the course of the disease.1,2 Myopia, in varying degrees,
is a common feature, and was found in 96% of patients. This association of myopia and RP1related disease has previously been described, particularly in arRP patients.19,20
Together, these four retinal dystrophies now form the spectrum of RP1-associated disease. It is
however important to realize that the RP phenotypes are not simply a more extensive form of
the more centrally located form of RP1-associated disease. This is illustrated by the visual acuity
in the adRP patients that can remain relatively preserved even in advanced RP cases as well as
the different predominantly affected photoreceptors
The phenotype is, to a large extent, determined by the location and severity of the mutations
in the RP1 gene. Several classifications of mutations have been proposed.7,21,22 In Supplementary
Figure S1, we provide the latest overview of mutations and their location. The mutations
responsible for adRP reside in a hotspot region in exon 4 between amino acid residues 500 and
1053, and are expected to result in a truncated protein with dominant-negative activity.8 In
contrast, arRP is caused by the presence of two nonsense or frameshift mutations in RP1.
Patients with arMD/arCRD carry a heterozygous variant that is expected to have a mild effect
on protein function (p.Phe180Cys, p.Val190Gly, or p.Arg1933*) in combination with a more severe
nonsense or frameshift mutation, or a combination of two predicted mild variants such as p.
Gln1916* and p.Arg1933* in family 1 and the compound heterozygous missense variants (p.
Tyr41His and p.Leu172Arg) reported by Ellingford et al. in a single MD patient (Figure 1).9 The
p.Arg1933* variant—a recurrent variant in the Japanese population (allele frequency: 0.6%)—
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does not cause a retinal dystrophy in homozygous carriers, at least not before the age of 80
years.10 Although, in combination with a pathogenic variant such as p.Glu334fs*22, p.
Tyr1352Alafs*9 or another likely hypomorphic variant p.Gln1916*, the effect of this hypomorphic
allele seems to be sufficient to cause retinal disease (Figure 1).
Although these findings are consistent within our study, there are reports, albeit with limited
clinical information, that conflict with our findings. For example, p.Arg1933* was found in trans
with the p.Tyr834* nonsense variant in a patient with arRP.23 In addition, other previously
reported variants, such as p.D202E, p.I1988Nfs*3, and p.I2061Sfs*12, could also be predicted to
be mild or hypomorphic variants considering their location; however, they have been associated
with arRP, although the clinical phenotype has not been described in detail.23-25 The explanation
for this clinical heterogeneity remains to be elucidated, but might be explained by additional
(genetic-) modifying factors, the presence of a structural variant or a variant in the non-coding
regions of RP1, pathogenic variants in another RP gene, or inaccurate phenotyping, the latter
of which should be considered particularly in advanced RP and CRD, in which the distinction
can be difficult and depends on patients’ self-reported disease course. A potential genetic
modifier for RP1-associated disease may be RP1L1, because these proteins have synergistic
roles in the photoreceptor axoneme.26 However, we did not find any rare variants in the RP1L1,
although intronic or structural variants cannot be excluded (Supplementary Table S2).
RP1 is an interesting candidate for gene therapy, because of its relatively high prevalence in RP.1
However, important challenges must be overcome before gene therapy for RP1 can reach the
clinic. For example, knowledge about the natural course of the disease is required to be able
to evaluate treatment efficacy, particularly in view of the different phenotypes. In addition, in
case of gene augmentation therapy, the maximum cargo capacity of the AAVs (~4.7 kb) is too
limited to fit the RP1 gene (6.5 kb),27,28 and the optimal expression levels of the RP1 protein need
to be determined.8 This could be more important than previously anticipated if our hypothesis
that a hypomorphic variant in combination with a deleterious variant causes arMD/arCRD is
correct. Insufficient dosage of the RP1 gene by gene transfer may mimic this condition and
could in that case result in the development of an iatrogenic MD. Obviously, this would be a
serious concern when treating arRP patients with preserved macular function with the goal to
halt the progression of central visual field loss. Although patients with adRP might also benefit
from an elevation of wild-type RP1 levels,8 the mutant protein that possesses dominant negative
activity remains present in the cell and competes with the wild-type. Therefore, other genetic
therapies such as treatment with antisense oligonucleotides, of which proof-of-concept has
been shown in an animal model with RHO-associated RP,29 or genome editing may be alternative
approaches.
In conclusion, mutations in the RP1 gene can lead to different clinical phenotypes, varying from
RP to arMD/arCRD, depending on the residual RP1 function. Together, these dystrophies form
a spectrum of RP1-associated phenotypes that can be clinically distinguished from each other
based on the clinical findings, inheritance pattern, age of onset and disease course. However,
additional longitudinal studies are essential to improve the diagnostic process and to study
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the role of potential modifiers. With the advent of novel therapeutic options such as gene
therapy, recognition of the entire clinical spectrum associated with RP1 mutations is essential
to aid the selection of patients eligible for treatment, and to evaluate the effect of the treatment
provided.
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In all families, genomic DNA was extracted from peripheral lymphocytes according to standard
procedures. The proband of family A was initially screened for variants in the ABCA4, CNGB3
(exon 10), MFSD8 (p.E336Q/p.D368H/p.E381*), and PRPH2 genes. Sanger sequencing of these
genes revealed no disease-associated variants. Subsequently, whole exome sequencing (WES)
was performed in the 3 affected siblings and their unaffected brother. WES capture was obtained
using Nimblegen SegCap EZ Exome v2 kit (Roche Nimblegen, Inc., Madison WI) on Illumina
HiSeq sequencer using TruSeq V3 chemistry (Illumina, Inc. San Diego, CA), followed by
downstream quality control and genotyping of the samples, as previously described.1 We
selected candidate variants based on their segregation with the disease phenotype, their
presence in all three affected siblings, their function (nonsynonymous, presumed loss of
function or splicing variants located in coding or near-splice site regions), and minor allele
frequency less than 1% in the public databases dbSNP, 1000 Genomes Project, Exome Variant
Server, and GoNL. Sanger sequencing was performed to confirm all single-nucleotide variants
of interest. Finally, we used restriction enzymes to confirm that variants were located on different
alleles.
Exome sequencing in patients B-II:8, H-II:2, I-II:2, M-II:2, P-II:13 and Q-III:4 was performed in a
certified diagnostic laboratory.2 In patients B-II:8, M-II:2, P-II:13 and Q-III:4, the exome was
enriched using Agilent’s SureSelectXT Human All Exon 50Mb Kit (Agilent Technologies, Santa
Clara, CA, USA). Subsequently, next-generation sequencing using an Illumina HiSeq sequencer
(Illumina, Inc. San Diego, CA), read alignment to the human reference genome (Genome
Reference Consortium Human Reference 37/hg19) using Burrows-Wheeler Aligner (BWA), and
variant calling with the Genome Analysis Toolkit (GATK) were performed at BGI-Europe
(Copenhagen, Denmark). After the copy number variants were detected using CoNIFER 0.2.0,
variants were annotated with a custom designed in-house annotation strategy. The exome data
was analyzed using a vision gene filter consisting of 342 (version DG-2.4.1), 366 (version DG-2.8),
or 395 genes (version DG-2.11), in patients P-II:13, B-II:8 and M-II:2/Q-III:4, respectively (https://
www.radboudumc.nl/en/patientenzorg/onderzoeken/exome-sequencing-diagnostics/
exomepanelspreviousversions/vision-disorders; Supplemental Table 1). Segregation analysis
of the candidate variants of patient B-II:8 was performed in the son and affected sister. In
patients H-II:2 and I-II:2 the DNA was enriched using Roche/NimbleGen’s SeqCap EZ Human
Exome Library v.3.0 (Roche NimbleGen, Basel, Switzerland). Subsequently, next-generation
sequencing was performed on a Illumina HiSeq2500TM sequencer, read sequences were
mapped to the human reference genome (GRCh37/hg19) using BWA version 0.7.5, and variants
called with GATK. Detected variants were analysed in Cartagenia 3.0 applying a vision-related
gene filter consisting of 220 genes (https://sph.uth.edu/RetNet/sum-dis.htm#B-diseases; June
2014).
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In patients O-II:1, R-II:2 and S-III:4, targeted panel sequencing covering 256 vision-related genes
(patient R-II:2) or 266 genes (patients O-II:1 and S-III:4) was performed in a certified DNA
diagnostic laboratory (Supplemental Table 1). The DNA was enriched using the Nimblegen
SeqCap easy choice (OID 42193, version BHv2 or OID 43443, version BHv3), after which nextgeneration sequencing was performed on a MiSeq sequencer using MiSeq Reagent Kit v2
(Illumina, Inc. San Diego, CA), reads were aligned to the human reference genome (GRCh37.
hg19) using BWA, and variants were called using the GATK. Sanger sequencing was performed
for all areas with a coverage below 30 reads.
Mutational screening in patient N-III:9 was performed using an arrayed primer extension (APEX)
microarray chip (Asper, Biotech, Tartu, Estonia) for autosomal dominant RP (version 3.0:
containing 414 variants in 16 genes), according to a previously described protocol.3 All variants
detected by microarray analysis were verified by direct sequencing. Patients C–G and J–L had
their RP1 open reading frame screened by means of Sanger sequencing as previously reported.4
In addition, except for patient G-II:2, molecular inversion probes (MIPs) were used to exclude
variants in 109 other known inherited retinal dystrophy genes in patient C–F, J and K,4 and
targeted re-sequencing containing 83 non-syndromic RP genes was performed in patient L-II:2
(Supplemental Table 1). The pathogenicity of novel missense variants was assessed combining
co-segregation analysis and in silico prediction tools, including SIFT and Polyphen-2, and by
using the PhyloP, CADD-PHRED and Grantham scores.
In addition, we performed an extensive review of the literature (PubMed: accessed April 12,
2018) to identify all known mutations in the RP1 gene (including those reported herein) that
have been associated with hereditary retinal dystrophies.
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We performed an extensive review of the literature (PubMed:
accessed April 12, 2018) to identify all known mutations in the
RP1 gene (including those reported herein) that have been
associated with hereditary retinal dystrophies.
Schematic representation of the mutations in the RP1 gene and
their location. Mutations that have been associated with
autosomal dominant RP are indicated left from the gene,
whereas mutations that have been associated with autosomal
recessive RP, MD or CRD are indicated on the right side. The
portion of the gene that encodes the doublecortin (DCX) and a
region homologous to the Drosophila melanogaster bifocal
(BIF) domain, are indicated with the striped and checkered
pattern, respectively. Mutations indicated with an arrowhead
represent novel mutations that are identified in this study.
†
Missense mutation with uncertain pathogenicity.
The mutations can be divided into 6 groups: group 1 mutations
(in grey) reside in a hotspot region in exon 4 and are expected
to result in a truncated protein with dominant-negative activity;
group 2 (orange) includes protein-truncating mutations located
in exon 2 and 3, whose transcripts are thought to be subject to
nonsense mediated decay (NMD); group 3 (red) encompasses
protein-truncating mutations in the proximal part of exon 4;
group 4 (green) includes mutations in exon 4 which, considering
their location, could lead to autosomal dominant RP, yet they
are not pathogenic in a heterozygous state; group 5 (purple)
includes protein-truncation mutations in the distal part of exon
4 with residual function; group 6 (black) containse missense
variants.

Schematic representation of the mutations in the RP1 gene and their location. Mutations that have been associated w
autosomal dominant RP are indicated left from the gene, whereas mutations that have been associated with autosom
RP, MD or CRD are indicated on the right side. The portion of the gene that encodes the doublecortin (DCX) and a reg
homologous to the Drosophila melanogaster bifocal (BIF) domain, are indicated with the striped and
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Supplementary Tables

Table S1. Gene lists of the genetic tests performed in this study.
Test

MIPs
screening

Targeted
Targeted panel
re-sequencing

Version

BHv2

BHv3

Exome sequencing, vision gene filter
Version
DG-2.4.1

Version
DG-2.8

Version
DG-2.11

Performed
in patient:

C–F, J and K

L

R

O and S

H and I

P

B

M and Q

Total
number of
genes

109

83

256

266

220

342

366

395

ABCA4

ABCA4

ABCA4

ABCA4

ABCA4

ABDH12

ADIPOR1

ABCB6

ABCB6

ABCC6

ADAM9

AGBL5

ABCC6

ABCC6

ABHD12

ADAMTS18

ARL2BP

ABHD12

ABHD12

ACBD5

https://www.radboudumc.nl/
en/patientenzorg/
onderzoeken/exomesequencing-diagnostics/
exomepanelspreviousversions/
vision-disorders

AIPL1

ARL3

ACO2

ACO2

ADAM9

ARL2BP

ARL6

ADAM9

ADAM9

ADAMTS18

ARL6

BBS1

ADAMTS18

ADAMTS18

ADGRA3

BBS1

BBS2

AHI1

AHI1

ADGRV1

BBS2

BEST1

AIPL1

AIPL1

AHI1

BEST1

C2orf71

ALMS1

ALMS1

AIPL1

C21orf2

C8orf37

AP3B1

AP3B1

ALMS1

C2orf71

CA4

ARL2BP

ARL2BP

ARL2BP

C8orf37

CERKL

ARL6

ARL6

ARL6

CA4

CLRN1

ATF6

ATF6

ARMS2

CABP4

CNGA1

ATXN7

ATXN7

ATXN7

CACNA1F

CNGB1

BBIP1

BBIP1

ATXN7

CACNA2D4

CRB1

BBS1

BBS1

BBIP1

CDHR1

CRX

BBS10

BBS10

BBS1

CEP290

CYP4V2

BBS12

BBS12

BBS10

CERKL

DHDDS

BBS2

BBS2

BBS12

CHM

DHX38

BBS4

BBS4

BBS2

CLN3

EMC1

BBS5

BBS5

BBS4

CLRN1

EYS

BBS7

BBS7

BBS5

CNGA1

FAM161A

BBS9

BBS9

BBS7

CNGA3

FSCN2

BCOR

BCOR

BBS9

CNGB1

GPR125

BEST1

BEST1

BEST1

CNGB3

GUCA1B

BLOC1S3

BLOC1S3

C12orf65

CNNM4

HGSNAT

BLOC1S6

BLOC1S6

C1QTNF5

CRB1

HK1

BMP4

BMP4

C21orf2

CRX

IDH3B

C10orf11

C10orf11

C2orf71

CYP4V2

IFT140

C12orf65

C12orf65

C8orf37

DHDDS

IFT172

C1QTNF5

C1QTNF5

CA4
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MIPs
screening

Targeted
Targeted panel
re-sequencing

Version

BHv2

BHv3

Exome sequencing, vision gene filter
Version
DG-2.4.1

DTHD1

IMPDH1

C21orf2

C21orf2

CABP4

EMC1

IMPG2

C2orf71

C2orf71

CACNA1F

EYS

KIAA1549

C5ORF42

C5ORF42

CACNA2D4

FAM161A

KIZ

C8orf37

C8orf37

CAPN5

FSCN2

KLHL7

CA4

CA4

CC2D2A

GPR125

LRAT

CABP4

CABP4

CDH23

GUCA1A

MAK

CACNA1F

CACNA1F

CDH3

GUCA1B

MERTK

CACNA2D4

CACNA2D4

CDHR1

GUCY2D

MVK

CAPN5

CAPN5

CEP164

IDH3B

NEK2

CC2D2A

CC2D2A

CEP290

IMPDH1

NEUROD1

CDH23

CDH23

CERKL

IMPG1

NR2E3

CDH3

CDH3

CFB

IMPG2

NRL

CDHR1

CDHR1

CFH

IQCB1

OFD1

CEP164

CEP164

CHM

ITM2B

PDE6A

CEP250

CEP250

CIB2

KCNJ13

PDE6B

CEP290

CEP290

CLN3

KCNV2

PDE6G

CEP41

CEP41

CLRN1

KIAA1549

POMGNT1

CERKL

CERKL

CNGA1

KLHL7

PRCD

CFH

CFH

CNGA3

LCA5

PROM1

CHM

CHM

CNGB1

LRAT

PRPF3

CIB2

CIB2

CNGB3

MAK

PRPF31

CLN3

CLN3

CNNM4

MERTK

PRPF4

CLRN1

CLRN1

COL11A1

MFRP

PRPF6

CNGA1

CNGA1

COL2A1

MIP

PRPF8

CNGA3

CNGA3

COL9A1

NEK2

PRPH2

CNGB1

CNGB1

CRB1

NMNAT1

RBP3

CNGB3

CNGB3

CRX

NR2E3

RDH12

CNNM4

CNNM4

CSPP1

NRL

RGR

COL11A1

COL11A1

CYP4V2

OFD1

RHO

COL2A1

COL2A1

DFNB31

OTX2

RLBP1

COL9A1

COL9A1

DHDDS

PDE6A

ROM1

COL9A2

COL9A2

DHX38

PDE6B

RP1

CRB1

CRB1

DTHD1

PDE6C

RP1L1

CRX

CRX

EFEMP1

PDE6G

RP2

CSPP1

CSPP1

ELOVL4

PDE6H

RP9

CYP4V2

CYP4V2

EMC1

Version
DG-2.8

Version
DG-2.11
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Table S1. Continued
Test

MIPs
screening

Targeted
Targeted panel
re-sequencing

Version
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BHv2

BHv3

Exome sequencing, vision gene filter
Version
DG-2.4.1

PDZD7

RPE65

DFNB31

DFNB31

ERCC6

PITPNM3

RPGR

DHDDS

DHDDS

EYS

PRCD

SAG

DHX38

DHX38

FAM161A

PROM1

SEMA4A

DRAM2

DRAM2

FBLN5

PRPF3

SLC7A14

DTHD1

DTHD1

FLVCR1

PRPF31

SNRNP200

DTNBP1

DTNBP1

FZD4

PRPF6

SPATA7

EFEMP1

EFEMP1

GDF6

PRPF8

SPP2

ELOVL4

ELOVL4

GNAT1

PRPH2

TOPORS

EMC1

EMC1

GNAT2

RAB28

TRNT1

EYS

EYS

GNPTG

RAX2

TTC8

FAM161A

FAM161A

GPR179

RBP3

TULP1

FLVCR1

FLVCR1

GRK1

RD3

USH2A

FOXE3

FOXE3

GRM6

RDH12

ZNF408

FSCN2

FSCN2

GUCA1A

RDH5

ZNF513

FZD4

FZD4

GUCA1B

RGR

GDF6

GDF6

GUCY2D

RHO

GNAT1

GNAT1

HARS

RIMS1

GNAT2

GNAT2

HMCN1

RLBP1

GNPTG

GNPTG

HTRA1

ROM1

GPR125

GPR125

IDH3B

RP1

GPR143

GPR143

IFT140

RP1L1

GPR179

GPR179

IFT27

RP2

GPR98

GPR98

IMPDH1

RP9

GRK1

GRK1

IMPG1

RPE65

GRM6

GRM6

IMPG2

RPGR

GUCA1A

GUCA1A

INPP5E

RPGRIP1

GUCA1B

GUCA1B

INVS

SAG

GUCY2D

GUCY2D

IQCB1

SEMA4A

HARS

HARS

ITM2B

SNRNP200

HCCS

HCCS

JAG1

SPATA7

HGSNAT

HGSNAT

JAG1

TOPORS

HK1

HK1

KCNJ13

TTC8

HMX1

HMX1

KCNV2

TULP1

HPS1

HPS1

KIF11

UNC119

HPS3

HPS3

KIZ

USH1C

HPS4

HPS4

KLHL7

USH2A

HPS5

HPS5

LCA5

VCAN

HPS6

HPS6

LRAT

Version
DG-2.8

Version
DG-2.11
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Table S1. Continued
MIPs
screening

Version

Targeted
Targeted panel
re-sequencing

Exome sequencing, vision gene filter

BHv2

BHv3

Version
DG-2.4.1

WDR19

IDH3B

IDH3B

LRIT3

ZNF408

IFT140

IFT140

LRP5

ZNF513

IFT172

IFT172

LZTFL1

IFT27

IFT27

MAK

IMPDH1

IMPDH1

MERTK

IMPG1

IMPG1

MFN2

IMPG2

IMPG2

MFRP

INPP5E

INPP5E

MKKS

INVS

INVS

MKS1

IQCB1

IQCB1

MTTP

ITM2B

ITM2B

MVK

JAG1

JAG1

MYO7A

KCNJ13

KCNJ13

NDP

KCNV2

KCNV2

NEK2

KIAA1549

KIAA1549

NMNAT1

KIF11

KIF11

NPHP1

KIZ

KIZ

NPHP3

KLHL7

KLHL7

NPHP4

LCA5

LCA5

NR2E3

LRAT

LRAT

NR2F1

LRIT3

LRIT3

NRL

LRP5

LRP5

NYX

LYST

LYST

OAT

LZTFL1

LZTFL1

OFD1

MAK

MAK

OPA1

MC1R

MC1R

OPA3

MERTK

MERTK

OPN1LW

MFN2

MFN2

OPN1MW

MFRP

MFRP

OPN1SW

MIR204

MIR204

OTX2

MITF

MITF

PANK2

MKKS

MKKS

PAX2

MKS1

MKS1

PCDH15

MLPH

MLPH

PCYT1A

MMACHC

MMACHC

PDE6A

MTTP

MTTP

PDE6B

MVK

MVK

PDE6C

MYO5A

MYO5A

PDE6G

Version
DG-2.8

Version
DG-2.11
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Table S1. Continued
Test
Version
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MIPs
screening

Targeted
Targeted panel
re-sequencing

Exome sequencing, vision gene filter

BHv2

BHv3

Version
DG-2.4.1

MYO7A

MYO7A

PDE6H

NDP

NDP

PDZD7

NEK2

NEK2

PEX1

NEUROD1

NEUROD1

PEX2

NMNAT1

NMNAT1

PEX7

NPHP1

NPHP1

PGK1

NPHP3

NPHP3

PHYH

NPHP4

NPHP4

PITPNM3

NR2E3

NR2E3

PLA2G5

NR2F1

NR2F1

PRCD

NRL

NRL

PROM1

NYX

NYX

PRPF3

OAT

OAT

PRPF31

OCA2

OCA2

PRPF4

OFD1

OFD1

PRPF6

OPA1

OPA1

PRPF8

OPA3

OPA3

PRPH2

OPN1LW

OPN1LW

RAB28

OPN1MW

OPN1MW

RAX2

OPN1SW

OPN1SW

RB1

OR2W3

OR2W3

RBP3

OTX2

OTX2

RBP4

PANK2

PANK2

RD3

PAX2

PAX2

RDH11

PCDH15

PCDH15

RDH12

PCYT1A

PCYT1A

RDH5

PDE6A

PDE6A

RGR

PDE6B

PDE6B

RGS9

PDE6C

PDE6C

RGS9BP

PDE6G

PDE6G

RHO

PDE6H

PDE6H

RIMS1

PDZD7

PDZD7

RLBP1

PEX1

PEX1

ROM1

PEX2

PEX2

RP1

PEX7

PEX7

RP1L1

PGK1

PGK1

RP2

PHYH

PHYH

RP9

PITPNM3

PITPNM3

RPE65

Version
DG-2.8

Version
DG-2.11
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Table S1. Continued

Version

MIPs
screening

Targeted
Targeted panel
re-sequencing

Exome sequencing, vision gene filter

BHv2

BHv3

Version
DG-2.4.1

PLA2G5

PLA2G5

RPGR

POC1B

POC1B

RPGRIP1

PRCD

PRCD

RPGRIP1L

PROM1

PROM1

RS1

PRPF3

PRPF3

SAG

PRPF31

PRPF31

SDCCAG8

PRPF4

PRPF4

SEMA4A

PRPF6

PRPF6

SLC24A1

PRPF8

PRPF8

SLC7A14

PRPH2

PRPH2

SNRNP200

PXDN

PXDN

SPATA7

RAB27A

RAB27A

TEAD1

RAB28

RAB28

TIMM8A

RBP3

RBP3

TIMP3

RBP4

RBP4

TLR3

RD3

RD3

TLR4

RDH11

RDH11

TMEM126A

RDH12

RDH12

TMEM237

RDH5

RDH5

TOPORS

RGR

RGR

TREX1

RGS9

RGS9

TRIM32

RGS9BP

RGS9BP

TRPM1

RHO

RHO

TSPAN12

RIMS1

RIMS1

TTC8

RLBP1

RLBP1

TTLL5

ROM1

ROM1

TTPA

RP1

RP1

TUB

RP1L1

RP1L1

TULP1

RP2

RP2

UNC119

RP9

RP9

USH1C

RPE65

RPE65

USH1G

RPGR

RPGR

USH2A

RPGRIP1

RPGRIP1

VCAN

RPGRIP1L

RPGRIP1L

WDPCP

RS1

RS1

WDR19

SAG

SAG

WFS1

SDCCAG8

SDCCAG8

ZNF423

SEMA4A

SEMA4A

ZNF513

Version
DG-2.8

Version
DG-2.11

Chapter 4.1

Test

211

CHAPTER 4.1

Table S1. Continued
Test
Version

212

MIPs
screening

Targeted
Targeted panel
re-sequencing
BHv2

BHv3

SIX6

SIX6

SLC24A1

SLC24A1

SLC24A5

SLC24A5

SLC38A8

SLC38A8

SLC45A2

SLC45A2

SLC7A14

SLC7A14

SNRNP200

SNRNP200

SPATA7

SPATA7

TEAD1

TEAD1

TIMM8A

TIMM8A

TIMP3

TIMP3

TMEM126A

TMEM126A

TMEM237

TMEM237

TMEM67

TMEM67

TOPORS

TOPORS

TREX1

TREX1

TRIM32

TRIM32

TRPM1

TRPM1

TSPAN12

TSPAN12

TTC8

TTC8

TTLL5

TTLL5

TUB

TUB

TULP1

TULP1

TYR

TYR

TYRP1

TYRP1

UNC119

UNC119

USH1C

USH1C

USH1G

USH1G

USH2A

USH2A

VCAN

VCAN

WDPCP

WDPCP

WDR19

WDR19

WFS1

WFS1

ZNF408

ZNF408

ZNF423

ZNF423

ZNF513

ZNF513

Exome sequencing, vision gene filter
Version
DG-2.4.1

Version
DG-2.8

Version
DG-2.11
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Table S2. Rare genetic variants in other inherited retinal dystrophy genes in patients with arMD/arCRD.
Patient

Gene

A-II:2

SLC24A1

65944011

c.2797T>G

p.Ser933Ala

-

ADGRV1

90106175

c.15098T>C

p.Phe5033Ser

-

MYO7A

76919484

c.5866G>A

p.Val1956Ile

rs142293185

SLC24A1

65944011

c.2797T>G

p.Ser933Ala

-

ADGRV1

90106175

c.15098T>C

p.Phe5033Ser

-

MYO7A

76919484

c.5866G>A

p.Val1956Ile

rs142293185

SLC24A1

65944011

c.2797T>G

p.Ser933Ala

-

ADGRV1

90106175

c.15098T>C

p.Phe5033Ser

-

MYO7A

76919484

c.5866G>A

p.Val1956Ile

rs142293185

A-II:4

A-II:5

Genomic start
position

Nucleotide
change

Protein change

SNP ID

B-II:3

Unknown

B-II:8

POMGNT1

46655585

c.1726G>A

p.Val576Met

rs142895576

USH2A

215972392

c.9815C>T

p.Pro3272Leu

rs764182950

ADGRV1

89948189

c.3443G>A

p.Gly1148Asp

rs200945405

SEMA4A

156144730

c.1433A>G

p.Gln478Arg

-

IMPG1

76751697

c.214G>A

p.Ala72Thr

rs769499134

C-II:2

D-II:1

E-II:2

ADGRA3

22390250

c.3044T>C

p.Leu1015Ser

rs201588033

TULP1

35467892

c.1361C>T

p.Thr454Met

rs138200747

NEK2

211846971

c.409G>A

p.Val137Ile

rs151049149

GUCA1A

42147086

c.551A>G

p.Gln184Arg

rs149998844

KIAA1549

138546067

c.5065T>A

p.Ser1689Thr

-

RBP3

48381942

c.3707G>A

p.Arg1236Lys

-

SPATA7

88894018

c.890A>T

p.Asp297Val

rs769211713

SPATA7

88897520

c.1033A>G

p.Met345Val

rs375371982

65300863

c.7919G>A

p.Trp2640X

rs527236066

F-II:3

No other rare variants

G-II:2

EYS

H-II:2

No other rare variants

ExAC: Exome Aggregation Consortium. a Frequency is based on a non-Finnish European population. b Frequency is based on a
East-Asian population. SIFT: Sorting Intolerant from Tolerant. D: Deleterious (score ≤0.05); T: tolerated (score >0.05). PolyPhen2
HDIV: Polymorphism Phenotyping version 2. D: Probably damaging (score ≥0.957), P: possibly damaging (0.453≤ score ≤0.956);
B: benign (score ≤ 0.452). PhyloP score: predicted pathogenic ≥2.7 (range -14.1–6.4).1 CADD: Combined Annotation Dependent
Depletion (PHRED = scaled CADD-score; CADD-PHRED score of 10 means 10% most deleterious variants, 20 = 1% most deleterious,
30 = 0.1% most deleterious, etc.) (https://cadd.gs.washington.edu/). Grantham score: predicted pathogenic ≥80 (range 0–215).2
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gnomAD

Prediction algorithms

Remarks

SIFT

Polyphen2
HDIV

PhyloP

CADD-PHRED Grantham
score

-

T (0.19)

B (0.076)

0.948

15.35

99

0.00001562a

T (0.21)

B (0.223)

1.858

23

155

0.005451a

T (0.2)

B (0.007)

3.52

17.42

29

Also present in unaffected sibling A-II:3

-

T (0.19)

B (0.076)

0.948

15.35

99

Also present in unaffected sibling A-II:3

0.00001562a

T (0.21)

B (0.223)

1.858

23

155

0.005451a

T (0.2)

B (0.007)

3.52

17.42

29

Also present in unaffected sibling A-II:3

-

T (0.19)

B (0.076)

0.948

15.35

99

Also present in unaffected sibling A-II:3

0.00001562a

T (0.21)

B (0.223)

1.858

23

155

0.005451a

T (0.2)

B (0.007)

3.52

17.42

29

0.00002644a

T (0.07)

D (0.979)

5.868

25.7

21

0.00004406a

D (0.02)

D (0.999)

5.59

32

98

0.002529

D (0)

D (0.992)

6.374

27

94

-

T (0.23)

B (0.042)

2.902

23.3

43

0.000b

T (0.4)

B (0.009)

-0.556

12.23

58

0.0003822

D (0)

B (0.287)

4.867

24.9

145

0.00005012b

D 0.01)

B (0.375)

1.688

23.5

81

0.0001503b

T (0.46)

B (0.242)

6.033

22.2

29

0.001308

T (0.4)

B (0.027)

3.762

21.5

43

-

D (0)

D (0.998)

4.577

27.3

58

0.002812b

T (1)

B (0.039)

0.798

8.087

26

0.0003519

D (0.01)

P (0.448)

2.282

22.5

152

0.0007517b

T (1)

B (0)

-2.847

0.001

21

b

b

b

Also present in unaffected sibling A-II:3

Chapter 4.1

a

Also present in unaffected sibling A-II:3

Predicted to be benign

-
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Table S3. Characteristics of the patients included in this study, stratified by disease.
Characteristics

arMD/arCRD
(n=11)

arRP
(n=5)

adRP
(n=6)

Total
(n=22)

Mean age of onset, years ± SD (range)

40.3 ± 13.1
(14-56)

8.8 ± 3.1
(5-12)

26.2 ± 8.2
(18-40)

29.4 ± 16.6
(5-56)

Mean age at latest examination, years ± SD (range)

53.3 ± 17.2
(18-77)

33.0 ± 16.2
(13-52)

48.0 ± 13.8
(35-72)

47.3 ± 17.4
(13-77)

• Caucasian

6/11 (55)

2/5 (40)

4/6 (67)

12/22 (55)

• East Asian

5/11 (45)

3/5 (60)

1/6 (17)

9/22 (41)

• African

0/11 (0)

0/5 (0)

1/6 (17)

1/22 (5)

• Decrease of VA

10/11 (91)

0/5 (0)

0/6 (0)

10/22 (45)

• Metamorphopsia

2/11 (18)

0/5 (0)

0/6 (0)

1/22 (5)

• Photophobia

1/11 (9)

0/5 (0)

0/6 (0)

1/22 (5)

• Night blindness

2/11 (18)

5/5 (100)

6/6 (100)

14/22 (64)

0/6 (0)

7/22 (32)

Origin, n (%)

Reported first symptom, n (%)

Photophobia, n (%)

7/11 (64)

0/5 (0)

-3.2 ± 3.0
(-9.50 to -0.25)

-4.1 ± 3.1
(-9.00 to -0.63)

2/11 (18)

1/5 (20)

1/6 (17)

• Moderate myopia (-3D > SER ≥ -6D), n (%)

1/11 (9)

2/5 (40)

3/6 (60)

6/22 (27)

• Mild myopia (-0.75D > SER ≥ -3D), n (%)

7/11 (64)

2/5 (40)

1/6 (17)

10/22 (45)

• ≥-0.75D, n (%)

1/11 (9)

0/5 (0)

2/6 (33)

2/22 (9)

5/11 (45)

3/4 (75)

1/6 (17)

9/21 (43)

• Pseudophakic

0/11 (0)

1/4 (25)

3/6 (50)

4/21 (19)

• No cataract

6/11 (55)

0/4 (0)

2/6 (33)

8/21 (38)

• Macular atrophy

8/11 (73)

4/5 (80)

4/6 (67)

16/22 (73)

• Bull’s eye maculopathy

2/11 (18) ‡

0/5 (0)

0/6 (0)

2/22 (9)

• Peripheral RPE atrophy

0/11 (0)

5/5 (100)

6/6 (100)

11/22 (50)

2/11 (18) §

5/5 (100)

6/6 (100)

13/22 (59)

Mean refractive error, diopters (range),
SER, D (n=22)
•	High myopia (<-6D), n (%)

-3.6 ± 4.1
-3.5 ± 3.2
(-10.00 to +4.00) (-10.00 to +4.00)
4/22 (18)

At the most recent examination:
Lens status, n (%) (n=21)
• Cataract

Fundoscopic examination, n (%)

• Bone spicule pigmentation
• Optic disc pallor

0/11 (0)

5/5 (100)

4/6 (67)

9/22 (41)

• Vascular attenuation

4/11 (36)

5/5 (100)

6/6 (100)

15/22 (68)

OCT: intact foveal photoreceptors

3/11 (27)†

3/5 (60)†

6/6 (100)†

12/22 (55)

• (Sub)normal

7/11 (64)

0/4 (0)

0/5 (0)

7/20 (35)

• Moderately reduced

2/11 (18)

0/4 (0)

0/5 (0)

2/20 (10)

• Severely reduced

2/11 (18)

1/4 (25)

0/5 (0)

3/20 (15)

• Nonrecordable

0/11 (0)

3/4 (75)

5/5 (100)

9/20 (45)

Scotopic ERG, n (%) (n=20)

Photopic ERG, n (%) (n=20)
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Table S3. Continued
Characteristics

arMD/arCRD
(n=11)

arRP
(n=5)

adRP
(n=6)

Total
(n=22)

• (Sub)normal

3/11 (27)

0/4 (0)

0/5 (0)

3/20 (15)

• Moderately reduced

6/11 (55)

0/4 (0)

0/5 (0)

6/20 (30)

• Severely reduced

2/11 (18)

2/4 (50)

2/5 (40)

5/20 (25)

• Nonrecordable

0/11 (0)

2/4 (50)

3/5 (60)

6/20 (30)

• Central scotoma

9/11 (82)

0/4 (0)

0/6 (0)

9/21 (43)

• Constricted VF ≥10°

3/11 (27)

1/4 (25)

4/6 (67)

8/21 (38)

• Constricted VF <10°

0/11 (0)

3/4 (75)

2/6 (33)

5/21 (24)

adRP = autosomal dominant retinitis pigmentosa; arRP = autosomal recessive retinitis pigmentosa; arCRD = autosomal recessive
cone-rod dystrophy; arMD = autosomal recessive macular dystrophy; ND = non-recordable; SER = spherical equivalent refraction;
VA = visual acuity; VF = visual field.
§
Nummular hyperpigmentation in the left eye of patient F-II:3 and G-II:2.
‡
Bull’s eye maculopathy in the left eye of patient B-II:8 and chorioretinal atrophy in the right eye.
†
Intact foveal photoreceptors in one eye; the right eye of patient J-II:2, and the left eye of patient B-II:3, B-II:8 and O-III-9.
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Pollard KS, Hubisz MJ, Rosenbloom KR, Siepel A. Detection of nonneutral substitution rates on mammalian phylogenies.
Genome Res 2010;20(1):110-21.
Grantham R. Amino acid difference formula to help explain protein evolution. Science 1974;185(4154):862-4.
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CHAPTER 4.2

A bst ra ct
Purpose

To revisit theclinical diagnosis of a large Dutch family with autosomal dominant benign
concentric annular macular dystrophy (BCAMD) .
Methods

Ten affected family members were clinically evaluated, including extensive medical history
taking, slit-lamp biomicroscopy, ophthalmoscopy, kinetic perimetry, color fundus
photography, fundus autofluorescence imaging, spectral-domain optical coherence
tomography and electroretinography. Whole exome sequencing was performed in two
patients.
Results

The first symptom was night blindness (9/10 patients) or metamorphopsia (1/10 patients)
at a mean age of 29.3 years (standard deviation 8.66, range 17–45 years). The visual acuity
was initially preserved, but gradually deteriorated after the fourth decade of life. Despite
the fundus alterations which initially seemed limited to the macular area, ERG recordings
indicated panretinal disease in a rod-cone pattern. Over time, fundus abnormalities
typically for retinitis pigmentosa emerged. Whole exome sequencing analyses revealed
the p.Leu579Pro missense variant in IMPG1 as the single segregating variant within the
disease locus at 6p12.3-q16, which is predicted to be pathogenic by in silico prediction
tools, and is located in the SEA domain putatively resulting in a structural change in the
protein.
Conclusions

This study supports the causal role of the autosomal dominant p.Leu579Pro missense
change in IMPG1. Since the peripheral photoreceptors are already involved in early disease
stages, we propose to revise the diagnosis of BCAMD to IMPG1-associated retinitis
pigmentosa with relative early macular involvement. Consequently, IMPG1 should be added
to the list of genes associated with autosomal dominant retinitis pigmentosa.
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IMPG1 VARIANT CAUSES AUTOSOMAL DOMINANT RETINITIS PIGMENTOSA

Retinitis pigmentosa (RP) is considered a group of retinal disorders that shares a common
phenotype, although the underlying genetic cause varies greatly. With an estimated prevalence
of 1:4,000, RP is a major cause of visual impairment.1, 2 Patients generally present with complaints
of night blindness, followed by a gradual constriction of the visual field. The visual acuity is
typically preserved until late stages. The clinical findings may vary, but hallmark fundus signs
of RP include bone spicule pigmentation, attenuation of retinal vessels, and a waxy pallor of
the optic disc. There is a large genetic heterogeneity: more than 80 genes have been implicated
in non-syndromic RP.1 Several genetic subtypes have been associated with relative early macular
involvement and associated vision loss.1 Molecular genetic analysis to identify the correct
genetic subtype is therefore important, as this may help to better predict the clinical disease
course and identify patients eligible for emerging therapeutics at an early stage.
The interphotoreceptor matrix proteoglycan-1 (IMPG1) gene encodes the sialoprotein associated
with cones and rods (SPACR) protein, a glycoprotein located in the photoreceptor outer
segments and the interphotoreceptor matrix (IPM), the extracellular matrix that fills the
subretinal space.3-5 The IPM has an important function in many processes, including retinal
adhesion to the retinal pigment epithelium, growth factor presentation, photoreceptor
alignment, intercellular communication, and transport of nutrients and metabolites (e.g.
retinoids). It is not surprising that dysfunction of the IPM can underlie certain types of RP as well
as other forms of progressive retinal disease.6-12 SPACR is involved in the stabilization of the IPM
by binding to glycosaminoglycans such as hyaluronan, which form the basis of the insoluble
IPM scaffold, via its receptor for HA-mediated motility (RHAMM) HA-binding motif.3, 4 Moreover,
a recent study has shown that SPACR plays an important role in the development of
photoreceptors and the formation of the IPM.5
Pathogenic variants in the IMPG1 gene have been described in patients with autosomal dominant
and autosomal recessive vitelliform macular dystrophy,13-15 and has been suggested to cause a
generalized photoreceptor dystrophy.16 In 2004, Van Lith-Verhoeven et al. described a large Dutch
family with autosomal dominant benign concentric annular macular dystrophy (BCAMD),17 a term
coined by Deutman et al. in 1974.18 Although there was no definite molecular diagnosis, the
p.Leu579Pro missense change in IMPG1 was identified. The retinal dystrophy in this family was
described as a bull’s eye maculopathy, which eventually progressed to a RP-like phenotype.17 The
present study supports the causal role of the IMPG1 p.Leu579Pro missense variant in this family,
and we revise the original phenotype of BCAMD to RP with early macular involvement.

M ate r ia l s and m et h o ds
Patients and clinical evaluation
Ten affected family members from the previously described Dutch ‘BCAMD’ family were included
in this study (Figure 1). Written informed consent was obtained from all participants. The study
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adhered to the tenets of the Declaration of Helsinki, and was approved by the local ethics
committee. In addition to the available clinical data from the previous study, we performed
additional detailed ophthalmic examination in four patients from three different generations
(patient II:11, III:2, IV:1, and IV:3), which included best-correlated visual acuity, slit-lamp
biomicroscopy, ophthalmoscopy, and color fundus photography. We assessed the visual field
using a Goldmann perimeter and performed full-field electroretinography (ERG) recordings
according to the International Society for Clinical Electrophysiology of Vision (ISCEV) guidelines
using local standard values in our analysis.19 Additionally, spectral-domain optical coherence
tomography (SD-OCT; Spectralis HRA+OCT, Heidelberg Engineering, Heidelberg, Germany) and
fundus autofluorescence (FAF; HRA+OCT, Heidelberg, Germany) imaging was performed in
patient II:11, III:2 and IV:1.
Genetic analysis
DNA isolation and linkage analysis have been performed previously.17 Additionally, whole exome
sequencing was performed in patient IV:1 and IV:3 in a certified DNA diagnostic laboratory. 20
After the exome was enriched using Aligent’s SureSelectXT Human All Exon 50Mb Kit (Agilent
Technologies, Santa Clara, CA, USA), next-generation sequencing using an Illumina HiSeq
sequencer (Illumina, Inc. San Diego, CA) was performed at BGI-Europe (Copenhagen, Denmark).
Subsequently, sequence reads were alignment to the human reference genome (GrCH37/
reference 37/hg19) using Burrows-Wheeler Aligner, and variants were called with the Genome
Analysis Toolkit software. Finally, copy number variants were detected using CoNIFER 0.2.0,
and annotation was performed using a custom designed in-house annotation strategy.
The previously described 45.5 Mb linkage region 6p12.3-q16,17 was assessed in both patients
and candidate variants were prioritized based on their presence in both patients, minor allele
frequency of <0.5% in ExAC, dbSNP, gnomAD and the Nijmegen in-house database consisting
of 15,576 individuals. Remaining variants were assessed for their predicted effect on evolutionary
conservation (PhyloP and Grantham score), deleteriousness (CADD-PHRED) location in a
functional domain, and prediction of in silico prediction tools. Moreover, we used MetaDome,
a web server that maps population variation and makes use of protein domain homology within
the human genome, to explore the prevalence of the variant within human homologues.21
Variant modeling
No experimentally solved structure of IMPG1 was available, therefore we created a homology
model based on a Plasmodium Falciparum surface protein Pfs25 obtained from PDB file 6B0G.22
We used a standard modeling script in the WHAT IF & YASARA Twinset with default parameters
for modeling and subsequent analysis.23, 24 The model and template sequences show only 22%
identity over residues 554-597, which is just below the modeling threshold as has been defined
by Sander and Schnieder .25 The model should therefore be interpreted with caution.
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Figure 1. Pedigree of the family included in this study. The p.Leu579Pro pathogenic variant in IMPG1 segregates with the disease.
This pedigree is slightly updated compared to the pedigree in the previous article.16

Re s u l ts
Clinical findings
An overview of the individual clinical characteristics of the patients is provided in Table 1. The
mean age at which patients noticed their first symptom was 29.3 years (standard deviation 8.66;
range: 17–45 years). The first symptom they experienced was night blindness (9/10 patients) or
metamorphopsia (1/10 patients). Despite early macular abnormalities, the visual acuity only
deteriorated from the fourth to fifth decade. In two patients (patient II:3 and patient II:6, at the age
of 83 and 84, respectively) visual function was reduced to light perception. Patient III:2 was an
exception in that she had an amblyopic right eye with 20/60 vision and had retinal detachment
surgery in both left and right eye, at respectively age 14 and 17. Patient III:3 and IV:3 were diagnosed
with RP during screening, respectively 9 and 3 years before the disease became symptomatic. In
the first four decades of life, ophthalmoscopy showed fundus alterations ranging from macular
pigment alterations to a bull’s eye maculopathy, in few occasions accompanied by sparse bone
spicule pigmentation, pallor of the optic disc and attenuation of the retinal arterioles (Figure 2).
Over the years, disease progressed showing from the seventh decade onwards, profound macular
atrophy, attenuated retinal vessels, pallor of the optic disc and bone spicule pigmentation was
visible (Figure 2). Bone spicule pigmentation was generally sparse, except for patient III:2, who
showed profound bone spicule pigmentation at age 61 (Figure 2G). When available, SD-OCT and
FAF images revealed the loss of the outer retinal layers with sparing of the foveal photoreceptors
(patients II:11, III:2 (OS), IV:1 and IV:3) (Figure 2). Goldmann perimetry showed visual fields ranging
from normal to a (relative) ring scotoma, to severe constriction of the visual field. For example, in
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patient II:11, visual field testing showed a relative, partial ring scotoma at the age of 47 years, which
progressed to constriction of the visual field up to 20-30 degrees at the age of 67. In patient III:2,
the visual field was constricted with a central island measuring up to 10 degrees at age 61. ERG
responses were reduced in a rod-cone pattern (i.e., there was a slight predominance of rod
dysfunction above cone dysfunction) in all patients. In patient IV:1, at the age of 17, the responses
were only slightly abnormal as the scotopic responses were subnormal but the photopic responses
were still normal. However, an ERG 18 years later showed nonrecordable scotopic and reduced
photopic responses. An extensive overview of the clinical characteristics from 1974 to 2002 is
provided in Van Lith-Verhoeven et al.17

Figure 2. Multimodal images of three patients with IMPG1-associated RP. (A–C) Multimodal imaging of the left eye of patient IV:1
at the age of 35 years. (A) Composite fundus photograph showing a bull’s eye maculopathy, attenuated retinal arterioles and no
bone spicule pigmentation. (B) The fundus autofluorescence (FAF) image reveals an annular pattern of hypoautofluorescence in
the macula and two eyelash artefacts. (C) Spectral-domain optical coherence tomography (SD-OCT) image showing preserved
photoreceptor layers at the fovea. (D–F) Multimodal imaging of the right eye of patient II:11 at the age of 67. (D) Composite fundus
photograph showing profound macular atrophy, attenuated retinal vessels, pallor of the optic disc and bone spicule pigmentation
in the mid-periphery. (E) FAF image showing a speckled pattern of hyper- and hypoautofluorescence with a perifoveal ring of
absent autofluorescence. (F) SD-OCT imaging reveals an intact ellipsoid zone layer at the fovea, with surrounding atrophy of the
outer retinal layers. (G–I) Multimodal images of the right eye of patient III:2, at the age of 61 years. (G) Composite fundus photograph
showing profound bone spicule pigmentation in the mid-periphery, macular and peripapillary atrophy, attenuated retinal vessels,
waxy pallor of the optic disc, and atrophy in the nasal periphery. (H) FAF image reveals a central area of absent autofluorescence,
with a small zone of increased autofluorescence. (I) SD-OCT image showing a small, parafoveal zone with preservation of the
RPE layer that corresponds to the area with increased autofluorescence.
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Figure 3. Overview of IMPG1 gene, evolutionary conservation and effect on the IMPG1 structure of the IMPG1 pathogenic variant
p.Leu579Pro. (A) Schematic representation of the pathogenic variants in IMPG1 and their location. Pathogenic variants that have
been associated with autosomal dominant disease are indicated above the gene, whereas pathogenic variants that have been
associated with autosomal recessive disease are indicated below the gene. The missense variant described in this study causing
adRP is indicated in bold. The two variants depicted in normal font have been associated with vitelliform macular dystrophy.
The portion of the gene that encodes the SEA and EGF-like domain is indicated in grey or with a striped pattern, respectively. (B)
Evolutionary conservation of the mutated amino acid. Black boxes represent fully conserved amino acid residues, dark grey
boxes represent highly conserved amino acid residues, and light grey boxes indicate moderately conserved amino acid residues.
The p.Leu579Pro missense variant is located in a fully conserved region. (C) Visualization of the relatively flat IMPG1 structure
(residues 556–798) from the front and the side. The leucine residue at position 579 is indicated in red, and the two monomers
that form the dimer are indicated with different shades of grey. (D) Visualization of the p.Leu579Pro change in the IMPG1 structure.
The wild-type amino acid is shown in green, whereas the mutation amino acid is depicted in red. Destabilization of the structure
may occur by the change of the hydrophobic leucine to the smaller and more rigid proline.
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Table 1. Clinical features of the patients described in this study at their most recent visit.
ID/Sex/Age of
onset(y)/Age

Initial symptom

Visual
acuity

SER†

ERG results

RE
LE

RE
LE

Scot 0.01

Scot 3.0

Phot
3.0

Phot
30Hz
Flicker

II:3/F/34/83

Night blindness

LP
LP

6.00
6.00

NR
(54)

NR
(54)

SR
(54)

SR
(54)

II:6/F/unknown/84

Night blindness

LP
LP

0.38
plano

NR
(65)

NR
(65)

NR
(65)

NR (65)

II:9/F/45/60

Night blindness

20/25
20/25

2.50
3.13

NR

SR

SR

MR

II:11/M/32/67

Night blindness

20/40
20/32

Plano
-0.25

NR

NR

NR

NR

III:2/F/17/61

Night blindness

20/400
20/100

1.00
1.38

NR

NR

NR

NR

III:3/M/35/41

Metamorphopsia

20/15
20/40

unknown
unknown

NR

NR

N

N

III:5/F/24/39

Night blindness

20/20
20/15

2.00
2.00

NR

NR

NR

NR

III:6/F/20/33

Night blindness

20/20
20/20

unknown
unknown

NR

SR

SR

SR

IV:1/F/32/34

Night blindness

20/20
20/20

plano
plano

NR

NR

SR

SR

IV:3/M/25/33

Night blindness

20/20
20/20

-0.88
plano

SR (22)

SR (22)

N (22)

N (22)

All features are present symmetrically, unless mentioned otherwise. BEM = bull’s eye maculopathy; F = female; LE = left eye; LP
= light perception; phot = photopic; M = male; N = normal; NR = non-recordable; RE = right eye; scot = scotopic; SER = spherical
equivalent refraction; SR = severely reduced; VF = visual field. † If cataract surgery has been performed, the preoperative spherical
equivalent was reported.
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Goldmann
perimetry§

54y: BEM, attenuated retinal vessels, and pallor of the optic
disc

54y: generalized reduced sensitivity, superior constricted VF
(BE) with a centrocoecal scotoma RE

65y: macular atrophy with foveal sparing, abundant bone
spicule pigmentation, attenuated retinal vessels, and waxy
pallor of the optic disc

65y: constricted VF to10-20° with inferotemporal residue

45y: BEM, slightly attenuated retinal vessels, and normal
aspect of the optic disc

Constricted VF, particularly superior to 20-30°

Macular atrophy with foveal sparing, bone spicule
pigmentation in the mid-periphery, attenuated retinal
vessels, and pallor of the optic disc

Constricted VF to to10-20° (RE) and 20-30° (LE)

Macular and peripapillary atrophy, abundant bone spicule
pigmentation, attenuated retinal vessels, and waxy pallor of
the optic disc

Constricted VF <10° (RE) and <5° (LE)

Central atrophy in a bull’s eye pattern, pallor of the optic
disc, peripapillary atrophy, and attenuated retinal vessels

No evident constriction of the VF

24y: macular pigment alterations, sparse bone spicule
pigmentations, and mild peripapillary atrophy. Lattice
degeneration in the LE.

Partial ringscotoma

BEM, some peripheral bone spicules, attenuated retinal
vessels, and pallor of the optic disc

No VF loss

Red foveal zone surrounded by a ring of hypopigmentation,
bone spicule pigmentation, attenuated retinal vessels, and
pallor of the optic disc.

Reduced sensitivity with a relative midperipheral
ringscotoma

Chapter 4.2

Ophthalmoscopy results§

Central and mid-peripheral reduced sensitivity
Macular pigment alterations, sparse bone spicule
pigmentation (LE>RE), and slightly attenuated retinal vessels
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Genetic findings
When analyzing the overlapping variants residing in the mapped locus on chromosome 6 merely
one variant predicted to be pathogenic was identified in patient IV:1 and IV:3. The c.1736T>C
(p.Leu579Pro) heterozygous missense variant, which is absent in the ExAC, dbSNP, gnomAD
and the Nijmegen in-house database, has a PhyloP score of 8.96 (range -14.1–6.4; predicted
pathogenic ≥2.7), a Grantham score of 98 (range 0–215; predicted pathogenic ≥80), a CADDPHRED score of 24.4 (range 1–99; predicted pathogenic ≥15), affects one of the two SEA-domains
of IMPG1 (Figure 3A–B), and is predicted deleterious and disease causing by the SIFT and
MutationTaster prediction tools. The single remaining variant excluded the option of an
alternative causative gene locating in the disease locus. The c.1736T>C variant was confirmed
by Sanger sequence analysis, and segregates with the disease in all tested family members,
which results in a LOD score of 4.2, which is genome wide significant. According to the American
College of Medical Genetics criteria, this variant is considered likely pathogenic (PM1, PM2, and
PP1–PP4).26 Using the MetaDome web server we have analyzed within-human homologous
variation at the position p.579 in IMPG1. The position p.579 corresponds to 34 codons within
the human genome that is never found to be a proline, nor are these found in either ClinVar or
gnomAD to change to a proline. This indicated that a proline is extremely rare at this position.
Other residues that are regularly found at this position are Phe, Val, Iso, Leu, or Met.
Variant modeling
The predicted 3-dimensional structure of IMPG1 residues 556–798 is presented in Figure 3C–D.
This part of IMPG1 consist of two connected monomers that form a fairly flat protein structure.
Molecular modeling predicts that substitution of the leucine amino acid for proline in the second
SEA-domain of IMPG1 causes a change in the structure of the protein by altering the backbone
confirmation. Additionally, the hydrophobic leucine residue is lost, which may result in loss of
potential hydrophobic interaction and small local alterations in the structure.

D is c u s s io n
The members of this family have been diagnosed with BCAMD based on typical early annular
hypopigmentation in the macula and a relatively preserved visual acuity.17, 18, 27 In the present
study, we re-analyzed this family, using long-term clinical data, complemented with whole
exome sequencing.
The follow-up data show that, although the visual acuity is preserved in the initial stage of
disease, progression certainly occurs from the fourth to fifth decade. In addition, consecutive
ERG recordings clearly show a generalized, progressive retinal disorder with photoreceptor
dysfunction in a rod-cone pattern. Van Lith-Verhoeven et al. previously touched upon this and
described that the initial parafoveal hypopigmentation progresses to an RP-like phenotype with
typical RP findings such as night blindness, constriction of the visual field, bone spicule
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pigmentation, attenuation of the retinal vessels and pallor of the optic disc.17 In view of the
natural history, which is far from benign, and the generalized character of the disorder, we
propose to reject the term BCAMD and revise the diagnosis to RP with relative early macular
involvement. Although early RP typically manifests in the midperiphery, early macular
abnormalities have been described in other genetic subtypes of RP, including CERKL-, IMPG2and RP2 associated RP.1, 28, 29
The causative genetic defect in this family was previously mapped at 6p12.3-q16. Using whole
exome sequencing, we identified one likely causative variant: the previously identified p.
Leu579Pro missense change in the IMPG1 gene.17 This variant segregates with the disease (Figure
1) and affects a highly conserved amino acid located in the second SEA domain of IMPG1 (Figure
3A–B). Modeling of the variant, although resolution was low, predicted a structural change due
to the loss of hydrophobic interactions and the very specific structure of the proline residue.
Although the exact function of the SEA domain (named after the first three proteins in which it
was discovered; sea urchin sperm protein, enterokinase, and agrin) remains to be elucidated,30
it may play a role in cleavage and might contribute to the adaptive ability of the extracellular
matrixes.13, 31 Pathogenic variants in IMPG1 have previously been associated with vitelliform
macular dystrophy with both autosomal dominant and recessive inheritance patterns,13-15 and
have been suggested to cause autosomal dominant RP.16 Figure 3A shows the previously
reported variants in IMPG1, and illustrates that the p.Leu579Pro and the previously reported
p.Leu608Pro variant are the only variants located in the second SEA domain. Homologues
domain analysis showed the absence of proline at position 579 in all 34 corresponding codon,
indicating the rareness of this presence. We hypothesize that these variants cause RP instead
of vitelliform macular dystrophy likely due to a dominant negative effect. This is supported by
the heterozygous p.Arg507* nonsense variant which only causes a vitelliform retinal dystrophy
with another pathogenic variant in trans,13 which makes a haploinsufficiency mechanism less
likely. The IMPG1 gene encodes the SPACR protein, a glycoprotein located in the photoreceptor
outer segments and the interphotoreceptor matrix (IPM). The exact function of SPACR and the
interaction with other proteins remains to be elucidated to fully explain the occurrence of two
different phenotypes.
IMPG1 is highly similar to IMPG2, which encodes the proteoglycan SPACRCAN (i.e.,
sialoproteoglycan associated with cones and rods) that is also located in the interphotoreceptor
matrix. They both contain two SEA-domains, an EGF-like domain and a RHAMM HA-binding
motif. Similar to IMPG1, pathogenic variants in IMPG2 have been associated with vitelliform
macular dystrophy and RP with relative early macular involvement.14, 15, 28, 32 However, despite
the large similarities, there are also differences. First, IMPG2-associated RP is inherited in an
autosomal recessive fashion and has an earlier age of onset, with a mean age of 10.5 years
(range 4–20 years).28 Early macular involvement is also present in IMPG2-associated RP although
loss of visual acuity generally occurs much earlier in these patients. Secondly, SPACRCAN
contains a chondroitin sulfate glycosaminoglycan side chain.4 Since these side chains may also
interact with hyaluronan, SPACRCAN can potentially link two hyaluronan molecules and stabilize
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the IPM scaffold.33 However, in contrast to foveate retinas, SPACR also contains these chondroitin
sulfate chains in non-foveate retinas.4 Third, IMPG1 is expressed earlier in the developing human
retina and may have a role in the photoreceptor development, whereas IMPG2 is involved in
photoreceptor maturation.5 These differences in function between SPACR and SPACRCAN may
explain the phenotypic differences when the function is compromised.
In conclusion, the clinical diagnosis of the phenotype in this family should be revised to RP and
the inaccurate, descriptive term BCAMD should be rejected. This study provides supporting
evidence on the causal role of the p.Leu579Pro missense change in IMPG1 in this family. This
enlarges the clinical spectrum of disorders caused by pathogenic variants in IMPG1 that
previously consisted of dominant and recessive forms of vitelliform macular dystrophy. The
IMPG1 gene should be added to the list of genes that, when mutated, can cause autosomal
dominant forms of RP.
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treatment of cystic macular lesions in
children with X-linked juvenile retinoschisis
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CHAPTER 5.1

A bst ra ct
Purpose
Little is known regarding the therapeutic effect of carbonic anhydrase inhibitors (CAIs) in the
management of cystic macular lesions in children with X-linked juvenile retinoschisis (XLRS)
despite the fact that this disease often manifests during childhood. Therefore, our goal was to
determine the efficacy of CAIs in the treatment of cystic macular lesions in children with XLRS.
Methods
We used CAIs to treat cystic macular lesions in 18 eyes of nine children with XLRS. We evaluated
the therapeutic effect of CAI treatment with the best-corrected visual acuity and foveal zone
thickness (FZT) with spectral-domain optical coherence tomography. A reduction of at least
22,4% in FZT was defined as objective evidence of response.
Results
Five of nine (55.6%) XLRS patients showed a significant reduction of FZT in both eyes over a
median treatment interval of 6,8 months (range, 1-23). In four of five (80.0%) patients, this
reduction was already apparent after 1 month of treatment. An improvement of visual acuity
was observed in five eyes (27.8%) of three patients (33.3%). Six patients (66.6%) reported minor
side effects.
Conclusions
Treatment with CAIs decreased FZT in more than half of the children with XLRS. This effect was
observed within 1 month in the majority of patients. Carbonic anhydrase inhibitor treatment
restores retinal anatomy and may contribute to creating optimal circumstances for gene therapy.
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X-linked juvenile retinoschisis (XLRS) is the leading cause of hereditary juvenile macular
degeneration in males with an estimated prevalence ranging from 1 in 5,000 to 1 in 25,000.1 The
onset of XLRS has been attributed to pathogenic mutations in the retinoschisin gene (RS1) on
the X chromosome, which encodes a cell adhesion protein responsible for the architectural
integrity of the retina.2 Cystic macular lesions are the hallmark features in the early stage of
XLRS.3 The pathogenesis of these cystic macular lesions is not entirely understood, but they
should not be confused with cystoid macular edema as the normal appearance of the macula
on fluorescein angiography in patients with XLRS suggests that vascular leakage plays a minor
role, if any, in the pathogenesis of these cystic lesions.
Both oral and topical carbonic anhydrase inhibitors (CAIs) have been used successfully in the
management of cystic lesions in macular dystrophies, including XLRS.4 The clinical effect of CAIs
is thought to be through their action on the membrane-bound carbonic anhydrase receptors
present in the retinal pigment epithelium (RPE).5 Moreover, other carbonic anhydrase receptors
in different cells of the neural retina may also play a role.6 Carbonic anhydrase inhibitors act both
on retinal and RPE cell function by acidifying the subretinal space, decreasing the standing
potential as well as raising retinal adhesiveness, probably by increasing RPE fluid transport.5,7
The vast majority of previous studies investigated the effects of CAI treatment in managing XLRS
associated cystic macular lesions in adults.4, 8-13 Few studies reported the effect of topical CAIs
in the management of cystic macular lesions in children.13-16 To the best of our knowledge, only
eight cases on the effect of oral acetazolamide on cystic macular lesions in children with XLRS
have been reported in the literature.16-18 This is surprising since restoration of retinal function,
albeit temporarily, is more likely to occur in younger patients as compared to adults, where
structural alterations may prevent visual improvement despite anatomical recovery.12 The aim
of this study was therefore to determine the efficacy of CAI treatment in children with XLRSassociated cystic macular lesions.

M et h o d s
Patients
This retrospective cohort study adhered to the tenets of the Declaration of Helsinki, and
informed consent was obtained from all participants. We included nine XLRS patients (18 eyes)
with a mean age of 12.3 years (range, 6.4–16.6), who were treated with oral CAIs for cystic
macular lesions between March 2014 and March 2016 at the Institute of Ophthalmology of the
Radboud University Medical Center Nijmegen (the Netherlands). A 10th patient was excluded
from the study because he choose to discontinue treatment because of paresthesias in the
second week of treatment, as were patients over 18 years of age and patients who did not take
CAIs for at least 4 weeks.
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The diagnosis of XLRS was molecularly confirmed in four out of nine patients. In the remaining
five patients, no molecular analysis was performed and the diagnosis of XLRS was based on
the combination of information regarding family history, a decrease in visual acuity, a spokewheel pattern in the macula on high magnification ophthalmoscopy, and bilateral foveoschisis
on spectral-domain optical coherence tomography (SD-OCT).
All nine patients were treated with oral acetazolamide with a dose ranging from 125 mg two
times a day to 250 mg three times a day. In addition, six patients also used topical CAIs such as
brinzolamide (four patients) or dorzolamide (two patients)(Table 1). CAI doses were mainly
dependent on the patients’ age, although adjustments were made based on side effects and
the effect on cystic macular lesions seen on SD-OCT. The minimum effective CAI dose was
pursued.
Ophthalmic data collection
Information regarding best-corrected Snellen visual acuity and retinal thickness measured on
SD-OCT was collected from baseline to the most recent visit during CAI treatment. For statistical
analysis, the best-corrected Snellen visual acuity was converted into logarithm of the minimal
angle of resolution (logMAR) values. A change of 0.14 logMAR, corresponding with a change of
seven or more letters on the Early Treatment Diabetic Retinopathy Study (ETDRS) chart, was
considered significant.11,12 Cross-sectional images were obtained using SD-OCT (trSpectralis
HRA+OCT; Heidelberg Engineering, Heidelberg, Germany). The foveal zone thickness (FZT) was
calculated using Heidelberg Eye Explorer software version 1.8.6.0) in the central 1000-µm
diameter circle (C1) of the ETDRS grid. The intervisit variability of SD-OCT measurements was
calculated using a previously described method based on the FZT change in both eyes of four
XLRS patients (no. 1, no. 6, no. 7 and no. 10, who was excluded from the rest of the study).
Baseline FZT was compared with the first preceding FZT up to 6 months prior to starting
treatment, with a mean interval of 3.3 months (range, 2–6).12,19
The average difference was 10.1% and the “average + 2SD” was 22.4%. Hence, in this study, a
reduction of more than 22.4% in FZT was considered a significant response due to CAI treatment.
During treatment, patients were advised to regularly eat potassium-rich food to prevent possible
hypokalemia caused by the CAIs. Potassium levels were checked by the attending
ophthalmologist or general practitioner.
Statistical analysis
Prognostic factors for the response to CAIs were analyzed with a multivariable logistic regression
analysis. Two-sided P values of less than 0.05 were considered statistically significant. Data were
analyzed using SPSS Software (version 22.0; SPSS Inc., Chicago, IL).
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Five of nine (55.6%) XLRS patients showed a significant reduction of FZT in both eyes over a
median treatment interval of 6.8 months (range, 1–23) (Table 1; Figures 1, 2,3). In four of five
(80.0%) patients, this significant reduction was already present after 1 month of treatment. In
the remaining patient (no. 5), no information about FZT after 1 month of treatment was available
but he already showed a FZT reduction of 10% and 6% after 12 days of treatment. The FZT
reduction persisted over a median treatment interval of 10.1 months (range, 7–16) in eight eyes
of the five patients. In two eyes, the right eye of patient no. 2 and the left eye of patient no. 8, a
rebound effect occurred where the macular cysts returned to at least baseline levels. This
happened after dose reduction of oral acetazolamide from 125 mg three times a day to daily
250 mg with sustained release in patient no. 2. In patient no. 8, the rebound effect occurred
after cessation of additional topical brinzolamide eight times a day. After restarting brinzolamide
six times a day, FZT again decreased significantly. Overall mean FZT decreased from 409.1 µm
at baseline to 332.8 µm at the most recent visit during treatment (P=0.024). In the 5 patients

Figure 1. Change in FZT over time. The solid black line indicates the mean FZT of the five XLRS patients with a significant reduction
of FZT, and the dotted black line indicates the mean FZT of the patients without a significant reduction. Vertical lines are the
standard deviation of the mean responder and mean nonresponder lines.

Figure 2. Infrared and horizontal spectral domain optical coherence tomography (SD-OCT) images (30°) from the left eye of
patient #7 showing the response to oral acetazolamide. Near infrared image with a projection of the ETDRS grid (A). The highlighted
most inner circle of the grid was used to measure foveal zone thickness (FZT). SD-OCT image at baseline (B), after one month of
treatment (C) and after 13 months of treatment (D).
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Paresthesia
Fatigue§

Absent

Paresthesia

Absent

Paresthesia

Absent

Side effects

CHAPTER 5.1

16

13

No. 8

No. 9

Male

Male

Male

2

0.63
0.40
0.30

0.55

0.35

0.40

14

0.53
0.38

0.35

0.35

5

1
3

0.28

Baseline

0.35

0.43

0.65

0.43

13

0.30

0.30

0.34

0.30

7

1

0.33

1

0.33

Baseline

0.38

Baseline

506

489 (+30)
421 (+12)

377

175 (-65)

181 (-64)

203 (-60)

475 (+27)
413 (+10)

375

177 (-65)

183 (-64)

211 (-59)

512

250 mg daily +
125 mg daily

211 (-32)

220 (-18)

205 (-34)

203 (-25)

250 mg SR‡ daily
250 mg SR‡ daily

250 mg b.i.d.

250 mg b.i.d.

125 mg b.i.d. +
250 mg daily

250 mg t.i.d.

250 mg t.i.d.

125 mg daily
250 mg daily +
125 mg daily

205 (-34)

201 (-25)

125 mg t.i.d.

310

269

Brinzolamide (6)

-

Brinzolamide (6)

Brinzolamide (8)

Brinzolamide (8)

Brinzolamide (8)

-

Brinzolamide (2)

Brinzolamide (6)

-

Paresthesia‖

Paresthesia

Fatigue

Chapter 5.1

(-), Decrease in FZT; (+), increase in FZT; b.i.d., two times a day; t.i.d., three times a day. Visual acuity printed in bold indicate a significant improvement of at least 0.14 logMAR. Foveal zone
thickness values printed in bold indicate a significant reduction, which was defined as a reduction in foveal zone thickness of 22.4%. * Age at start of acetazolamide treatment. † Total duration
of treatment (in months) calculated from the baseline. ‡ Acetazolamide with sustained release. § Side effects disappeared over time. ‖ Side effects disappeared after switching to oral acetazolamide
with sustained release. ¶ Therapy discontinued due to lack of effect.
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Figure 3. Horizontal spectral domain optical
coherence tomography (SD-OCT) images (30°)
from the right eye of patient #8 showing the
response to oral acetazolamide. SD-OCT image
at baseline (A), after one month of treatment (B)
and after 14 months of treatment (C).

with a significant reduction, mean FZT decreased from 403.1 µm at baseline to 261.9 µm at the
most recent visit during treatment (P=0.006). Age at baseline (p=0.111) or mean FZT at baseline
(P=0.531) did not predict the response to CAIs.
Visual acuity improved significantly (≥0.14 logMAR) from baseline value in at least one eye in 3
out of 9 (33.3%) XLRS patients. Two patients (22.2%) showed a significant improvement of visual
acuity in both eyes (Table 1 and Figure 4). Overall, mean visual acuity at baseline (0.39 ± 0.15
logMAR) and mean visual acuity at the most recent visit (0.32 ± 0.19 logMAR) were not statistically
different (P=0.078). Only one patient showed both a visual improvement and a significant
reduction in FZT at the most recent visit during CAI treatment. Improvement of visual acuity
was therefore not correlated with a reduction in FZT as well as not correlated with patients age.
Six patients (66.6%) experienced minor side effects during treatment such as digital and/or
perioral paresthesia (55.6%) and fatigue (22.2%) (Table 1). In patient no. 9, the paresthesias
disappeared after switching from oral acetazolamide 250 mg two times a day to oral
acetazolamide with sustained release 250 mg daily.

D is c u s s io n
We investigated the therapeutic effect of CAIs in the management of cystic macular lesions in
children with XLRS. Five of nine patients showed a significant reduction of FZT in both eyes that
was observed within 1 month in the majority of patients. Judged by the treatment effect in our
patients, the response to CAIs can be assessed after only 1 month in most patients. This
treatment response was quicker than the effect described in XLRS patients by Apushkin and
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Fishman, though they used only topical CAIs with notable lower doses.12 The difference in
treatment response might consequently be explained by the dose differences between both
studies as dose dependency was previously described in patients with XLRS or other retinal
dystrophies who were treated with CAIs.11,20,21 This is supported by the return of macular cysts
after reduction of the CAI dose in patient no. 2 and no. 8 that may, at least in part, be dose
dependent and not solely a rebound effect.
In this study we defined FZT changes of more than 22.4% as statistically significant. This
percentage is slightly higher compared to the 17.1% used in other studies.10-12 This difference
may be explained by the higher variation in thickness in younger patients on which our
calculation was based. Not all patients could be included in the intervisit percent difference
calculations because of the lack of SD-OCT scans made within 6 months prior to the baseline
measurement. By using 22.4% as cut off point, we might have underestimated the CAI effect
compared to other studies.
No prognostic factors for response to CAIs were found in this study. Age at baseline and greater
initial FZT did not affect treatment response, although such influences were previously described
in patients with retinitis pigmentosa (RP).22
Improvement of visual acuity in at least one eye occurred in three patients (33.3%). In accordance
with previous studies, improvement of visual acuity was not correlated with age nor with
reduction of central retinal thickness on OCT.10,19,23 To our knowledge, the natural course of
visual acuity in children with XLRS has not been described previously. To be comparable with
studies performed in adults, we used 0.14 logMAR as cut-off point for improvement in visual
acuity, keeping in mind that the results may be over- or underestimated.11,12
No patient discontinued CAI treatment due to the side effects. However, one patient was
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Figure 4. Changes in visual acuity from
baseline to the most recent visit during
acetazolamide treatment.
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excluded from the study because he discontinued treatment due to paresthesias in the second
week of treatment. The disappearance of the side effects in patient no. 9 can be caused by the
switch to oral acetazolamide with sustained release, but at the same time patients’ total daily
CAI dose was reduced. Consequently, we cannot conclude that sustained release treatment
shows fewer side effects. Limitations of our study include its retrospective nature, the inherent
small cohort size of rare diseases and the variation in dosage of CAIs, partly by the selective use
of topical CAIs. Because of these limitations and the different follow-up intervals, conclusions
should be interpreted cautiously.
Despite the side effects and the little improvement in visual acuity, there may also be a longterm benefit in restoring normal retinal anatomy. In patients with XLRS, treatment of the cystoid
macular lesions may decrease the occurrence of later-onset atrophic lesions and the associated
visual loss.24
With upcoming treatments such as gene therapy, CAIs may play a role in preserving and restoring
retinal anatomy to create optimal circumstances. Retinal pretreatment with CAIs shortly before
subretinal injection with transgene vectors may reduce the risk of traumatic damage to the
central retina caused by the subretinal injection. The long term benefits of CAI treatment,
especially in relation to the side effects, will have to be studied further.
In conclusion, reduction of central retinal thickness occurred in more than half of the children
treated with CAIs, but only three patients experienced visual improvement over a median
treatment interval of 6.8 months. Evaluation of treatment effect is possible after only 1 month
in the majority of patients. Restoration of macular architecture with CAI treatment may delay
functional retinal loss and could be important in the creation of more optimal circumstances
for gene therapy.
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This thesis contains a comprehensive overview of our current understanding of the genotype,
phenotype and therapeutic options for retinitis pigmentosa. This thesis also adds to this
knowledge with studies on the phenotypic and molecular characteristics of IMPG1, KIAA1549,
RP1 and TULP1-associated retinal dystrophies. We discuss genotype-phenotype correlations
and evaluate the effect of the treatment of cystic macular lesions in children with XLRS with
oral and topical acetazolamide. In this section, the knowledge gained from these studies will
be placed in a wider context.
Merely 20 years ago, the ophthalmologist could do little more than monitor the relentless
progression of inherited retinal diseases. Besides a watchful eye for other associated ocular
abnormalities that might be treated, such as cataract and CME, their pallet of therapeutic
options was limited. Currently, our knowledge of the underlying disease mechanisms has
expanded tremendously and although the actual treatment of inherited retinal disorders is still
at a very early stage, we are at the verge of a breakthrough with emerging therapeutics like gene
augmentation therapy and small molecules aimed at interfering the visual cycle, lipofuscin
accumulation or splicing. Genetic tests have become widely available to differentiate genetic
subtypes of dystrophies, the first gene augmentation therapy for patients with RPE65-associated
retinal disease recently became clinically available, and several other treatments for retinal
diseases are being developed (https://clinicaltrials.gov).
Nomenclature of retinal dystrophies
An optimal disease nomenclature is simple, unambiguous and comprehensible for both
ophthalmologists and patients. Unfortunately, the current nomenclature of retinal dystrophies
that has gradually expanded over almost a century and a half, has become complicated, illogical,
insufficient for the heterogeneous nature of these disorders and without enough consideration
for the underlying genetic defect. Historically, in the era prior to genetic and electrophysiological
testing, the nomenclature of retinal dystrophies was entirely based on clinical observations
and the topographic arrangement of morphological alterations in the retina. This resulted in
differentiation between disorders confined to a specific area of the retina such as macular
dystrophies, or generalized diseases including LCA and RP (formerly known as tapeto-retinal
degeneration (TRD), which is derived from the tapetum nigrum, an ancient term for the RPE).
Additionally, phenotypes with distinctive characteristics and/or a particular geographical area
of occurrence often received an own name; for example, vitelliform macular dystrophy
(characteristic yellow lesions in the macula resembling the yolk of an egg), Stargardt disease
(pisciform yellow-white fundus flecks in the posterior pole), or North Caroline macular dystrophy
(congenital macular drusen and/or macular coloboma, named after a large kindred from North
Caroline in which it was first described). The invention of electrophysiological testing provided
some refinement and enabled a further differentiation based on the primary site of retinal
dysfunction. Generalized diseases in which rod involvement precedes cone involvement are
generally labeled retinitis pigmentosa or rod-cone dystrophy. However, as described in Chapter
2.1, choroideremia (patchy chorioretinal atrophy and normal appearing retinal vessels), gyrate
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atrophy (well demarcated circular chorioretinal atrophy with elevated ornithine levels), and
late-onset retinal degeneration (perimacular drusen-like lesions and long anterior lens zonules)
definitely share features with RP and although they could be considered RP subtypes,
historically, these highly specific phenotypes have been differentiated from RP.1,2
Improvements in investigative techniques and better understanding of the natural course have
expanded our knowledge of these disorders significantly, often leaving the original names
confusing or even misleading and almost always incomplete. A fine example is the disease
‘benign concentric annular macular dystrophy’ that we discuss in Chapter 4.2. The visual acuity
in these patients eventually deteriorates to light perception and the periphery is involved as
well. Hence, this disease is certainly not ‘benign’ and neither is the disease process confined to
the macular region. Consequently, we have suggested to revise this diagnosis to retinitis
pigmentosa with relative early macular involvement. Interestingly, RP is a term that itself can
also be considered a misnomer since this dystrophy is not caused by inflammation.
There is also significant overlap between phenotypes that are currently separated through
nomenclature. For example the large clinical and genetic overlap between LCA and RP. The
distinction between LCA and RP is solely determined by the patient’s age at onset, and rather
arbitrarily as well, instead of the retinal characteristics and even more important, the underlying
genetic defect. In Chapter 3.2 we described two patients with TULP1-associated early-onset RP,
of whom the youngest patient had an age of onset of one year. If the disease would have been
detected a few months earlier, the formal diagnosis would have been LCA instead of RP.
Remarkably, since the age of onset in these disorder in general is more ‘an age of detection’
and highly dependent on the alertness of parents in such small infants. Since LCA and RP share
large clinical and genetic overlap, they should be considered a continuum of retinal dystrophies.
The current nomenclature also does not consider patients who represent two phenotype
categories. For example, patients with IMPG1-(Chapter 4.2) and IMPG2-associated RP are
diagnosed as RP with relative early onset macular atrophy. Therefore, they basically have a
combination of a macular dystrophy and RP, though they are classified as patients with RP.
The effect of time should not be underestimated. The current classification may result in a two
or more separate labels during the course of the disease. For example, a macular dystrophy
phenotype may become more generalized and progress to a cone-rod phenotype, as might be
the case in the patients with RP1-associated macular dystrophy described in Chapter 4.1. In
turn, this might lead to an all-out loss of photoreceptor signal on ERG examination that is
associated with RP. Since the underlying pathophysiological mechanism is not subject to
change, it seems illogical to adjust the diagnosis depending on the phase of the disease. A
change in diagnosis can also be very confusing to the patient. It is therefore essential to consider
the entire disease course when classifying retinal dystrophies.
The emergence of genetic testing has resulted in a further subdivision of disease. Genetic testing
has already identified 87 non-syndromic RP-subtypes and well over 250 genes have been
associated with retinal dystrophies in general (RetNet, available at https://sph.uth.edu/retnet/.
Chapter 2.1 illustrates that the genetic subtypes explain part of RP’s heterogeneity. Therefore,
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a nomenclature based on the molecular diagnosis has been suggested for obvious reasons.
However, a subdivision based on the genotype alone into the daily clinical practice has its
drawbacks, considering the vast number of genes, in view of the fact that gene names are
meaningless for the majority of patients and general ophthalmologists, and the large clinical
heterogeneity of retinal dystrophies illustrated by a single gene that may cause remarkably
different forms of retinal dystrophies. RP1-associated phenotypes for example, can range from
RP to macular/cone-rod dystrophy (Chapter 4.1) and pathogenic variants in the IMPG1 gene
have been associated with vitelliform macular dystrophy and a generalized dystrophy such as
RP (Chapter 4.2). Expansion to the specific alteration within a gene would only solve part of the
problem. Nevertheless, the identification of a molecular diagnosis is extremely valuable to
optimally counsel patients and is required to identify patients eligible for upcoming genetic
therapies.
Aforementioned arguments highlight the complexity of creating a comprehensive nomenclature
for retinal dystrophies. In this light, a more descriptive nomenclature that contains additional
information on clinical findings, including the age of onset, and genetic features is perhaps the
best compromise. This way, we could preserve generally accepted terms that are present
throughout every textbook, such as RP, even though these are theoretically incorrect. Secondly,
LCA and RP share large clinical and genetic overlap and could be considered a continuum of
disease. LCA could be referred to as early-onset RP. LCA and RP patients with an onset before
the age of five could be named early-onset RP. In general, an indication of the age of onset
should be included, perhaps differentiating between early and late onset variants, since this
often provides a crude estimation of the disease severity, as previously shown in Stargardt
disease.3,4 Finally, it is vital to include the causal gene in the diagnosis, to explain as much clinical
variability as possible, provide accurate counseling, and to be able to select the patients eligible
for upcoming genetic treatment. Describing the causative genetic defect is also the first step
towards a potential situation, somewhere in the distant future, in which only the gene involved
might be important as the consequent ophthalmic characteristics can be prevented with the
appropriate treatment.
Clinical heterogeneity/modifiers
Retinal dystrophies are generally considered monogenetic disease, and large phenotypic
differences in patients with the same causative gene can be explained by allelic heterogeneity
caused by the type of mutation, its location and/or the amount of residual function. However,
even patients with the same molecular alteration in a specific gene, for instance in family
members, can display large variation. This is illustrated by the substantial variation in the age
at onset of vision loss (range: 12–63 years) in a large family with autosomal dominant central
areolar choroidal dystrophy caused by mutations in the PRPH2 gene,5 as well as the large clinical
heterogeneity in a Dutch family with autosomal dominant RP caused by the p.Leu579Pro variant
in IMPG1 (Chapter 4.2) or the heterogeneity in patients with the same combination of autosomal
recessive variants in RP1 (Chapter 4.1). This variation may indicate the involvement of other
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genetic and/or environmental modifying factors that exert their effect on the final phenotype.
However, in contrast to the progress in identifying disease causing genes, little information is
known about potential modifiers.
Genetic modifying factors could affect the causal gene itself, for example by altering gene
expression levels. A single nucleotide polymorphisms (SNP) is a relatively common variant in
the human genome that in itself does not induce pathology. However, a SNP in cis or trans with
a mutation could affect gene expression levels, gene splicing or transcription factor binding and
thereby affect the phenotype. This might explain the clinical heterogeneity in patients with the
same mutation, particularly in autosomal dominant families.6 Genetic modifiers could also exert
their effect on genes in the same pathway. In Chapter 2.1, we described several vital processes
within the neuroretinal and/or RPE and the genes that play a role in these processes. An alteration
in the function of a particular protein may affect the entire pathway. For example, SNPs or
mutations in a gene that is involved in the same pathway as the causative gene might affect the
protein interaction and therefore influence the eventual phenotype. Modifying variants in AHI1,
CCDC28B, CEP290 and RPGRIP1L1 have been shown in patients with syndromic RP,7-9 and CNOT3
and MERTK have been reported to be a modifiers of PRPF31-associated RP and CEP290-associated
LCA, respectively.10,11 In rare cases, it may even be that heterozygous variants in two different
genes together result in retinal dystrophy, whereas haploinsufficiency at each of these loci is
insufficient to cause retinal degeneration. We then speak of a digenic inheritance instead of a
monogenetic disease. Putative digenic inheritance patterns have been described in patient with
non-syndromic RP and pathogenic variants in the ROM1 and PRPH2 gene,12,13 as well as in
syndromic RP patients.14-16 Finally, environmental factors might also exert their effect on the final
phenotype, although their potential effect on inherited retinal disease is probably very limited,
in contrast to typical multifactorial disorders such as age-related macular degeneration where
these can attribute to approximately 30% of a patients risk score.17 However, we yet cannot
exclude that a person’s overall health has an effect on the retina’s vulnerability and that good
nutrition with, for example, antioxidants has a positive effect on the development of retinal
dystrophies. These environmental factors may have a small influence on the age of onset or
progression rate.
Generally, retinal dystrophies affect both eyes and display large symmetry. However, inter-eye
asymmetry has been reported in patients with autosomal dominant disease such as patients
with Best disease or central areolar choroidal dystrophy and autosomal recessive disease such
as Stargardt disease or RP1-associated retinal dystrophy (Chapter 4.1).5,18,19 Yet how certain are
we that both eyes have the same genetic and environmental background? In X-linked disorders,
a difference in gene expression levels might be explained by nonrandom X-inactivation in retinal
cells (Lyonization). However, an influence of potential X-linked modifiers on genes not located
on the sex chromosomes is less likely considering that both males and females display inter-eye
asymmetry. In the patients with Stargardt disease, the discordance was the highest in older
patients, suggesting that small initial differences could eventually result in significant differences
between both eyes.18 Perhaps small anatomical differences could affect the vulnerability of the
retina, although pure coincidence cannot be excluded.
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Knowledge about modifiers is not only crucial to explain the clinical heterogeneity and predict
the disease course but could also play a key role in predicting treatment response. In Chapter 5.1
we showed that more than half of the children with XLRS responded to treatment with carbonic
anhydrase inhibitors. However, treatment was only effective in one of two brothers (patient
number 2 and 3). Although it is uncertain whether a modifying effect is at play here, knowledge
about potential modifiers can become important when considering treatment options.
The identification of modifiers is limited by their small effect and sample size and the consequent
lack of power. To gain more knowledge concerning modifying factors, we first need an accurate
description of patients’ phenotype to be able to explain phenotypic differences, which requires
extensive clinical evaluation and follow-up studies. Secondly, and probably the most difficult,
larger sample sizes are required. Large genome-wide association studies in patients with agerelated macular degeneration containing over 16,000 patients and 17,000 controls have
identified new common variants to be independent risk factors.20 These patient numbers are
not attainable for retinal dystrophies, but international collaborations are necessary to increase
the sample size and gather large, homogeneous cohorts. Additionally, not only patients with
the same pathogenic variants, but also patients with comparable variants (e.g., nonsense
mutations leading to nonsense-mediated decay) could be included, and one might consider
starting with studying the most extreme subgroups. Eventually, the diagnosis retinal dystrophy
might also contain information regarding the modifiers involved in addition to the causal gene.
For now, further research is essential to identify modifiers of retinal dystrophies.
Molecular diagnosis
Obtaining a molecular diagnosis is valuable in the optimal counseling of patients and is a
necessity to identify patients eligible for upcoming genetic therapies. The extent, speed and
costs of molecular diagnostic techniques have improved tremendously over the last decade.
The implementation of whole exome sequencing (WES) in the field of retinal dystrophies in
2011 has led to the discovery of over 50 novel retinal dystrophy-associated genes.21-25 Today,
WES provides a genetic diagnosis in approximately two-thirds of the patients with a retinal
dystrophy.26-28 In all likelihood, the genes with the highest prevalence in RP have already been
identified. In the remaining one third of the patients, the variant may be located in a gene that
has not yet been associated with inherited retinal diseases, such as the recently described
KIAA1549 gene (Chapter 3.1). In most cases, the genetic defect will concern an unknown variant
in genes that have already been associated with RP. It may not have been detected using WES
when the defect resides in a noncoding region, a GC-rich region, concerns a structural variant
or was not covered for another reason. For example, the variant may be located in the near-exon
splice region and affects the process of splicing, as described for TULP1 in Chapter 3.2. WES
does not only facilitate in the identification of novel retinal dystrophy-associated genes, also
multiple new genotype-phenotype correlations have been reported, among which macular/
cone-rod dystrophy in patients with variants in the RP1 gene and an RP phenotype in patients
with pathogenic variants in the IMPG1 gene (Chapter 4.1 and 4.2).
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WGS is an attractive successor to identify the molecular cause in the remaining genetically
unsolved patients. In general, WGS provides full coverage of the genome and its non-coding
regions, and is more reliable for detecting copy-number variants.29,30 The costs of WGS have
declined rapidly over the years from approximately several hundred million euro’s at the
beginning of this century (before next-generation sequencing became available in the research
setting), to less than 600 euro’s today,31 and the costs are expected to decrease even further.
Nevertheless, implementation to a diagnostic setting is hampered due to a requirement of an
immense data storage capacity since one genome sample has a size of approximately 150–300
gigabytes. In addition, data processing requires high computational capacity, though new
technological innovations will likely support these challenges. Where WES results in
approximately 40,000 variants, WGS generally identifies 3–5 million variants which cannot be
assessed without setting initial criteria for putative pathogenic variants.32,33 Analysis of these
variants is time consuming, and most importantly, functional consequences of intronic variants
identified by WGS often remain difficult to interpret. Although the growth of public databases
such as ExAC and GnomAD, which contain a growing number of genomic variants in the healthy
population, will facilitate a better prediction of candidate variants based on their allele
frequency, functional analysis is paramount to assess their pathogenicity.
A new sequencing method that is currently being developed is third-generation sequencing or
long-read sequencing. This method may further improve the field of sequencing since it may
be able to generate reads with an average size larger than 10,000 bp of high-molecular weight
DNA, and thereby enables covering of GC-rich regions, detection of large rearrangements and
structural variants, and improves haplotype mapping.34 However, before this technique can be
implemented in the clinical practice, the error rates and high costs of this technique have to be
reduced.
Functional analysis
Intronic or non-coding variants may display a pathological effect at the RNA level by either
altering correct-mRNA splicing or reducing or enhancing transcript expression levels.35 Their
effect on canonical or alternative splice sites can be predicted by multiple in silico prediction
programs, including SpliceSiteFinder-like, MaxEntScan, NNSPLICE, GeneSplicer and Human
Splicing Finder.36-39 However, as we illustrate in Chapter 3.2, the sequence context should also
be included in the prediction of the effect, e.g., the strengths of nearby splice acceptor and
donor sites, the size of flanking exons, and the presence of exonic splice enhancers and splice
silencer motifs.40,41 The actual effect can be assessed at the level of RNA. Since retinal cells of
patients are difficult to access purely for practical reasons, other methods should be used. For
example, mRNA obtained from patient’s blood cells (e.g., lymphoblast or fibroblast cells) can
be assessed by performing reverse transcriptase PCR. However, this requires expression of the
gene of interest in these blood cells, which is only the case in approximately two third of the
inherited retinal disease genes.25,42 For the genes that are not ubiquitously expressed or when
blood cells cannot be obtained, splice assays have proven to be a sound alternative. In short,
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a wildtype and mutant midigene that contain, if possible, multiple exons and introns of the
same gene can be transfected in human embryonic kidney 293 cells that express the SV40 large
T antigen (i.e., HEK293T cells) to study the effect of variants on the transcript. We employed this
technique in Chapter 3.2 for a variant in TULP1.40 A disadvantage of this method is that the cells
splicing machinery may be tissue–specific and therefore when variants appear to not have an
effect one should consider that HEK293T cells may not represent the actual splicing in human
photoreceptor cells.43,44 An alternative well-established method to study the functional effect
of a pathogenic variant or localization of proteins is to make use of the hTERT-immortalized
RPE cell line (i.e., hTERT-RPE1 cells). In Chapter 3.1 we used these cells to study the effect of
KIAA1549, encoding for a gene associated a with inherited retinal disease, on ciliogenesis by
knockdown of KIAA1549 in vitro using small interfering RNAs (i.e., siRNAs).
To more closely study the in vivo effect of putative pathogenic variants and/or their effect on
splicing, variants can be analyzed by generating induced pluripotent stem cells (iPSC)–derived
photoreceptor progenitor cells (PPCs) and/or RPE cells. Generating these cells is an expensive
(approximately €6.000–€8.000), labor-intensive and time-consuming process that takes several
months depending on the research questions as well as the expression of the gene of interest.
Nevertheless, iPSC-derived PPCs and/or RPE cells have been successfully used to identify splice
defects and study the preclinical efficacy of novel therapeutic interventions in multiple genes
including the ABCA4, CEP290, MAK and USH2A genes.44-48 The development of iPSC-derived PPCs
to study the pathophysiology of retinal disease represents an important alternative to in vivo
animal studies, particularly for genes of interest that are not present in the genome of animal
species. An important example is the EYS gene, which is not present in the rodent genome even
though it is an important gene in RP (Chapter 2.1).49 In such cases it may be unavoidable to use
a larger animal model. A naturally occurring model already exists for over 20 retinal
dystrophies.49,50 Probably the most well-known animal model for retinal disease is the Briard
dog. In particular Lancelot, a Briard dog with naturally occurring RPE65-associated blindness
who was treated with gene augmentation therapy after which his vision improved significantly.51
Subsequent trials in humans eventually resulted in the clinical approval of the first gene therapy
for retinal disease.52
Management
Ultimately, research into retinal dystrophies is aimed at finding a curative treatment for patients
with a retinal dystrophy. If not for themselves, patients hope for a treatment for their family
members or peers. Luckily, the eye, and particularly the retina, has been at the forefront of
advances in innovative therapies such as gene- and cell-based therapies and retinal implants,
due to its limited size, accessibility and immune-privileged status.
Current therapies
Two retinal implants, the Argus II epiretinal implant and the Alpha AMS subretinal implant, are
currently available on the market for patients with a retinal dystrophy (mostly RP) with intact
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inner retinal architecture and very little to no light perception, as described in Chapter 2.1. These
retinal implants can restore basic visual function and increase the daily mobility of patients.53-55
Visual acuity assessed with Landolt C-rings improved from light perception without projection
to 20/546 in a patient with an Alpha AMS implant.53 However, despite these promising results,
several challenges have to be overcome including adverse effects, improving the surgical
procedure, device longevity, resolution and bilateral implantation.55-57 In addition, the economic
feasibility of high-cost, low-volume devices dampens research and development.
As already discussed in Chapter 2.1, gene augmentation therapy for LCA and RP patients with
RPE65-associated retinal dystrophy has become clinically available after the phase III clinical
trial confirmed treatment safety and efficacy.52 Multiple trials for other retinal dystrophies are
already ongoing, including phase III trials for choroideremia and Leber Hereditary Optic
Neuropathy (https://clinicaltrials.gov).58 The genetic cargo can be delivered to the retina via
intravitreal or subretinal injection. Delivery of the gene to the posterior retina is less effective
after intravitreal injection, although the newest generation AAV vectors have been shown to
deliver the gene from the anterior surface of the retina to the outer retina.59 In addition,
intravitreal injection results in a greater systemic distribution and is therefore more likely to
induce an immunological response.60,61 In contrast, subretinal injections are effective for
targeting the photoreceptors and RPE cells. However, they are more invasive, require a
vitrectomy, only work at the location of administration, and are less suited for repeated
injections. Subretinal administration is an even higher risk in patients with a pre-existent
vulnerable retina, such as in patients with XLRS. In these patients, a intravitreal injection is
desired, although pretreatment of patients with carbonic anhydrase inhibitors to reduce the
cystoid macular lesions may reduce the vulnerability of the retina (Chapter 5.1).
In addition to the delivery method, other challenges must be overcome before gene
augmentation therapy can be widely implemented. For example, the delivery capacity of adenoassociated virus (AAV) vectors that are generally used to deliver the genetic cargo to the target
cells in the retina is limited to ~4.7 kb. As a result, these vectors are not suitable for large genes
such as ABCA4, EYS and USH2A and dual AAV vectors or other vectors (e.g., viruses with larger
cargo capacity such as the lentivirus that can contain approximately 9 kb, or nanoparticles)
should be considered.62 Second, it is also unclear whether one-time administration of a
therapeutic vector can provide long-term, long-lasting clinical benefits. Third, gene
augmentation therapy is not suitable for autosomal dominant mutations with a gain-of-function
effect, since the affected allele remains present in the cells. Other challenges include controlled
expression levels and the costs of this gene-specific treatment, particularly considering the
relatively small number of patients per genetic subtype.
Future therapies
A therapeutic strategy that is currently being developed involves antisense oligonucleotides
(AONs), which are small and versatile RNA molecules that can be used in two ways. First, they
can modulate the splicing process, by specifically binding to their target region in the pre-mRNA
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CRISPR/Cas9
Although nucleases that can specifically cut genomic DNA at a desired locus (e.g. zinc-finger
nucleases, and transcription activation-like effector nucleases) have been discovered
decades ago, the discovery of the CRISPR (clustered regularly interspaced short palindromic
repeats)/Cas9 (Crispr associated protein 9) system has enormously boosted the field of
genome editing.74-76 The CRISPR-Cas system is originally part of the adaptive immune
system of many bacteria and archaea.77 However, it can also be used as genome-editing
system to induce a double strand break. Since RNA molecules are used as a guide to direct
the Cas9 nuclease to its genomic target, virtually every locus in an organisms genome can
be cut with high precision.

Here, a schematic overview of the CRISPR/Cas9 complex bound to DNA provided. The Cas9
endonuclease that can induce a double strand break into the DNA, is indicated in light
orange. This endonuclease is directed to the target DNA (in green) by a guide RNA that is
complementary to the target DNA. Additionally, the protospacer adjacent motif (PAM,
indicated in red) is required for Cas9 to bind and cleave the targeted DNA sequence.
Subsequently, the cell employs one of its two major DNA repair mechanisms to repair the
double-stranded DNA break. Non-homologous end joining directly joins the two DNA ends
and potentially results in the introduction of small insertions/deletions (in/del). In contrast,
homology-directed repair uses a donor sequence as template to precisely repair the DNA
break. This template DNA sequence can be present on the second allele or supplemented
to the CRISPR/Cas9 components.78
Adapted from: https://commons.wikimedia.org/wiki/File:GRNA-Cas9.png and Slijkerman et al.79
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Another gene specific strategy that has gained a lot of attention over the last few years is genome
editing. The CRISPR/Cas9 technology can be used to generate animal models by mutagenesis
or for clinical purposes (e.g., the use of CRISPR/Cas9 for creating corrected iPSCs for autologous
cell replacement or genome editing). In therapeutic genome editing, cutting at the site of the
mutation and providing an exogenous corresponding wild-type donor template would allow
the removal of the primary genetic defect from the patient’s genome. In contrast to gene
augmentation therapy, this approach can also be used in case of large genes or dominant
negative mutations. CRISPR/Cas9 can be applied either ex vivo or in vivo, and several successful
examples of both approaches have been reported.80,81 CRISPR/Cas9-based genome editing on
patient-derived pluripotent stem cells was used to demonstrate the potential of a nonhomologous end-joining approach to remove an intronic region harboring a deep-intronic
mutation in CEP290,82 an homology-directed repair approach to correct a mutation in MAK,
MERTK or RPGR,82-84 and an allele-specific degradation approach for a common autosomal
dominant RHO mutation.82 Others have shown the in vivo potential of therapeutic genome
editing, by delivering CRISPR and Cas9 molecules to the retina via AAV injections, in a rat model
for RHO- or MERTK-associated RP,85,86 and a mouse model for RHO- or CEP290-associated LCA.87,88
Despite its obvious and enormous potential, there are still a number of challenges to overcome
in order to allow therapeutic genome editing to become widely implemented in humans. First,
better insight into and control of potential off-target cleavage has to be gained. Second, similar
to gene augmentation therapy, the choice of an optimal vector system is crucial.89 Although the
vector does not need to contain entire gene, the currently used Streptococcus pyogenes Cas9
is too large (4.2 kb) to be transported together with its guide RNA and promoter sequence by
one AAV vector alone.78 However, the smaller Staphylococcus aureus Cas9 fits into a single AAV
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and thereby interfering with the binding of small nuclear ribonucleoprotein (snRNP) complexes
and other splice-promoting factors.63 The efficacy of this approach in several different cellular
and animal models has been demonstrated for a number of deep-intronic mutations underlying
retinal disease, including CEP290-associated LCA, USH2A-associated RP and optic atrophy.44,64-68
Additionally, a recent clinical trial by Cideciyan et al. reported an improvement in visual acuity
and no serious adverse effects in patients with CEP290-associated LCA.69 Second, AONs can
also be used to degrade transcripts upon binding mRNA, even in an allele-specific manner.63 In
a transgenic rat model, AON delivery led to the specific degradation of mutant RHO transcripts
encoding for the p.Pro23His rhodopsin protein which exerts a dominant-negative effect on the
wild-type protein.70 AON treatment for Duchene muscular dystrophy and spinal muscular
dystrophy has already been clinically approved in the U.S.A. and Europe,71-73 and additional
clinical trials for retinal dystrophies employing this strategy will be initiated soon. An advantage
of AONs is that these molecules are small and thus relatively easy to deliver to the retinal target
cells. Yet their drawbacks include the necessity for repetitive administration, which can be very
invasive and undesirable particularly in children, and to design tailor-made and clinical trial
evaluated approaches for each pathogenic variant.
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vector. The third major challenge includes finding means to activate the homology-direct repair
pathway instead of the non-homologous end-joining repair mechanism in post-mitotic cells
such as the retinal photoreceptors in order to correctly alter the patient’s DNA.78
Gene editing and gene replacement therapy can also be combined, for example in the ‘ablate
and replace’ approach, which has recently been described by Tsai et al. and is particularly
suitable for autosomal dominant disease.90 In a dominant RHO-associated RP mouse model,
the RHO gene was ablated using CRISPR/Cas9 with double guide RNAs with subsequent gene
augmentation therapy to provide the wild-type RHO cDNA. Although multiple challenges of
CRISPR/Cas9 and gene augmentation also apply to this technique, this strategy is mutationindependent and does not require design and optimization for every mutation.
Cell replacement therapy involves the administration of stem-cell‒derived retinal cells into the
subretinal space to replenish the RPE and/or photoreceptor cells that have degenerated. The
different types of stem cells and their origin have been described in Chapter 2.1. To date, RPE
cells can be administered in a solution or, as a monolayered sheet, which appears to be a
superior method.91 The first phase 1 clinical trials in a handful of patients with age-related
macular degeneration using a sheet of iPSC-derived RPE cells or a bioengineered patch
containing human ESC-derived RPE cells provided the first evidence for graft survival of at least
one year, and have illustrated a potential improvement in visual acuity.92,93 Life-long
immunosuppressive therapy in the often young patients, with retinal dystrophies, which is
necessary in case of human ESC-derived cells, is undesirable. The emergence of iPSC-derived
retinal cells has allowed autologous transplantation, thus avoiding life-long (local)
immunosuppressive therapy. However, in patients with a retinal dystrophy this individualized
treatment requires a correction of the genetic defect prior to transplantation and is therefore
labor intensive and expensive. Since RPE cells are not sensitive to light, photoreceptors need
to be present to restore vision. Transplantation of photoreceptors is highly challenging, since
it requires the formation of synaptic connections. Although synapse formation between donor
photoreceptors and host bipolar cells has been reported in animal models, the recent finding
of material transfer between donor and host photoreceptors demands further evaluation of
the actual synapse formation and potential donor-host cell fusion before transplantation of
photoreceptors can proceed to clinical trials.94 In conclusion, additional trials are necessary to
assess the graft safety, graft survival, immunological issues and tumorgenicity of cell replacement
therapy.94,95
Therapeutic window
The best treatment depends on the stage of the disease. To be effective, gene-specific and/or
mutation-specific approaches require the presence of the living cells as a target. As a result,
these approaches are most successful in the early stages of the disease, before cell degeneration
sets in. In contrast, stem cell treatment and retinal implants respectively replace the cells that
have been lost or their function and are therefore suitable for more advanced stage of the
disease.
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Social consequences and challenges
The development of these new therapeutic approaches has resulted in legal and ethical
challenges. CRISPR/Cas9-based genome editing is the only therapy which aims at correcting
the causative mutation. Yet, this permanent alteration of the DNA raises ethical questions. To
date, gene therapy that affects the germline (i.e., in which gene alterations would be passed to
future generation) is prohibited by legislation or guidelines.98 Although germline alterations
could eradicate a mutation from a family, this treatment should only be initiated until the longterm side effects are known and there is social consensus about the use of such treatments.
Another challenge is the costs of these treatments for orphan diseases. The development of a
treatment from the proof-of-principle studies to the completion of a phase 3 trial that leads to
governmental approval is very expensive. Orphan drugs legislations have been created in the
European Union, USA and other countries to encourage development of drugs for orphan
diseases such as retinal dystrophies by providing fast drug approval, tax benefits (in USA) and
offering longer patents that guarantee extended exclusivity in the market.99 However, the limited
number of patients eligible for treatments and the lack of competition in the market increases
the prices. The costs of new therapies also resulted in heated discussions about the maximum
costs of a treatment. According to the Dutch National Health Institute, the maximum willingnessto-pay threshold for a treatment is €80,000 per QALY.100 The cost-effectiveness of the epiretinal
Argus retinal implant, which itself costs approximately €100,000,101 has been estimated at
~€50,000/QALY assuming a 10 year device life span.102 A shorter device longevity, such as the
estimated median operating life of 3.3 years for the subretinal Alpha AMS device, will result in
a considerable decrease in the cost-effectiveness and is a major challenge.103 In contrast, the
price of gene augmentation therapy is currently estimated at approximately €400.000 per
injection. Currently, the direct visual gain seems limited as only an increased sensitivity to dim
light is reported.104,105 In the future, this treatment might prevent the deterioration of visual acuity
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Gene augmentation therapy, even if successful, may not halt the retinal degeneration. A study
on gene therapy for patients with RPE65-associated LCA showed a progressive decline in the
number of photoreceptor cells, despite a functional improvement.96,97 The ongoing degeneration
might be explained by the fact that not all photoreceptor cells were reached by the viral vectors
cells, or the cells had already reached the threshold for apoptosis. In contrast, a canine model
indicated that early treatment in a stage with only dysfunction and no degeneration may be
associated with preservation of the remaining photoreceptors, and highlights the importance
of an early diagnosis and consequent treatment.97
Aside from the therapeutic options, multiple preventive strategies can be offered in families in
which the genetic defect is known. For example, partners of genetically solved patients can be
screened for variants in the causative gene. If partners coincidentally carry a variant in the same
gene or in case of autosomal dominant inheritance, patients are potentially eligible for prenatal
testing or preimplantation genetic diagnosis. These options should be considered since they
are less expensive and already clinically available.
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Quality adjusted life years (QALYs)
The effect of a particular treatment is often expressed in quality adjusted life years (QALYs,
i.e., years lived in perfect health). Although a retinal dystrophy does not affect mortality, it
severely affects patients’ quality of life. However, the effect of vision on the quality of life is
difficult to quantify. A regularly used method is the use of utility scores (utility scores vary
from 1 to 0, with 1 indication a perfect health state, and the closer to 0 the poorer the quality
of life) to calculate the QALYs gained from treatment. For example, the utility score of
patients with age-related macular degeneration is ~0.59 for legal blindness (≤0.1) in the
better-seeing eye, and ~0.71 for moderate visual acuity loss (0.4–0.1).106 Hence, a treatment
that can prevent or delay the deterioration of the visual acuity to legal blindness for at least
10 years yields approximately 1 QALY. Utility scores based on the visual field have also been
determined in patients with glaucoma.107 To the best of our knowledge, reliable utility
scores for patients with both visual acuity and visual field loss, such as various RP patients,
have not been established and should be determined to accurately calculate QALYs for
cost-effectiveness scores.

if administered before the onset of retinal degeneration and may prove to be cost-effective,
assuming the effect from a single injection lasts at least several years. Finally, we should not
assess the cost-effectiveness of such therapies solely on visual gain. A much broader and
perhaps better alternative is to determine how these therapies improve patients’ capabilities.
Accurate treatment might enable patients to visit regular schools, improve daily life activities
and enable the patient to work, which also benefits society as a whole.
Universal therapies, which are not limited to a select group of patients, have the advantage of
a larger market. For example, retinal implants and stem cell treatment could also be used in
patients with a more common disease such as advanced age-related macular degeneration
(although their visual gain should be improved and exceed the visual acuity that can be obtained
from the peripheral retina). Ideally, therapy should be installed much earlier in the disease
process and aimed at maintaining the visual function that is still present. This means that in
the long term genome editing and gene augmentation therapy seem the most promising,
although challenges such as vector size, off-target effects and repair mechanisms should be
accounted for. In an ideal situation, an universal mold is created so only the concerning gene
or guide RNA has to be adjusted according to the gene or mutation involved. Nevertheless, it
will take some time before genome editing is accessible and gene augmentation therapy
becomes available for the majority of genes. Therefore, research and developments on retinal
implants and AON treatment, the treatments for the near future, is also highly encouraged.
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Concluding remarks
In the last decade, we have witnessed considerable developments in the field of retinal
dystrophies. The emergence of whole exome and whole genome sequencing have enabled the
identification of the genetic defect in most patients, and has shifted the attention to the
individual genetic subtypes of disease. New RP genes, such as KIAA1549, and new genotypephenotype correlations of RP1- and IMPG-associated dystrophies have been described. Since
the majority of variants in the protein-coding regions have already been discovered, the search
for new causal variants will be expanded to the non-coding regions. On the other hand, we need
a better understanding of the modifying factors that affect the phenotype and are responsible
for the large clinical heterogeneity of retinal dystrophies. More insight in the natural history of
gene-specific phenotypes in necessary, if only to better assess the efficacy of future therapies.
The advances in genetic testing have been paralleled by the development of such treatment
strategies, of which retinal implants and gene augmentation therapy for RPE65-associated
disease have become commercially available. Hopefully, in the next decades, these
developments will continue to increase our knowledge about the pathophysiology of retinal
diseases, and will pave the way for new therapeutic options for these high impact diseases.
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CHAPTER 7

Summary
Inherited retinal diseases encompass a clinically and genetically heterogeneous group of rare
disorders, which together account for more than 3 million affected individuals worldwide. Much
remains to be elucidated about these disorders with regard to the (molecular) pathogenesis
and the large variation in clinical presentation. This knowledge is important to accurately counsel
patients and their families, to select patients for upcoming therapies and to evaluate the effects
of these novel treatments. The aim of this thesis is to provide a synthesis of all the clinical, genetic
and therapeutic information available for a group of inherited retinal diseases entitled retinitis
pigmentosa (RP). In addition, the goal is to increase knowledge of three genetic RP subtypes
and evaluate the effect of treatment with carbonic anhydrase inhibitors (CAIs) in children with
X-linked retinoschisis (XLRS).
Chapter 1 serves to familiarize the reader with the normal retinal anatomy, retinal imaging and
molecular genetics. This chapter is also an introduction on inherited retinal diseases and
addresses the general clinical characteristics, genetic principles and large heterogeneity.
Chapter 2 provides a detailed overview of the clinical, genetic and therapeutic aspects of nonsyndromic RP, as well as the specific features of all genetically defined RP subtypes. This chapter
contains a unique atlas that contains images of 75 genetic subtypes that have been published
over the years. This information can help the clinician identify the clinical RP entity and better
predict the disease course, ultimately providing the patient with the best possible information
regarding prognosis and genetic counseling. Additionally, this chapter shows a schematic
representation of human photoreceptor cells, the RPE and the interphotoreceptor matrix, and
demonstrates the vital processes affected in RP (e.g. the phototransduction cascade, the visual
cycle, etc.), as well as the location and function of the proteins involved, thereby revealing high
genetic and clinical similarity between RP and other inherited retinal diseases, including Leber
congenital amaurosis (LCA) and cone-rod dystrophies. Finally, we discuss current and future
therapeutic options such as gene- and cell-based therapies, retinal implants and transplantation.
The eventual therapy should be individualized and determined based on the molecular
pathogenesis and the extent of the degeneration in the individual patient.
In Chapter 3 we describe two new genetic associations. Chapter 3.1 provides additional
evidence supporting the hypothesis that variants in the KIAA1549gene are associated with
autosomal recessive RP. By performing whole exome sequencing we identified homozygous
frameshift or missense variants in KIAA1549 in two families diagnosed with RP. Two isoforms of
KIAA1549 exist, a long and a short isoform. We demonstrated retina-specific expression of the
short isoform and provide evidence that these damaging variants positioned in the long
transcript may cause RP by reducing the expression of the short retina-specific transcript.
Additionally, we showed that KIAA1549 is located in the connecting cilium of the mouse retina,
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The emphasis in Chapter 4 is on the phenotypic characteristics of two inherited retinal
dystrophy genes. In Chapter 4.1 we describe the clinical spectrum of diseases caused by
pathogenic variants in the RP1 gene. In this international collaborative study, we included 22
patients with RP1-asociated retinal dystrophies from 19 families, who were clinically examined
in detail. Besides the previously described autosomal recessive and autosomal dominant RP
phenotypes, our study provides further evidence that autosomal recessive macular dystrophy
and cone-rod dystrophy are also included in the RP1-disease spectrum, and could be
distinguished based on the clinical findings, inheritance pattern, age of onset and disease
course. All patients with autosomal recessive macular dystrophy or cone-rod dystrophy carried
a variant with predicted residual function, in combination with a likely deleterious frameshift
or nonsense pathogenic variant. The macular involvement in patients with a hypomorphic RP1
variant suggests that macular function may remain compromised if expression levels of RP1
do not reach adequate levels after treatment with for example gene augmentation therapy. In
addition, with the advent of novel therapeutic options, recognition of the entire clinical spectrum
associated with RP1 mutations is essential to aid the selection of patients eligible for treatment,
and to evaluate the effect of the treatment provided.
Chapter 4.2 describes a large Dutch family previously diagnosed with benign concentric annular
macular dystrophy (BCAMD). Since the peripheral photoreceptors are already involved in early
disease stages, we propose to revise the inaccurate, descriptive term BCAMD to IMPG1associated retinitis pigmentosa with relative early macular involvement. We also provide
additional evidence on the causal role of the autosomal dominant p.Leu579Pro missense
change in IMPG1 in this family. This enlarges the clinical spectrum of disorders caused by
pathogenic variants in IMPG1 that previously consisted of dominant and recessive forms of
vitelliform macular dystrophy. Therefore, the IMPG1 gene should be added to the list of genes
that, when mutated, can cause autosomal dominant forms of RP.
X-linked juvenile retinoschisis (XLRS) is the leading cause of hereditary juvenile macular
degeneration in males, with cystic macular lesions as the hallmark feature in the early stage of
the disease. Both oral and topical CAIs have been successfully used in the management of these
cystic macular lesions. However, the vast majority of previous studies investigated the effect of
CAI treatment in adults, despite the fact that this disease often manifests during childhood.
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thereby providing supporting evidence that KIAA1549 might act as an essential photoreceptor
protein.
Chapter 3.2 describes the identification of a near exon aberrant RNA splice (NEAR) variant that
is present outside the general consensus splice site sequence in TULP1. The variant was
identified in two siblings with early-onset RP in whom a single pathogenic variant in TULP1 was
found previously. We provide proof of causality for this splice variant by performing an in
vitro midigene splice assay. This chapter highlights the importance of analysis of noncoding
regions beyond the noncanonical splice sites in patients with inherited retinal diseases.

CHAPTER 7

Therefore, Chapter 5 evaluates the effect of treatment with CAIs on the best-corrected visual
acuity and foveal zone thickness in nine children with XLRS. A reduction of central retinal
thickness occurred in more than half of the children treated with CAIs, but only three patients
experienced visual improvement over a median treatment interval of 6.8 months. In 80 percent
of patients the effect was already visible within 1 month. Therefore, evaluation of treatment
effect is possible after only 1 month in the majority of patients. We hypothesize that restoration
of the macular architecture with CAI treatment may delay functional retinal loss and may
contribute to creating more optimal circumstances for gene therapy.
Finally, Chapter 6 places the aforementioned results in a broader and future perspective. The
general discussion describes the complicated and insufficient nomenclature of retinal
dystrophies and attempts to shed light on the large clinical heterogeneity of retinal dystrophies
by discussing possible genetic modifiers. In addition, this chapter describes the current
challenges and limitations in providing patients with a molecular diagnosis. Lastly, this chapter
discusses the main therapeutic approaches that are currently evaluated, as well as their
expected potential and ethical challenges.
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Samenvatting
Retinale dystrofieën omvatten een klinisch en genetisch heterogene groep van zeldzame erfelijke
netvliesaandoeningen, die wereldwijd gezamenlijk meer dan drie miljoen mensen treffen. Er
moet nog veel opgehelderd worden over deze ziekten met betrekking tot de (moleculaire)
pathogenese en de bijbehorende grote variatie in klinische presentatie. Deze kennis is
noodzakelijk om patiënten en hun familieleden nauwkeurig te kunnen begeleiden, de juiste
patiënten te selecteren voor aankomende therapieën en de effecten van deze nieuwe
behandelopties te evalueren. The doel van dit proefschrift is om een overzicht te geven van alle
beschikbare informatie omtrent klinische, genetische en therapeutische aspecten van de groep
van erfelijke retinale dystrofieën genaamd retinitis pigmentosa (RP). Daarnaast vergroot dit
proefschrift de kennis over drie genetische RP subtypen en wordt het effect van behandeling
met koolzuuranhydraseremmers (CAIs) bij kinderen met X-gebonden retinoschisis (XLRS)
geëvalueerd.

Hoofdstuk 2 geeft een gedetailleerd overzicht van de klinische, genetische en therapeutische
aspecten van niet-syndromale RP, evenals de specifieke kenmerken van alle genetisch bevestigde
RP subtypes. Dit hoofdstuk bevat een unieke atlas met afbeeldingen van 75 genetische subtypes
van RP. Deze kennis kan de oogarts helpen bij het identificeren van het juiste klinische RP subtype
en het nauwkeuriger voorspellen van het beloop van de ziekte, om de patiënt uiteindelijk te
voorzien van zo accuraat mogelijke kennisoverdracht met betrekking tot de prognose. Daarnaast
toont dit hoofdstuk een schematische weergave van menselijke fotoreceptorcellen, het retina
pigment epitheel (RPE) en de interfotoreceptormatrix, en toont het de vitale processen die zijn
aangetast in RP (bijvoorbeeld de fototransductiecascade, de visuele cyclus etc.), evenals de
localisatie en functie van de betrokken eiwitten. Hierbij wordt er een hoge genetische en klinische
gelijkenis onthuld tussen RP en andere erfelijke retinale dystrofieën, waaronder Leber
congenitale amaurosis (LCA) en kegel-staafdystrofieën. Tot slot bespreken we de huidige en
toekomstige therapeutische opties, waaronder gen- en cel-gebaseerde therapieën, retinale
implantaten en transplantaties. De uiteindelijk therapie dient te worden gepersonaliseerd en
bepaald op basis van de moleculaire pathogenese en mate van degeneratie bij de individuele
patiënt.
In hoofdstuk 3 beschrijven we twee nieuwe genetische associaties. Hoofdstuk 3.1 levert
aanvullend bewijs en ondersteunt de hypothese dat oorzakelijke varianten in het KIAA1549-gen
geassocieerd zijn met autosomaal recessief RP. Middels exoom sequencing hebben we in twee
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Hoofdstuk 1 dient om de lezer vertrouwd te maken met de normale anatomie van de retina,
retinale beeldvorming en genetica. Dit hoofdstuk is tevens een inleiding in erfelijke retinale
dystrofieën en behandelt de algemene klinische kenmerken, genetische principes en de grote
heterogeniciteit van deze groep ziektebeelden.
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families vastgesteld dat homozygote frameshift- of missense varianten in KIAA1549 geassocieerd
zijn met RP. Er bestaan t wee isovormen van KIAA1549, een lange en een korte isovorm. In deze
studie laten we zien dat de korte isovorm tot expressie komt in de retina en illustreren we dat
oorzakelijke varianten aanwezig in het lange transcript RP kunnen veroorzaken door de expressie
van het korte transcript te beïnvloeden. Bovendien toonden we aan dat KIAA1549 verblijft in
het connecting cilium van het muizennetvlies, hetgeen ondersteunt dat KIAA1549 zou kunnen
fungeren als een essentieel fotoreceptoreiwit.
Hoofdstuk 3.2 beschrijft de identificatie van een genetische variant gelokaliseerd net buiten
de consensus splice site, in een broer en zus met RP bij wie eerder slechts één pathogene variant
in TULP1 was gevonden. Tevens illustreren we de pathogeniciteit van deze splice variant door
een in vitro midigene splice assay uit te voeren. Dit hoofdstuk benadert het belang van analyse
van niet-voor-eiwit-coderende varianten buiten de consensus splice sites in patiënten met een
erfelijke retinale dystrofie.
De nadruk in hoofdstuk 4 ligt op de klinische kenmerken van twee genen die geassocieerd zijn
met erfelijke retinale dystrofieën. In hoofdstuk 4.1 beschrijven we het klinisch spectrum van
ziekten veroorzaakt door mutaties in het RP1 gen. In deze internationale studie hebben we 22
patiënten geïncludeerd met een RP1-geassocieerde retinadystrofie afkomstig uit 19 families.
Deze patiënten ondergingen een uitgebreid klinisch onderzoek. Naast de eerder beschreven
autosomaal recessieve en autosomaal dominante RP-fenotypen bevestigt ons onderzoek dat
autosomaal recessieve maculadystrofie en kegel-staafdystrofie ook deel uitmaken van het
RP1-spectrum en onderscheiden kunnen worden op basis van de klinische bevindingen, het
overervingspatroon, de beginleeftijd en het ziektebeloop. Bij alle patiënten met autosomaal
recessieve maculadystrofie of kegel-staafdystrofie werd een oorzakelijke genetische variant
gevonden met voorspelde restfunctie, in combinatie met een mogelijk schadelijke frameshift
of nonsense mutatie. De macula betrokkenheid bij patiënten met een hypomorfe RP1 variant
suggereert dat de functie van de macula nog steeds gevaar loopt als de expressieniveaus van
het RP1 gen niet het juiste niveau bereiken na behandeling met gentherapie. Met de komst van
nieuwe therapeutische opties is het bovendien essentieel om het volledige klinische spectrum
dat geassocieerd is met RP1-mutaties te herkennen om de patiënten te kunnen selecteren die
in aanmerking komen voor therapie en het effect van de geboden behandeling te evalueren.
Hoofdstuk 4.2 beschrijft een grote Nederlandse familie die in het verleden is gediagnosticeerd
met benigne concentrische annulaire maculadystrofie (BCAMD). Aangezien de fotoreceptoren
bij deze patiënten al vroeg in het ziektebeeld aangedaan zijn, stellen we voor om deze onjuiste
en beschrijvende term BCAMD te herzien en te veranderen naar RP met relatief vroege macula
betrokkenheid. Daarnaast levert dit hoofdstuk aanvullend bewijsmateriaal voor een causale
rol van de autosomaal dominante p.Leu579Pro missense verandering in het IMPG1 gen in deze
familie. Dit vergroot het klinisch spectrum van aandoeningen veroorzaakt door een pathogene
variant in het IMPG1 gen, een spectrum dat voorheen enkel bestond uit autosomaal dominant
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en recessieve vormen van vitelliforme maculadystrofie. Tevens dient IMPG1 te worden
toegevoegd aan de lijst met genen die, wanneer gemuteerd, autosomaal dominanten vormen
van RP kunnen veroorzaken.
X-gebonden juveniele retinoschisis (XLRS) is de belangrijkste oorzaak van erfelijke juveniele
maculadegeneratie bij mannen, met cysteuze afwijkingen in de macula als karakteristiek
kenmerk in een vroeg stadium van de ziekte. Zowel orale als topicale CAIs zijn met succes
toegepast bij het behandelen van deze cysteuze afwijkingen. De overgrote meerderheid van de
eerdere studies onderzocht echter het effect van CAI-behandeling bij volwassenen, ondanks
het feit dat deze ziekte zich vaak al tijdens de kindertijd manifesteert. Hoofdstuk 5 evalueert
daarom het effect van behandeling met CAIs op de gezichtsscherpte en de dikte van de foveale
zone bij negen kinderen met XLRS. Een reductie van de centrale retinadikte trad op bij meer
dan de helft van de kinderen die met CAIs werden behandeld, maar slechts drie patiënten
hadden een visuele verbetering na een mediane behandelduur van 6,8 maanden. Bij 80% van
de patiënten die reageeden op de behandeling was dit effect al zichtbaar binnen 1 maand.
Evaluatie van het behandeleffect is daarom al mogelijk na slechts 1 maand in de meerderheid
van de patiënten. We suggereren dat herstel van de architectuur van de macula door middel
van CAI-behandeling het functieverlies van het netvlies mogelijk kan vertragen en kan bijdragen
aan het optimaliseren van de omstandigheden voor genetische therapie.
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Tot slot worden in hoofdstuk 6 de bovengenoemde resultaten in een bredere context geplaatst.
De algemene discussie beschrijft de gecompliceerde en incomplete nomenclatuur van retinale
dystrofieën en probeert de grote klinische heterogeniteit van retinale dystrofieën te verklaren
door mogelijke genetische modifiers aan te dragen. Daarnaast beschrijft dit hoofdstuk de
huidige beperkingen en uitdagingen bij het stellen van een genetische diagnose bij patiënten.
De belangrijkste toekomstige therapeutische benaderingen worden geëvalueerd, evenals hun
verwachte potentiële en ethische uitdagingen.
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Data management page

*
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to privacy
(yes/no)

Way of anonymization

Storage

Informed consent of
patients included in the
RD5000 database*

Yes

A study-ID number has been
assigned to all patients and
the key is stored in a
password protected file

Written informed consents of patients included at
the Ophthalmology department in Nijmegen are
stored in a locked archive. The key file can be
found on the Ophthalmology H-drive: H:\
Onderzoek\6 Key Files, and is stewarded by the
database manager.

Clinical data of the
patients included in the
RD5000 database*

Yes

A study-ID number has been
assigned to all patients and
data is stored by study-ID

The clinical data can be found on Ophthalmology
H-drive: H:\Onderzoek\1 Personal folders\Sanne
Verbakel\Projecten The data from Chapter 3.1, 3.2
and 4.2 is also stored on the Genetics I-drive: I:\GR
Theme groups\05 PI Group Frans Cremers\06
Manuscripts

DNA of patients included
in the RD5000 database*

Yes

A DNA number has been
assigned to each patient by
the diagnostics facility of
the Department of Human
Genetics

The key is stored in the helix database and is
accessible by clinicians and members of the cell
culture facility. DNA samples are stored at the
department of Human Genetics. Contact person
for the DNA samples is Saskia van der Velde-Visser;
Saskia.vanderVelde@radboudumc.nl

Genotyping and exome
sequencing data

No

Data has already been
anonymized

Genotype and exome sequencing data can be
found in the following folder on the Human
Genetics T-drive: T:\PIgroup-Frans-Cremers\
NAS\03 NGSdata\Exome NGS\ or in the project
specific folder on the Ophthalmology H-drive: H:\
Onderzoek\1 Personal folders\Sanne Verbakel\
Projecten

Files for publications
presented in this thesis

No

Not applicable

All files can be found on the H-drive of
Ophthalmology: H:\Onderzoek\1 Personal folders\
Sanne Verbakel\Projecten

All patients included in this thesis are included in the RD5000 database.
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Dankwoord
Na enkele jaren van hard werken is het dan tijd om dit laatste, maar zeker niet onbelangrijke,
hoofdstuk te schrijven. Mijn hele promotietraject zou ik willen vergelijken met een hike in de
bergen; een route met onderweg een aantal flinke beklimmingen waarbij het einde lange tijd
niet in zicht is en je jezelf soms afvraagt waar je aan begonnen bent, maar eenmaal aangekomen
op de top is het uitzicht fantastisch en geeft het een voldaan gevoel! Deze tocht was echter niet
gelukt zonder het juiste materiaal, de nodige duwtjes in de rug en afleiding onderweg. Ik wil
dan ook van de gelegenheid gebruik maken om hieronder al deze mensen te bedanken die het
voor mij mogelijk hebben gemaakt om dit proefschrift te voltooien.
Om te beginnen de vele patiënten want zonder hun inzet en toestemming was er geen
wetenschappelijk onderzoek mogelijk.
Geachte professor Klevering, beste Jeroen, jouw deur stond altijd open. Bewonderingswaardig
hoe jij altijd precies voor ogen had wat de boodschap van een artikel moest zijn en tot in de
details meedacht over hoe dat doel bereikt moest worden. Jouw suggesties hebben de artikelen
naar een hoger level getild. Ik wil je dan ook bedanken voor alle moeite en mails op de meest
onmogelijke tijdstippen.

Geachte dr. Van Huet, beste Ramon, wat was het fijn om terug te kunnen vallen op iemand die
het promotieproces nog redelijk vers in het geheugen heeft zitten. Jouw proefschrift was de
aanleiding voor het mooie review. Bedankt voor je openheid, enthousiasme en de avonden
dat jij mij met een kopje thee en chocolade op het werk vergezeld hebt, want daardoor had ik
toch een stuk minder zelfmedelijden.
Geachte dr. Roosing, beste Susanne, pas in de laatste fase ben jij officieel lid geworden van mijn
promotieteam, maar al veel eerder was je betrokken en heb jij mij de basis van de genetica
bijgebracht. Je hebt er mede voor gezorgd dat ik de genetica steeds interessanter ben gaan
vinden en ik zelfs dagelijks aan ‘next generation sequencing’ denk bij het passeren van de letters
‘NGS’ die met graffiti geschreven staan op het Landhoofd bij de spoorbrug op weg naar Lent.
Lieve Vivian en Merel, wat ben ik blij dat jullie mijn paranimfen willen zijn! Vivian, wij zijn op
precies dezelfde datum gestart aan ons promotietraject. Het was fijn om een maatje te hebben
tijdens deze periode! Ik wil je dan ook heel erg bedanken voor je gezelligheid, luisterende oor
en alle mooie herinneringen aan onze reizen naar het ARVO congres in Seattle en Baltimore en
de aansluitende tripjes naar Canada en New York.
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Geachte professor Hoyng, beste Carel, bedankt dat je me, ondanks mijn Brabantse accent,
vertrouwen hebt gegeven en ik deel uit mocht maken van jouw onderzoeksteam. Jouw out of
the box ideeën en liefde voor onderzoek zijn een enorme inspiratie.
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Merel, wij kennen elkaar al vanaf het begin van de studie geneeskunde maar ook tijdens mijn
promotie bleef jij mijn trouwe hardloop en tennismaatje. Je staat altijd voor iedereen klaar.
Bedankt voor alle afleiding en gezelligheid!
Graag wil ik bovendien mijn dank uitspreken naar alle coauteurs die betrokken zijn geweest bij
de verschillende artikelen opgenomen in dit proefschrift. In het bijzonder noem ik hierbij
professor Anneke den Hollander, professor Caroline Klaver, Hans Groenewoud, John van de
Ven, Linda Le Blanc, professor Ronald Roepman, Rob Collin, en professor Camiel Boon.
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Geachte professor Cremers, beste Frans. Bedankt dat ik ruim 2 maanden mee mocht lopen op
jouw afdeling om een beter beeld te krijgen van de speurtocht naar nieuwe genetische varianten.
Dear Zeinab, Suzanne, Mubeen, Galuh, Bjorn and Saskia. Thank you for your time and patience
while teaching me to perform a PCR reaction or make an Agarose gel for electrophoresis,
answering my questions or run certain tests.
Beste Dorien, Lonneke, Wendy en Anneke, door jullie heb ik inzicht gekregen in het proces
voorafgaand aan de DNA uitslag die uiteindelijk bij de (oog)arts aankomt. Ik wil jullie bedanken
voor het delen van jullie kijk op de soms ethische problemen die voortkomen uit genetisch
onderzoek en de interessante discussies tijdens het maandelijkse multidisciplinaire overleg.
Geachte dr. Eggink, beste Cathrien, jij hebt mij er tijdens mijn onderzoeksperiode aan herinnert
dat het oog uit meer onderdelen bestaat dan alleen de retina. Het was een gezellige afleiding
om samen de patiënten voor de serumdruppelstudie te onderzoeken.
Het zien van alle onderzoekspatiënten was niet mogelijk zonder hulp van alle dames en heren
van de administratie, de verpleegpost, het trialcentrum en de optometrie. Jullie ben ik dan ook
veel dank verschuldigd. In het bijzonder wil ik Berna, Francis, Laura en Jacqueline bedanken
voor het inplannen van alle, soms onmogelijke, afspraken en natuurlijk de gezelligheid op het
stafsecretariaat. Anne en Maria bedanken voor het plannen van alle patiënten van de
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het licht aan.
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