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Abstract: Inherited retinal dystrophies (IRDs) are a clinically and genetically heterogeneous group
of diseases with more than 250 causative genes. The most common form is retinitis pigmentosa.
IRDs lead to vision impairment for which there is no universal cure. Encouragingly, a first gene
supplementation therapy has been approved for an autosomal recessive IRD. However, for autosomal
dominant IRDs, gene supplementation therapy is not always pertinent because haploinsufficiency is
not the only cause. Disease-causing mechanisms are often gain-of-function or dominant-negative,
which usually require alternative therapeutic approaches. In such cases, genome-editing technology
has raised hopes for treatment. Genome editing could be used to (i) invalidate both alleles, followed
by supplementation of the wild type gene, (ii) specifically invalidate the mutant allele, with or without
gene supplementation, or (iii) to correct the mutant allele. We review here the most prevalent genes
causing autosomal dominant retinitis pigmentosa and the most appropriate genome-editing strategy
that could be used to target their different causative mutations.

Keywords: Inherited retinal dystrophies; autosomal dominant retinitis pigmentosa; photoreceptors;
loss-of-function; gain-of-function; dominant-negative; CRISPR/Cas; gene supplementation;
genome-editing; AAV vector

1. Inherited Retinal Dystrophies

The retina is the tissue that lines the inner back of the eye. It is composed of two parts: the
single-layered retinal pigment epithelium (RPE) on the posterior side, and the multi-layered neuroretina
on the anterior side (Figure 1A). The neuroretina is composed of interconnecting layers of neuronal
cells responsible for detecting the incoming light signal, transforming it into an electrical signal, and
relaying this signal to the brain for image interpretation. The light-sensing cells of the neuroretina are
the photoreceptors. These cells have a characteristic morphology comprising of a cell body and an
inner segment, which is attached, via a connecting cilium, to an outer segment filled with lipid discs
(Figure 1B). It is within these outer segment discs that the phototransduction process takes place. There
are two types of photoreceptors that differ in the length of their outer segments and respond depending
on the light intensity: rods are responsible for night and peripheral vision, and cones are responsible
for day and fine vision. The photoreceptor outer segments are in close contact with the RPE, which is
essential for photoreceptor survival and function by absorbing excess light, phagocytizing shed outer
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segments, secreting growth factors, removing water and ions, and providing nutrients and growth
factors [1].
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Figure 1. Schematic representation of the retina. (A) The mono-layered retinal pigment epithelium
(RPE) is located on the posterior side of the retina. It contains apically located melanosomes that
provide its pigmentation. The RPE is in close contact with the outer segments of the rod (in green)
and cone (in blue) photoreceptors. Each outer segment, which contains the lipid discs important for
phototransduction, is connected to the cell body of the photoreceptor by a connecting cilium. On the
anterior side, the photoreceptors synapse with bipolar cells (in yellow), which in turn synapse with the
retinal ganglion cells (in grey). (B) Higher magnification of a rod photoreceptor shown in A), depicting
the characteristic rod structure and the site of action of the proteins encoded by the genes reviewed in
this article. Modified from Wikimedia Commons (author OpenStax college). License to reproduce:
https://creativecommons.org/licenses/by/3.0/legalcode.

Due to the interdependence of the photoreceptors and the RPE, a dysfunction of either or both of
these tissues results in visual defects. If this dysfunction is genetic in origin, it gives rise to a group of
conditions referred to as Inherited Retinal Dystrophies (IRDs; Figure 2). This clinically and genetically
heterogeneous disease group collectively affects 1 in 2000 people [2]. Although some stationary forms
exist, most IRDs are characterized by progressive vision loss, which, in the absence of treatment, can
lead to legal blindness [3]. The retinal phenotypes range from mild to severe and can be either isolated
(non-syndromic forms) or associated with extra-ocular signs (syndromic forms). Non-syndromic IRDs
are further categorized based on the region of the retina that is affected (Figure 2). When only the
central retina (the macula) is affected, they are denoted as macular dystrophies [4]. When the whole
retina is affected, the diseases are classified according to the photoreceptor type that degenerates first:
if rods are first affected, they are referred to as rod-cone dystrophies [5]; if cones are first affected
(or simultaneously with rods), they are referred to as cone-rod dystrophies [6]. In addition, cones can
be exclusively affected, and the associated diseases are referred to as cone dystrophies. One particular
group of disorders that falls outside of these categories is Leber congenital amaurosis (LCA), in which
both the macula and peripheral retina are affected and degenerate rapidly from birth [7]. Lastly, when
the choroid, the highly vascularized tissue situated behind the RPE that nourishes the retina, is also
damaged, this group of IRDs is referred to as chorioretinopathies [4].

https://creativecommons.org/licenses/by/3.0/legalcode
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Figure 2. Subsets of inherited retinal dystrophies (IRDs). A chart showing the subdivision of
progressive, non-syndromic IRDs into macular dystrophies, rod-cone dystrophies, cone-rod dystrophies
and chorioretinopathies. Each class is illustrated by a main example of a retinal disorder and its
causative gene.

Distinct clinical features associated with certain IRDs can sometimes help to orient the genetic
diagnosis. This is noteworthy, as each disease is monogenic and mutations in over 250 genes have been
proven to be causative (see http://www.sph.uth.tmc.edu/Retnet). In addition, IRDs have autosomal
recessive or dominant, X linked, and, more rarely, mitochondrial inheritance patterns [8]. To further
complicate diagnosis, many genes give rise to more than one disorder. This is illustrated in Table 1,
which lists all the genes that are implicated in the most common IRDs and highlights genes that are
shared between different disorders. It can be noted that mutations in many genes can be transmitted
both in a dominant and recessive manner.

http://www.sph.uth.tmc.edu/Retnet
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Table 1. Genes associated with IRDs.

Autosomal Dominant IRDs
Chorioretinal atrophy PRDM13 RGR TEAD1
Cone(-rod) dystrophy AIPL1 CRX GUCA1A GUCY2D PITPNM3 PROM1 PRPH2 RIMS1 SEMA4A UNC119

LCA CRX IMPDH1 OTX2

Macular dystrophy BEST1 C1QTNF5 CTNNA1 EFEMP1 ELOVL4 FSCN2 GUCA1B HMCN1 IMPG1 OTX2
PRDM13 PROM1 PRPH2 RP1L1 TIMP3

RP
ADIPOR1 ARL3 BEST1 CA4 CRX FSCN2 GUCA1B HK1 IMPDH1 KLHL7

NR2E3 NRL PRPF3 PRPF4 PRPF6 PRPF8 PRPF31 PRPH2 RDH12 RHO
ROM1 RP1 RP9 RPE65 SAG SEMA4A SNRNP200 SPP2 TOPORS

Autosomal Recessive IRDs

Cone(-rod) dystrophy
ABCA4 ADAM9 ATF6 C21orf2 C8orf37 CACNA2D4 CDHR1 CERKL CNGA3 CNGB3
CNNM4 GNAT2 IFT81 KCNV2 PDE6C PDE6H POC1B RAB28 RAX2 RDH5
RPGRIP1 TTLL5

LCA
AIPL1 CABP4 CCT2 CEP290 CLUAP1 CRB1 CRX DTHD1 GDF6 GUCY2D
IFT140 IQCB1 KCNJ13 LCA5 LRAT NMNAT1 PRPH2 RD3 RDH12 RPE65

RPGRIP1 SPATA7 TULP1
Macular dystrophy ABCA4 CFH DRAM2 IMPG1 MFSD8

RP

ABCA4 AGBL5 ARHGEF18 ARL6 ARL2BP BBS1 BBS2 BEST1 C2orf71 C8orf37
CERKL CLRN1 CNGA1 CNGB1 CRB1 CYP4V2 DHDDS DHX38 EMC1 EYS

FAM161A GPR125 HGSNAT IDH3B IFT140 IFT172 IMPG2 KIAA1549 KIZ LRAT
MAK MERTK MVK NEK2 NEUROD1 NR2E3 NRL PDE6A PDE6B PDE6G

POMGNT1 PRCD PROM1 RBP3 REEP6 RGR RHO RLBP1 RP1 RP1L1
RPE65 SAG SAMD11 SLC7A14 SPATA7 TRNT1 TTC8 TULP1 USH2A ZNF408

ZNF513
Genes mapped and identified for autosomal dominant and recessive forms of IRDs (data derived from RetNet, July 2018). The colored boxes indicate the genes (one color per gene) that are
responsible for more than one type of disease. X-linked, stationary and syndromic IRDs, as well as developmental and mitochondrial disorders, have not been included.
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To date, there is still no cure for IRDs. Furthermore, the development of a single approach
is not feasible due to the heterogeneity (age of onset, speed and severity of progression, cell type
predominantly affected, type of cellular dysfunction) of each disorder. Although pharmacological
molecules have been developed to slow disease progression, they do not constitute a real solution [9].
However, the monogenic nature of IRDs lends them to the development of gene-based therapies.
Along this line, the retina has several key characteristics that render it as an ideal tissue for this type of
therapy [10]. Firstly, it is highly accessible for imaging and surgery, secondly it is enclosed allowing
the administration of small amounts of the therapeutic product, and lastly, it is sequestered from the
systemic circulation by the blood-retinal-barrier [11], thus providing it with an immuno-privileged
status. For all the aforementioned reasons, retinal gene therapy has been the focus of much interest
over the last ten years. This field has progressed the fastest for autosomal recessive IRDs, which
are amenable to straightforward gene supplementation therapy [12]. However, it is important to
now address the challenges associated with autosomal dominant disorders, and the evolution in
genome-editing strategies, provides hope for the treatment of these IRD forms.

Here, we focus on the autosomal dominant forms of the most common rod-cone dystrophy,
retinitis pigmentosa (adRP). We present an overview of the more prevalent adRP causative genes and
mutations, and discuss the most suitable genome-editing strategies. These examples serve as models
that can be extrapolated beyond adRP to other autosomal dominant IRDs.

2. Mutation Type and Compatible Therapeutic Approaches

2.1. Types of Dominant Mutations

Dominant mutations can be broadly divided into three types based on their disease-causing
mechanism [13]:

Loss-of-function: mutations that render the product of a gene non-functional. Pathogenicity arises
because one copy of the gene is not sufficient to assure a normal phenotype, a condition known
as haploinsufficiency. Generally, this type of mutation causes autosomal recessive disorders [14].
Dominant mutations due to haploinsufficency are less frequent but they do occur, such as most
mutations in the pre-mRNA processing factor 31 homolog gene, PRPF31, that causes adRP.

Gain-of-function: mutations that attribute a new function to a protein, which may be toxic to the
cell. Typical examples are most of the mutations in the RHO gene. RHO encodes the light-sensitive
rhodopsin protein, involved in phototransduction. Mutant rhodopsin molecules cannot function
normally and, given the high expression levels of rhodopsin in photoreceptors, cell mechanisms such
as trafficking or protein degradation can be overwhelmed by large quantities of the mutant forms [15].

Dominant-negative: mutations resulting in a mutant protein that interferes with the function of
the wild type [16]. An example are mutations in the gene RP1 [17,18]. RP1 is a photoreceptor-specific
microtubule protein, important for the organization of membrane discs [8,10]. Shifting the ratio of
the mutant p.Gln662* RP1 versus wild type protein in a knock-in mouse model delays photoreceptor
regeneration [19].

It should be mentioned that not all mutations fit clearly into one of the above categories. For many
mutations that cause autosomal dominant IRDs, the mode of action remains elusive or stems from a
combination of the three classes. This is especially true for gain-of-function and dominant-negative
mutations (specific examples are discussed below).

2.2. Gene Therapy Approaches

The type of autosomal dominant mutation associated with a particular disorder dictates the
appropriate gene therapy approach. For loss-of-function mutations, higher protein levels are required.
Therefore, supplementation of an extra copy of the wild type gene may be sufficient for phenotype
restoration. In such cases, adeno-associated viral (AAV) vectors are most commonly used (Figure 3)
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due to their high transduction efficiency and excellent safety profile [12]. However, in cases where the
cell is sensitive to the levels of the encoded protein, supplementation may not be suitable.

Figure 3. Flow chart showing the appropriate gene therapy strategy based on the type of mutation.
Loss-of-function mutations (in yellow) could be treated by gene supplementation using, for example,
viral vectors or non-viral nanoparticles to vehicle the transgene into cells. A future alternative would
be to use CRISPR activation (CRISPRa) to enhance gene expression (see Section 5). Dominant-negative
(in blue) and gain-of-function (in red) mutations can be treated by mutation-independent or -dependent
gene invalidation using the CRISPR/Cas system and the error-prone non-homologous end-joining
(NHEJ) repair pathway. In the case of mutation-independent invalidation, this would systemically
need to be coupled to gene supplementation. The more recent CRISPR interference (CRISPRi) or
base-editor technology, which can be used to suppress gene expression (see Section 5), also hold
potential. Alternatively, these mutations can be treated by mutation-dependent correction using the
CRISPR/Cas system and homology-directed repair (HDR). The recent base-editor technology also holds
promise as a future gene correction strategy.

Gene supplementation alone has also been suggested for some cases of dominant-negative
mutations [13,20,21]. The reasoning is that by increasing the ratio of wild type versus mutant protein,
the mutant protein will be out-competed and some level of function will be restored. However, caution
needs to be taken, as this approach may only alleviate symptoms but not necessarily represent a cure.
A reason is that even though a mutation may behave primarily as dominant-negative, it may also have
toxic side effects for the cell, which will not be lessened by the extra levels of wild type protein [13,22].
Therefore, generally, in order to treat dominant-negative as well as gain-of-function mutations, it is
necessary to interfere with the mutant allele at the DNA or RNA level, prior to, or in lieu of, gene
supplementation (for comprehensive review see [23,24]). Three basic strategies (Figure 3) have been
explored in order to fulfil this purpose:

a. Invalidation of both alleles and gene supplementation. This is probably the most straightforward
approach in terms of gene invalidation. The rationale is to design molecules that target both the mutant
and wild type allele thus blocking protein production prior to supplying an exogenous gene copy.
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An example at the DNA level is transcriptional repression using engineered zinc finger proteins, which
has been shown to successfully silence human rhodopsin [25,26]. At the RNA level, examples include
the use of ribozymes [27] to mediate destruction of the target RNA, or RNA interference (si/shRNA)
technologies [28] to down-regulate translation.

b. Invalidation of the mutant allele. It has been a longstanding goal of researchers to specifically
target the mutant allele while sparing the wild type. The strategies can be the same as those for
the invalidation of both alleles, but using molecules that specifically recognize the mutant allele.
At the DNA level, genome editing by the relatively recent CRISPR/Cas system, which is detailed
in a separate section below, has been used to introduce targeted double-strand breaks for specific
allele ablation [29–31]. Examples for RNA destruction or interference include ribozymes [32] and
anti-oligosense nucleotides [33], respectively.

c. Correction of the mutant allele. This more sophisticated approach couples genome-editing
technologies with homologous recombination to specifically correct mutations at the DNA level.
Examples include the use of zinc finger nucleases [34] and the CRISPR/Cas system [35] to induce a
double-strand break and recombination of a donor DNA fragment (see the following section).

3. Genome Editing via the CRISPR/Cas System

As mentioned above, the latest and most promising tool for genome editing is the CRISPR/Cas
system, short for Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and
CRISPR-associated gene (Cas) system [36–38]. The CRISPR/Cas system was originally developed by
bacteria and archaea [39–44] to identify an intruding virus and induce double strand breaks in its
DNA [45]. The bacteria then incorporate this library of viral DNA fragments with which they have
been infected into their genome as a defense mechanism. This library corresponds to the CRISPR
sequences. In this way, when the bacteria are re-infected by the same virus, double-strand breaks
are induced in the viral DNA by the Cas nuclease. The specific recognition and cutting of the viral
genome by the Cas nuclease are reliant on two sequences: the guide RNA (gRNA), a 20-nucleotide (nt)
sequence homologous to the target sequence, and the following protospacer adjacent motif (PAM),
which is composed of 3-nt [36].

Using the CRISPR/Cas system, we can theoretically target any DNA sequence. The only
requirement is that the target sequence contains a PAM sequence. Each PAM sequence is recognized by
the Cas nuclease of a particular bacterial species. The most commonly used is Cas9 from Streptomyces
pyogenes (SpCas9), which recognizes the PAM NGG. The PAM sequence in the target DNA sequence
will dictate which Cas nuclease can be used. Once the Cas nuclease is delivered into the cells, it will
induce a double-strand break in the target sequence. The cell will then repair the breaks [46,47] using
one of two main repair pathways: non-homologous end-joining (NHEJ) or homology-directed repair (HDR).

During NHEJ, in order for the double-strand break to be repaired, the cell machinery joins the
two ends of the break. However, this is an error-prone mechanism as insertions and deletions (indels)
usually occur. These indels often induce a frameshift in the sequence, which would likely result in a
premature termination codon. As a consequence, the corresponding gene is no longer functional [48].
This approach can be used to invalidate either the mutant allele specifically, if the gRNA only targets
this allele, or both alleles (Figure 3). If Cas9 recognizes both alleles, then supplementation of the wild
type gene is also required.

During HDR, the cell uses the sister chromatid of the homologous chromosome as a template
to repair the break. Alternatively, if a wild type sequence, usually in the form of a single-stranded
oligodeoxynucleotide (ssODN), is provided to the cell simultaneously with the Cas9, that sequence
can be used as a template to promote HDR repair [49]. This would be the method of choice in order to
precisely correct an allele (Figure 3). The limitation of HDR is that it occurs much less frequently than
NHEJ in the late S and G2 phases of cellular division [50]. Therefore, as the photoreceptors and the
RPE are post-mitotic cells, they lack the HDR mechanism. A way to circumvent this issue has been
proposed by Suzuki and colleagues and is called HITI (Homology-Independent Targeted Integration).
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HITI uses the NHEJ mechanism, and not HDR, to integrate a DNA sequence. As a result, non-diving
cells, such as photoreceptors, can be potentially edited using this method [51].

Thus, taken together, the highly specific and efficient CRISPR/Cas system shows much potential
for the treatment of the genetically heterogeneous IRD group [52].

4. Genome Editing for Autosomal Dominant Retinitis Pigmentosa

Amongst IRDs, RP is in itself a large and genetically heterogeneous group of disorders. Therefore,
we focus here on the most frequent causative genes and associated mutations for the autosomal
dominant forms, and discuss potential targeted therapeutic strategies.

RP has a prevalence of 1 in 4000 individuals and is the most characteristic clinical representation
of rod-cone dystrophies [53]. It is characterized by a “tunnel vision”, resulting from progressive loss
of peripheral vision. Central vision is usually maintained until the end stages of the disease [54].
RP can be transmitted with an autosomal dominant, recessive or X-linked mode of inheritance. Almost
90 genes have been associated with RP (https://sph.uth.edu/retnet/), 29 of which cause adRP (Table 1).
Among these, 6 genes (NR2E3, NRL, RHO, RP1, RPE65 and BEST1) cause both autosomal dominant
and recessive forms. Furthermore, there is genetic overlap between RP and other retinopathies.
In Figure 4, we can see that 6 genes are responsible for both autosomal dominant forms of RP and
macular dystrophy or cone-rod dystrophy. We place a particular emphasis here on the 8 most prevalent
causative genes of adRP, which are RHO, PRPF31, RP1, PRPH2, IMPDH1, NR2E3, SNRPN200 and
CRX [55,56].
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Figure 4. A Venn diagram of genes shared between different autosomal dominant IRD forms. Genes
that cause RP are indicated in the yellow circle, genes that cause macular dystrophies are indicated in
the blue circle, and genes that cause cone-rod dystrophies are indicated in the red circle. The genes CRX
and SEMA4A cause both RP and cone-rod dystrophy, whereas the genes BEST1, FSCN2 and GUCA1B
cause both RP and cone-rod dystrophy. PRPH2 is associated with all three forms. PROM1 causes both
autosomal dominant macula dystrophy and cone-rod dystrophy but not adRP. The genes indicated in
blue (IMPDH1, CRX and OTX2) also cause autosomal dominant LCA.

https://sph.uth.edu/retnet/
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4.1. RHO

The RHO gene encodes rhodopsin, a light-sensitive protein, which is involved in visual
transduction. Rhodopsin is a G-coupled receptor, which comprises almost 50% of the total protein
content of rod outer segments and 80% of that of discs [13,57]. RHO is the most common gene causing
adRP, with the percentage of cases varying depending on the geographic area, up to 30% in the
US [55,58] and between 16%–20% in Europe [56,59]. According to the Human Gene Mutation Database
(http://www.hgmd.cf.ac.uk/ac/index.php), almost 220 RHO mutations have been identified to cause
different forms of RP. The adRP-causing mutations disturb protein structure and diverse functions,
including folding, trafficking, endocytosis, membrane homeostasis, and proteasome degradation, and
are grouped into classes depending on the function that is affected [54].

The majority of RHO mutations that cause adRP are gain-of-function mutations [15]. A good
example is the p.Pro23His (P23H) mutation, which is the most common RHO mutation associated with
adRP. P23H belongs to the so-called class II RHO mutants, which do not fold properly [15,54]. Due to
their improper folding, class II mutants are labeled with ubiquitin and are destined for degradation
by the ubiquitin proteasome system (UPS) [60]. Because of the large protein load, the degradation
machinery is overwhelmed, which results in a failure to clear other misfolded proteins and leads to cell
toxicity. Furthermore, in some cases, wild type rhodopsin becomes trapped with the class II mutant
protein in the endoplasmic reticulum [22]. As a result, the wild type protein is more highly cleared by
the proteasome [61] and is not delivered to the outer disc membrane [61,62]. As such, we could say
that class II mutants have a secondary dominant-negative effect.

Given the high prevalence of RHO mutations, and in particular P23H, it is not surprising that
this gene has attracted the highest interest for gene therapy studies. As P23H partially exerts a
dominant-negative effect, a simple strategy of supplementation with wild type rhodopsin has been
studied. Mao et al. provided wild type RHO to P23H transgenic mouse using an AAV2/5 vector
and showed reduced retinal degeneration up to 6-months post-treatment compared to non-treated
controls [20]. However, one of the challenges of supplementation is that rods are highly sensitive to the
levels of rhodopsin. Price and colleagues supplemented mice carrying the P23H allele with increasing
numbers of wild type gene copies [21]. Although the authors confirmed that the dominant-negative
effect of the mutant protein could be largely overcome by increasing the levels of the wild type protein,
they reported that above three copies of the transgene, retinal deterioration persists; most likely due to
a secondary effect of cell crowding. Thus, too low or too high levels of exogenous rhodopsin can lead
to cell toxicity and retinal degeneration [21,63].

Consequently, more emphasis has been given to supplementing exogenous rhodopsin while
silencing the endogenous gene. Several groups have studied this approach by RNA interference
technology. One group used AAV 2/5 vectors to deliver siRNAs that targeted the endogenous P23H Rho
allele while providing exogenous wild type RHO to a heterozygous Rho+/− mouse model. The authors
demonstrated improvement in ONL thickness up to 9 months post-injection [64]. Similarly, another
group designed a study on a mouse model carrying another Rho mutation, the p.Pro347Ser (P347S)
allele [65]. The authors used two AAV2/5 vectors: one to deliver the shRNA targeting the mutant
allele and the second to deliver an extra copy of wild type RHO. Although an initial improvement
was observed, the beneficial effect faded by 20 weeks post-injection. Lastly, Mitra and colleagues
conducted a proof-of-concept study delivering shRNA and wild type RHO with nanoparticles to a
knock-in RhoP23H/P23H mouse model and reported partial improvement of visual function [66]. Taken
together, these studies showed moderate results. This may be explained by the fact that rhodopsin is
an intensely active gene and it is challenging to reduce protein levels sufficiently by interfering at the
mRNA level.

Recently, Tsai and colleagues used an alternative approach, which consisted of mutation-
independent Rho ablation with the CRISPR/Cas9 system followed by gene supplementation. The authors
tested this approach on two mouse models, one for the P23H mutation and one for the p.Asp190Asn
mutation, using a dual AAV2/8 vector system to vehicle the CRISPR/Cas system and the exogenous

http://www.hgmd.cf.ac.uk/ac/index.php
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RHO gene. Following ablation and replacement, ONL thickness was reported to be increased by up to
35% and accompanied by significantly improved ERG responses in both models, in contrast to gene
supplementation alone [67].

Due to the partial success of these dual allele-independent gene therapy approaches, it is not
surprising that many teams have taken advantage of the advent of CRISPR/Cas9 technology to explore
allele-specific invalidation of RHO. Bakondi and colleagues were the first to target an allele-specific
PAM sequence present only in the RhoS334 mutant allele of an RP mouse model. Following subretinal
administration and electroporation of the CRISPR/Cas components, the photoreceptor phenotype was
rescued and visual acuity was increased by 53% [29]. Similarly, Latella et al. targeted a RHOP23H

minigene expressed in a transgenic mouse model. They reduced expression of this mutant allele by
subretinal electroporation of Cas9 and two gRNAs that targeted the 5′ and the 3′ regions of exon 1 [30].
More recently, Giannelli et al., used a variant of SpCas9 called VQR, which recognizes a different PAM
sequence than wild type SpCas9, to selectively target the mutant allele in a Rho+/P23H mouse model.
Following delivery of the CRISPR/Cas system by AAV2/9 vectors, the degeneration of photoreceptors
was slowed and visual function was improved [68]. Lastly, Li et al., reported discrimination between the
human wild type and mutant allele in the Rho-P23H mice using an improved version of SpCas9-VQR,
called VRQR, and truncated gRNAs. They report that 45% of the mutant protein was edited at the
DNA level and that photoreceptor degeneration was significantly delayed [69].

Although all these studies are at initial stages, they provide promise for the gene therapy of
RHO-associated adRP. As CRISPR/Cas9 technology continues to advance it is certain that more studies
will take place with interesting results. The particularly high prevalence of the P23H mutation, notably
in the US population, renders these studies highly pertinent clinically.

4.2. PRPF31

The pre-mRNA splicing factor, PRPF31, is a ubiquitously expressed component of the spliceosome.
It is the second most prevalent gene to cause adRP, accounting for up to 10% of all cases [55,56].
Although PRPF31 mutations are lethal in the homozygous state [70], it is still largely unknown why
they only cause retinal disease in the heterozygous state. One suggestion is that photoreceptors are
more sensitive to PRPF31 levels due to their high demand on the spliceosome machinery [71]. Along
this line, photoreceptors have been shown to follow a special splicing program that produces high
levels of alternatively spliced transcripts in comparison to other retinal cells [72].

There have been 175 PRPF31 variants identified to date. Most of these are either large deletions
or result in a premature termination codon whereby the mutant transcript is cleared through
nonsense-mediated decay (NMD) [73,74]. As large deletions are difficult to detect, the number
of mutations may be underestimated. Mutant transcripts that are cleared by NMD are considered to be
null alleles and the carriers are functional hemizygotes. As the onset of symptoms seems to correlate
with protein levels, the mode of action of PRP31 mutations appears to be haploinsufficiency [73].

A striking feature of PRPF31 mutations is the associated incomplete penetrance within the same
family. It is believed that disease manifestation is linked to the levels of the wild type protein. Three
different factors that may affect these levels have been proposed: The first is CNOT3, which acts as
a negative regulator of PRPF31. Lower expression of CNOT3 leads to less inhibition of PRPF31 and
no clinical signs of the disease. In turn, the amount of CNOT3 expression seems to be linked with
an intronic polymorphism [75]. The second factor is MSR1, a minisatellite repeat element, which is
adjacent to the PRPF31 core promoter [76]. When there is at least one higher expressing 4-copy repeat
MSR1 allele, then the carriers of the PRPF31 mutation are asymptomatic. When the carriers only have
a 3-copy repeat MSR1 allele, then they can be either symptomatic or asymptomatic (ibid). Lastly, two
trans-acting expression quantitative trait locus (eQTL), one situated on a different chromosome and
the other located near PRPF31 on the wild type allele, have also been proposed to modulate PRPF31
expression [77].
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Therefore, it seems that there are multiple mechanisms that regulate the expression of PRPF31,
and that the amount of protein production is determinant for the development of the clinical
signs. Consequently, there are theoretically two suitable approaches to treat the disease by gene
therapy. The first is gene supplementation [78] but surprisingly, to our knowledge, there have
been no such studies for PRPF31, even though the size of the open reading frame (1497 bp) is
permissive for AAV-mediated gene transfer. However, a patent for such an approach has been filed
(https://patents.google.com/patent/WO2016144892A1/en). A second approach would be to specifically
correct the mutant allele by genome editing. Such an approach was used to target the pathogenic
PRPF31 mutation, c.1115–1125del11. This mutation was corrected in patient induced pluripotent stem
cells (iPSC) using the CRISPR/Cas system and an ssODN as a template for HDR [79]. The corrected
iPSC were then differentiated into photoreceptors and RPE, which showed improved cilia morphology
and rescue of the phagocytic capacity, respectively, in comparison to untreated cells. Lastly, as there
is not one prevalent PRPF31 mutation, an interesting alternative could be to target a modulator of
PRPF31 (for example, to invalidate CNOT3), as this approach could potentially be applied to a larger
subset of patients.

4.3. RP1

RP1 is another highly prevalent gene for RP, whose prevalence differs geographically but can
account for up to 10% of adRP cases [17]. RP1 protein is localized in the connecting cilium of
photoreceptors. It is a photoreceptor-specific microtubule-associated protein (MAP) and it is necessary
for the organization of the membrane discs [80]. To date, 190 RP1 mutations have been linked to
RP, which are categorized into four classes. The majority of RP1 mutations causing adRP are class II
mutants [17,18]. These mutations are concentrated in a hotspot in exon 4 of RP1 (nt position 500–1053)
and result in premature stop codons due to either nonsense or frameshift mutations. The corresponding
transcript escapes NMD but the resulting protein is missing a large part of the C terminal end.

Many of the dominant RP1 mutations show incomplete penetrance, which depends on the
patient’s genetic background. Haploinsufficiency has been excluded because carriers of null alleles are
mostly asymptomatic, whereas homozygous individuals present with the disease [81]. The mechanism
of action of RP1 mutations is considered to be dominant-negative [17,18]. Mice homozygous for a
dominant nonsense RP1 mutation show outer segment disorganization and photoreceptor degeneration.
However, this phenotype can be prevented by the expression of exogenous wild type RP1 [81]. It must
be noted though that, like for rhodopsin, the levels of wild type protein need to be within a specific
range, as too much RP1 will also result in degeneration [81].

Despite the high prevalence of this gene, to our knowledge there have been no other relevant
gene therapy studies reported to date. In order to determine the most suitable approach, it is necessary
to further elucidate the mechanisms of the disease. Nevertheless, currently, we can presume that all
three approaches of gene therapy (correction of the mutant allele, invalidation of the mutant allele
and/or wild type supplement) could be candidates for adRP associated with class II RP1 mutations.

4.4. PRPH2

The peripherin-2 gene, PRPH2, also known as retinal degeneration slow (RDS), participates
in the formation of the photoreceptor outer segments. It produces a transmembrane glycoprotein,
which is located at the rim of the discs and it is essential for their biogenesis and stabilization [82].
PRPH2 is the most clinically heterogeneous gene among all non-syndromic IRD-causing genes. More
than 180 mutations have been identified, causing autosomal dominant RP, macular degeneration and
cone-rod dystrophy (Figure 4). Of these mutations, at least 50 are linked to adRP and account for
5%–10% of cases [83]. Some of this variability may result from modifier genes situated at another locus,
one of which is considered to be ROM1 [84]. It has been suggested that digenic RP can arise when the
p.Leu185Pro mutation of PRPH2 is inherited with heterozygous mutations in the gene ROM1 [85,86].

https://patents.google.com/patent/WO2016144892A1/en
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As can be expected, not all PRPH2 mutations have the same mode of action. Some of the mutations
that cause adRP have a clear haploinsufficiency effect [82,87]. An example is the p.Cys214Ser (C214S)
mutation, which is equivalent to a null allele, as the mutant protein is unstable and degraded. This is
supported by the fact that the mouse Rds+/− model, which also has one null Prph2 allele, presents
with a disease phenotype. This phenotype was rescued by expression of a wild type Prph2 transgene
in rods and cones [88]. Other mutations in PRPH2 exhibit more complicated mechanisms of action.
There are cases of gain-of-function mutations that behave in a dominant-negative fashion, such as the
p.Pro216Leu (P216L) mutation. It has been shown in vivo that the amount of mutant P216L protein is
only 8% of the wild type, and that it promotes degradation not only of the mutant but also of the wild
type protein. The resulting low levels of protein lead to a phenotype similar to haploinsufficiency [89].
The retina is highly sensitive to the PRPH2 levels, which need to be approximately 60%–80% of the
normal levels [88,89].

It has been suggested that in the case of loss-of-function mutations, such as C214S, a gene
augmentation approach can be appropriate [90,91]. However, the fact that the levels of PRPH2 need to
be finely tuned makes this approach challenging [82]. Furthermore, gene augmentation is probably not
sufficient for treating gain-of-function mutations with dominant-negative effects [82]. Instead, the safest
approach would probably be targeted gene therapy by either gene invalidation or gene correction.

4.5. IMPDH1

The Inosine-5′-Monophosphate Dehydrogenase genes, IMPDH, encode an enzyme that catalyzes
the conversion of inosine 5′-phosphate (IMP) to xanthosine 5′-phosphate (XMP), a step in the synthesis
of guanine nucleotide. IMPDH is essential for cell growth, as inhibition of the enzyme leads to a stop
in DNA synthesis [92]. There are two IMP dehydrogenases in humans encoded by the genes IMPDH1
and IMPDH2. While all cells express both isozymes, retinal cells express only IMPDH1. Furthermore,
there are two retina-specific isoforms of IMPDH1, each produced by alternative splicing [93,94].

Mutations in IMPDH1 are found in 2.5%–3.5% of all adRP cases [55,56,95] and in some cases of
autosomal dominant LCA type 11 [95]. In total, 24 mutations have been described, the vast majority of
which are missense variants. The two most common IMPDH1 mutations are p.Asp226Asn, comprising
2.2% of cases, and p.Asp311Asn, 1.5% of cases [55]. All IMPDH1 mutations are found in the so-called
CBS subdomain, which contains two cystathionine β-synthase repeats and shows the most structural
differences between IMPDH1 and IMPDH2.

While all IMPDH1 mutations are dominant, the mechanism of pathogenesis is unclear. There
are different hypotheses on how these variants give rise RP, all of them related to decreased DNA
binding. The first hypothesis is that IMPDH1 has a second role as a transcription repressor of histone
genes and the E2F transcription factor by binding single-stranded DNA [96], and that adRP-causing
mutations block this DNA binding [97]. The second is that IMPDH1 is associated with polyribosomes
that translate rhodopsin, and that the causative mutations undermine this interaction [58]. The last
hypothesis is that adRP mutations lead to structural changes in IMPDH1 that render it constantly
active, and lead to an imbalance in purine nucleotides [98].

As can be seen from above, IMPDH1 is a very interesting gene, with multiple functions. However,
to date, the way that it gives rise to RP is not clear. In the absence of further evidence, it would be safer
to treat adRP-causing IMPDH1 mutations either by correction of the mutant allele or by invalidation of
both alleles and gene supplementation.

4.6. NR2E3

The Nuclear Receptor subfamily 2 Group E Member 3 gene, NR2E3, encodes a transcription factor
mainly expressed in photoreceptors [99]. It is essential for the differentiation of rods [100]. NR2E3
belongs to the family of orphan nuclear receptors, as no ligand has yet been identified. It interacts
with CRX, NR2D1 and NRL in rod precursors as well in mature cells [101]. This interaction promotes
the transcription of rod-specific genes, such as rhodopsin. At the same time, NR2E3 suppresses
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the expression of cone-specific genes [102]. To date, 80 mutations have been reported for NR2E3.
The majority of these mutations cause enhanced S cone syndrome, which is an autosomal recessive
disorder [103]. Symptoms include vision loss with increased sensitivity to blue light.

Interestingly, there is only one mutation in NR2E3, c.166G>A (p.Gly56Arg; G56R), that has
conclusively been linked to adRP [104]. This one mutation is the second most common mutation
for adRP (after the RHO P23H mutation) and accounts for 1%–2% of adRP in the US and 3.5% in
Europe [104–106]. Therefore, one G56R-targeted strategy could potentially treat all NR2E3-related
adRP patients. The glycine residue at position 56 of NR2E3 is located in its DNA-binding domain.
When changed to an arginine residue, it has been proposed that the mutant protein cannot bind
DNA or dimerize effectively with wild type NR2E3 [107]. However, the G56R NR2E3 protein can
continue to interact with CRX. A hypothesis regarding its mechanism of action is that mutant NR2E3
recruits CRX but blocks its interaction with DNA. The G56R variant thus represents a gain-of-function
mutation [108]. As a result, mutant NR2E3 cannot activate rhodopsin but it oversuppresses S and M
cone opsins. This lack of rhodopsin would be detrimental for the cells, as mice with 50% reduction in
rhodopsin show photoreceptor deterioration [109].

The small size of the NR2E3 open reading frame (1230 bp), and the fact that there is only one
mutation that causes adRP, which makes it an ideal target for gene therapy. As the mechanism of action
seems to be gain-of-function, invalidation of the mutant allele, with or without gene supplementation,
or specific correction of the mutant allele would be appropriate therapeutic approaches.

4.7. SNRNP200

Small Nuclear Ribonucleoprotein U5 Subunit 200 (SNRPN200) encodes BRR2, which is a component
of the spliceosome. BRR2 is a RNA helicase that is a component of the U5 snRNP. BRR2, together
with PRPF31, PRPF3, PRPF6 and PRPF8, belongs to the group of splicing factors that are part of the
U4/U6-U5 tri-snRNP complex and which, when mutated, cause adRP [110].

SNRNP200 is responsible for approximately 2.5% of all adRP cases [55,56]. In total, 35 SNRNP200
mutations have been identified. Most of them are grouped within the first DExD box of the helicase,
which is necessary for the unwinding of RNA [111,112]. SNRNP200 mutations reduce helicase
activity [113–115]. Furthermore, two SNRNP200 adRP mutations (p.Ser1087Leu and p.Arg1090Leu)
affect not only spliceosome activation but also proper recognition of splice sites [110,116,117].

The mechanism of pathogenicity of SNRNP200 mutations is not clear but haploinsufficiency can
probably be excluded as it has been reported that missing one allele is not pathogenic [118]. To our
knowledge, no studies on gene therapy for this gene exist to date. Lacking more information, the safest
therapeutic approach would be correction of the mutant allele.

4.8. CRX

One last causative gene that merits being mentioned is CRX, which encodes the cone-rod homeobox
protein. CRX is a key player in the development and maintenance of photoreceptors. CRX regulates
the transcription of several retinal genes and, in addition, is expressed in the pineal gland, where it
regulates the circadian rhythm [119]. CRX, like PRPH2, is one of the genes that cause the most variable
disease phenotypes. Over 100 CRX mutations have been identified, most of which cause autosomal
dominant cone-rod dystrophy or LCA type 7 (Table 1 and Figure 4). Late onset CRX-related adRP cases
have also been identified, which comprise 1.5% of all adRP [56]. In total, 5 CRX mutations that cause
adRP have been identified to date: four missense mutations p.Ser152Tyr, p.Gly122Asp, p.Arg115Gln
and p.Arg41Gln (the latter also causes cone-rod dystrophy), and one deletion of exons 3 and 4 [56].

Although there is variability in pathogenicity, it seems that CRX mutations are dominant-negative,
gain-of-function or both. Haploinsufficiency does not seem to be the cause of disease as a carrier of a
null allele was reported to have a normal clinical phenotype [120]. Strikingly, in this particular case, the
patient’s daughter who was also heterozygous presented with LCA arguing for a more complicated
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mechanism. Furthermore, animal models heterozygous for null Crx mutations do not have the severe
symptoms displayed by patients with dominant forms of the disease [121].

Consequently, in order to treat the adRP-related CRX missense mutations, either invalidation or
correction of the mutant allele would be the strategy of choice. For the reported deletion, invalidation
of both alleles, followed by gene supplementation, would be the only approach. Furthermore, if such
an approach were successful, it could also be applied to the CRX point mutations indiscriminately.

5. Discussion/Insights

The scope of this article was to provide an overview of how adRP could be treated in light of
emerging technologies. For this purpose, we examined how genome-editing strategies have been or
could be applied to the most common genes that cause adRP. We used adRP as an example because it
is the most frequent disorder, but the same principles can be applied to other autosomal dominant
IRDs, that have similar pathological mechanisms.

When designing a genome-editing strategy, it is essential to take into account the pathological
mechanism of the mutation of interest. At the same time, the mechanism of other mutations within
the same gene is also informative. For example, if null alleles in the heterozygous state do not
cause symptoms, this indicates that, regardless of the mutation, haploinsufficiency is not the cause of
pathogenicity. Furthermore, it needs to be kept in mind that the mechanisms are not always black
and white. Often, symptoms arise from a combination of mechanisms, such as gain-of-function and
dominant-negative, which is the case for RHO. In these situations, it is better to opt for the safest
approach, which would be invalidation of both alleles followed by gene supplementation or correction
of the mutant allele. Wild type gene supplementation (without prior invalidation) on the other hand,
is a safer option for cases of haploinsufficiency, such as for PRPF31.

Another crucial point is the threshold of protein levels in the cell. For some proteins there is a
fine balance between insufficiency and toxicity (RHO) while for others, such as transcription factors,
improper levels, whether they be too high or too low, could disrupt signaling pathways and cause
secondary effects [122]. Therefore, following genome editing, it is important to assay the affected
pathways for signs of imbalance. Lastly, it is desirable to develop therapies with as high an impact as
possible. All mutations that cause IRDs are rare, some only affecting a few families worldwide, and it
would not be economically viable to tailor a strategy for each one of them. Therefore, it is advantageous
to design strategies that are mutation-independent and even disorder-independent. As a result, a
maximum number of patients would benefit from the therapy.

CRISPR/Cas is currently the most promising tool for genome editing and it has dramatically
changed the field of gene therapy. To date, for non-retinal diseases, CRISPR/Cas-mediated genome
editing has already made its way to clinical trials, at least for ex vivo applications. For example, a phase
1/2 study using autologous CRISPR/Cas9-modified CD34+ human hematopoietic stem and progenitor
cells for the treatment of beta thalassemia has already been approved (https://clinicaltrials.gov/ct2/show/

NCT03655678). This is also the case for an ex vivo trial using autologous T-cells with an engineered T-cell
receptor that recognize cancer cells (https://clinicaltrials.gov/ct2/show/NCT03399448). On the retinal
landscape, the positive results on non-human primates for a CRISPR/Cas9 genome-editing strategy for
CEP290, a gene that causes LCA type 10 [123], will likely soon result in the first genome-editing clinical
trial for an IRD.

Aside from the more ‘traditional’ way of editing mutations with CRISPR/Cas9, there are new
variants of this tool that can be envisaged for the treatment of IRDs. One example is CRISPR interference
(CRISPRi) (Figure 3). CRISPRi uses the so-called dead Cas9 (dCas9) molecule, which has been mutated
to have no nuclease activity [124]. The dCas9 molecule is coupled with a gRNA that targets the
promoter of the gene of interest. As dCas9 cannot cleave DNA it remains bound to the promoter,
preventing its transcription. To further promote suppression, dCas9 has been fused with transcriptional
repressor domains [125]. The biggest advantage of this approach is its reversibility, as no permanent
change is introduced in the DNA. CRISPRi could be an advantageous alternative to allele-specific

https://clinicaltrials.gov/ct2/show/NCT03655678
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invalidation if there exists a single nucleotide polymorphism in the promoter that distinguishes the
mutant from the wild type allele. Otherwise, both promoters would need to be targeted and a wild
copy of the gene provided.

CRISPR activation (CRISPRa) is based on the same principle as CRISPRi [126,127]. For CRISPRa,
dCas9, instead of being fused to a repressor, is fused to a transcription enhancer. In this way gene
expression is enhanced. So far, applications have been focused on gene screening but we can envision
this approach as an alternative to gene supplementation (Figure 3). A suitable case would be mutations
in PRPF31. Enhanced transcription of both alleles would lead to higher levels of only the wild type
protein, as mutant PRPF31 would still be cleared by NMD. Furthermore, CRISPRa would provide an
advantage in the case of genes that are too large to be delivered by AAV vectors.

Base editor is another exciting new technology as it allows the direct editing of specific bases.
For the base-editor approach, an impaired Cas9 (i.e., a Cas9 that only induces a single-strand break,
also called “nickase”) is fused to a cytidine deaminase, which directly edits C/G bases to T/A and A/T
bases to G/C [128–130]. In this way, it is possible to specifically convert the mutated nucleotide to the
wild type one. This would be an attractive alternative to the correction of a mutant allele, due to the
low efficiency of HDR in the post-mitotic retinal cells (Figure 3).

Despite the advances in CRISPR/Cas9 technology, there are some limitations that remain and
should be taken into consideration when designing a therapy. It is well known that Cas9 tolerates
mismatches, which means that it induces double-strand breaks on sequences that differ by one or
more base pairs from the gRNA sequence, leading to off-target effects [131]. Strategies that have been
designed to circumvent this problem include the development of more specific Cas9 molecules and
modifying the guide RNA design to increase specificity [132–135]. Another difficulty is that most
Cas9 genes are too big to be delivered by a single AAV vector. However, smaller Cas9 molecules from
different species have been discovered more recently that are small enough to be packaged within an
AAV [136–138]. This opens up the possibility of directly administering the Cas9 gene into the retina for
in vivo genome editing.

To conclude, IRDs are currently incurable diseases but gene therapy holds great promise for
developing a cure. This is evidenced by the fact that the first gene therapy drug for an IRD, Luxturna,
an AAV2/2 vector carrying the RPE65 gene for the treatment of RPE65-associated RP or LCA type
2 [139], has recently reached the market. It is certain that the field will grow exponentially in the
future, especially with the aid of novel, CRISPR/Cas9-mediated, genome-editing strategies. Patients
and researchers alike are awaiting the progress that is still to be made with excitement.

Funding: This research was funded by the Labex EpiGenMed “Investment for the future” program, grant number
ANR-10-LABX-12-01 (Ph.D. fellowship to Michalitsa Diakatou).

Acknowledgments: The authors thank Carla Sanjurjo-Soriano for critical reading of the manuscript and Gregor
Dubois for help with figure preparations.

Conflicts of Interest: The authors have no conflict of interest to declare.

References

1. Sullivan, L.S.; Daiger, S.P. Inherited retinal degeneration: Exceptional genetic and clinical heterogeneity.
Mol. Med. Today 1996, 380–386. [CrossRef]

2. Sohocki, M.M.; Daiger, S.P.; Bowne, S.J.; Rodriquez, J.A.; Northrup, H.; Heckenlively, J.R.; Birch, D.G.;
Mintz-Hittner, H.; Ruiz, R.S.; Lewis, R.A.; et al. Prevalence of mutations causing retinitis pigmentosa and
other inherited retinopathies. Hum. Mutat. 2001, 17, 42–51. [CrossRef]

3. Cepko, C.; Vandenberghe, L.H. Retinal Gene Therapy Coming of Age. Hum. Gene Ther. 2013, 244, 242–244.
[CrossRef] [PubMed]

4. Berger, W.; Kloeckener-Gruissem, B.; Neidhardt, J. The molecular basis of human retinal and vitreoretinal
diseases. Prog. Retin. Eye Res. 2010, 29, 335–375. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1357-4310(96)10037-X
http://dx.doi.org/10.1002/1098-1004(2001)17:1&lt;42::AID-HUMU5&gt;3.0.CO;2-K
http://dx.doi.org/10.1089/hum.2013.050
http://www.ncbi.nlm.nih.gov/pubmed/23458444
http://dx.doi.org/10.1016/j.preteyeres.2010.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20362068


Int. J. Mol. Sci. 2019, 20, 2542 16 of 22

5. Verbakel, S.K.; van Huet, R.A.C.; Boon, C.J.F.; den Hollander, A.I.; Collin, R.W.J.; Klaver, C.C.W.; Hoyng, C.B.;
Roepman, R.; Klevering, B.J. Non-syndromic retinitis pigmentosa. Prog. Retin. Eye Res. 2018, 66, 157–186.
[CrossRef]

6. Gill, J.S.; Georgiou, M.; Kalitzeos, A.; Moore, A.T.; Michaelides, M. Progressive cone and cone-rod dystrophies:
Clinical features, molecular genetics and prospects for therapy. Br. J. Ophthalmol. 2019, 103, 711–720.
[CrossRef] [PubMed]

7. Thompson, J.A.; De Roach, J.N.; McLaren, T.L.; Lamey, T.M. A Mini-Review: Leber Congenital Amaurosis:
Identification of Disease-Causing Variants and Personalised Therapies. Adv. Exp. Med. Biol. 2018, 1074,
265–271. [PubMed]

8. Farrar, G.J.; Carrigan, M.; Dockery, A.; Millington-Ward, S.; Palfi, A.; Chadderton, N.; Humphries, M.;
Kiang, A.S.; Kenna, P.F.; Humphries, P. Toward an elucidation of the molecular genetics of inherited retinal
degenerations. Hum. Mol. Genet. 2017, 26, R2–R11. [CrossRef] [PubMed]

9. Scholl, H.P.N.; Strauss, R.W.; Singh, M.S.; Dalkara, D.; Roska, B.; Picaud, S.; Sahel, J.-A. Emerging therapies
for inherited retinal degeneration. Sci. Transl. Med. 2016, 8, 368rv6. [CrossRef]

10. Colella, P.; Cotugno, G.; Auricchio, A. Ocular gene therapy: Current progress and future prospects. Trends
Mol. Med. 2009, 15, 23–31. [CrossRef]

11. Cunha-Vaz, J.; Bernardes, R.; Lobo, C. Blood-Retinal Barrier. Eur. J. Ophthalmol. 2011, 21, 3–9. [CrossRef]
12. Auricchio, A.; Smith, A.J.; Ali, R.R. The Future Looks Brighter After 25 Years of Retinal Gene Therapy.

Hum. Gene Ther. 2017, 28, 982–987. [CrossRef]
13. Wilson, J.H.; Wensel, T.G. The Nature of Dominant Mutations of Rhodopsin and Implications for Gene

Therapy. Mol. Neurobiol. 2003, 28, 149–158. [CrossRef]
14. Deutschbauer, A.M.; Jaramillo, D.F.; Proctor, M.; Kumm, J.; Hillenmeyer, M.E.; Davis, R.W.; Nislow, C.;

Giaever, G. Mechanisms of haploinsufficiency revealed by genome-wide profiling in yeast. Genetics 2005,
169, 1915–1925. [CrossRef] [PubMed]

15. Mendes, H.F.; Van Der Spuy, J.; Chapple, J.P.; Cheetham, M.E. Mechanisms of cell death in rhodopsin retinitis
pigmentosa: Implications for therapy. Trends Mol. Med. 2005, 11, 177–185. [CrossRef] [PubMed]

16. Veitia, R.A. Exploring the Molecular Etiology of Dominant-Negative Mutations. Plant Cell 2007, 19, 3843.
[CrossRef] [PubMed]

17. Audo, I.; Mohand-Saïd, S.; Dhaenens, C.-M.; Germain, A.; Orhan, E.; Antonio, A.; Hamel, C.; Sahel, J.-A.;
Bhattacharya, S.S.; Zeitz, C. RP1 and autosomal dominant rod-cone dystrophy: Novel mutations, a review of
published variants, and genotype-phenotype correlation. Hum. Mutat. 2012, 33, 73–80. [CrossRef]

18. Chen, L.J.; Lai, T.Y.Y.; Tam, P.O.S.; Chiang, S.W.Y.; Zhang, X.; Lam, S.; Lai, R.Y.K.; Lam, D.S.C.; Pang, C.P.
Compound heterozygosity of two novel truncation mutations in RP1 causing autosomal recessive retinitis
pigmentosa. Investig. Ophthalmol. Vis. Sci. 2010, 51, 2236–2242. [CrossRef]

19. Pierce, E.A.; Saveliev, A.; Collin, R.W.J.; van den Born, I.; Liu, Q.E. Mutations in RP1 cause dominant retinitis
pigmentosa via a dominant-negative mechanism (Abstract/Program 2147/W). In Proceedings of the 60th
Annual Meeting of The American Society of Human Genetics, Washington, DC, USA, 3 November 2010.

20. Mao, H.; James, T.; Schwein, A.; Shabashvili, A.E.; Hauswirth, W.W.; Gorbatyuk, M.S.; Lewin, A.S. AAV
Delivery of Wild-Type Rhodopsin Preserves Retinal Function in a Mouse Model of Autosomal Dominant
Retinitis Pigmentosa. Hum. Gene Ther. 2010, 22, 567–575. [CrossRef]

21. Price, B.A.; Sandoval, I.M.; Chan, F.; Nichols, R.; Roman-Sanchez, R.; Wensel, T.G.; Wilson, J.H. Rhodopsin
Gene Expression Determines Rod Outer Segment Size and Rod Cell Resistance to a Dominant-Negative
Neurodegeneration Mutant. PLoS ONE 2012, 7, e49889. [CrossRef]

22. Mendes, H.F.; Cheetham, M.E. Pharmacological manipulation of gain-of-function and dominant-negative
mechanisms in rhodopsin retinitis pigmentosa. Hum. Mol. Genet. 2008, 17, 3043–3054. [CrossRef]

23. Farrar, G.J.; Millington-Ward, S.; Chadderton, N.; Humphries, P.; Kenna, P.F. Gene-based therapies for
dominantly inherited retinopathies. Gene Ther. 2012, 19, 137–144. [CrossRef]

24. Rossmiller, B.; Mao, H.; Lewin, A.S. Gene therapy in animal models of autosomal dominant retinitis
pigmentosa. Mol. Vis. 2012, 18, 2479–2496.

25. Mussolino, C.; Sanges, D.; Marrocco, E.; Bonetti, C.; Di Vicino, U.; Marigo, V.; Auricchio, A.; Meroni, G.;
Surace, E.M. Zinc-finger-based transcriptional repression of rhodopsin in a model of dominant retinitis
pigmentosa. EMBO Mol. Med. 2011, 3, 118–128. [CrossRef]

http://dx.doi.org/10.1016/j.preteyeres.2018.03.005
http://dx.doi.org/10.1136/bjophthalmol-2018-313278
http://www.ncbi.nlm.nih.gov/pubmed/30679166
http://www.ncbi.nlm.nih.gov/pubmed/29721952
http://dx.doi.org/10.1093/hmg/ddx185
http://www.ncbi.nlm.nih.gov/pubmed/28510639
http://dx.doi.org/10.1126/scitranslmed.aaf2838
http://dx.doi.org/10.1016/j.molmed.2008.11.003
http://dx.doi.org/10.5301/EJO.2010.6049
http://dx.doi.org/10.1089/hum.2017.164
http://dx.doi.org/10.1385/MN:28:2:149
http://dx.doi.org/10.1534/genetics.104.036871
http://www.ncbi.nlm.nih.gov/pubmed/15716499
http://dx.doi.org/10.1016/j.molmed.2005.02.007
http://www.ncbi.nlm.nih.gov/pubmed/15823756
http://dx.doi.org/10.1105/tpc.107.055053
http://www.ncbi.nlm.nih.gov/pubmed/18083908
http://dx.doi.org/10.1002/humu.21640
http://dx.doi.org/10.1167/iovs.09-4437
http://dx.doi.org/10.1089/hum.2010.140
http://dx.doi.org/10.1371/journal.pone.0049889
http://dx.doi.org/10.1093/hmg/ddn202
http://dx.doi.org/10.1038/gt.2011.172
http://dx.doi.org/10.1002/emmm.201000119


Int. J. Mol. Sci. 2019, 20, 2542 17 of 22

26. Botta, S.; Marrocco, E.; de Prisco, N.; Curion, F.; Renda, M.; Sofia, M.; Lupo, M.; Carissimo, A.; Bacci, M.L.;
Gesualdo, C.; et al. Rhodopsin targeted transcriptional silencing by DNA-binding. Elife 2016, 5, e12242.
[CrossRef]

27. Gorbatyuk, M.S.; Pang, J.J.; Thomas, J.; Hauswirth, W.W.; Lewin, A.S. Knockdown of wild-type mouse
rhodopsin using an AAV vectored ribozyme as part of an RNA replacement approach. Mol. Vis. 2005, 11,
648–656. [PubMed]

28. Cideciyan, A.V.; Sudharsan, R.; Dufour, V.L.; Massengill, M.T.; Iwabe, S.; Swider, M.; Lisi, B.; Sumaroka, A.;
Marinho, L.F.; Appelbaum, T.; et al. Mutation-independent rhodopsin gene therapy by knockdown and
replacement with a single AAV vector. Proc. Natl. Acad. Sci. USA 2018, 115, E8547–E8556. [CrossRef]
[PubMed]

29. Bakondi, B.; Lv, W.; Lu, B.; Jones, M.K.; Tsai, Y.; Kim, K.J.; Levy, R.; Akhtar, A.A.; Breunig, J.J.; Svendsen, C.N.;
et al. In Vivo CRISPR/Cas9 Gene Editing Corrects Retinal Dystrophy in the S334ter-3 Rat Model of Autosomal
Dominant Retinitis Pigmentosa. Mol. Ther. 2016, 24, 556–563. [CrossRef]

30. Latella, M.C.; Di Salvo, M.T.; Cocchiarella, F.; Benati, D.; Grisendi, G.; Comitato, A.; Marigo, V.; Recchia, A.
In vivo Editing of the Human Mutant Rhodopsin Gene by Electroporation of Plasmid-based CRISPR/Cas9 in
the Mouse Retina. Mol. Ther. Nucleic Acids 2016, 5, e389. [CrossRef]

31. Burnight, E.R.; Gupta, M.; Wiley, L.A.; Anfinson, K.R.; Tran, A.; Triboulet, R.; Hoffmann, J.M.; Klaahsen, D.L.;
Andorf, J.L.; Jiao, C.; et al. Using CRISPR-Cas9 to Generate Gene-Corrected Autologous iPSCs for the
Treatment of Inherited Retinal Degeneration. Mol. Ther. 2017, 25, 1999–2013. [CrossRef] [PubMed]

32. Drenser, K.A.; Timmers, A.M.; Hauswirth, W.W.; Lewin, A.S. Ribozyme-targeted destruction of RNA
associated with autosomal-dominant retinitis pigmentosa. Investig. Ophthalmol. Vis. Sci. 1998, 39, 681–689.

33. Murray, S.F.; Jazayeri, A.; Matthes, M.T.; Yasumura, D.; Yang, H.; Peralta, R.; Watt, A.; Freier, S.; Hung, G.;
Adamson, P.S.; et al. Allele-Specific Inhibition of Rhodopsin With an Antisense Oligonucleotide Slows
Photoreceptor Cell Degeneration. Investig. Opthalmology Vis. Sci. 2015, 56, 6362. [CrossRef]

34. Greenwald, D.L.; Cashman, S.M.; Kumar-Singh, R. Engineered zinc finger nuclease-mediated homologous
recombination of the human rhodopsin gene. Investig. Ophthalmol. Vis. Sci. 2010, 51, 6374–6380. [CrossRef]

35. Foltz, L.P.; Howden, S.E.; Thomson, J.A.; Clegg, D.O. Functional Assessment of Patient-Derived Retinal
Pigment Epithelial Cells Edited by CRISPR/Cas9. Int. J. Mol. Sci. 2018, 19, 4127. [CrossRef] [PubMed]

36. Doudna, J.A.; Charpentier, E. The new frontier of genome engineering with CRISPR-Cas9. Science 2014, 346,
1258096. [CrossRef]

37. Adli, M. The CRISPR tool kit for genome editing and beyond. Nat. Commun. 2018, 9, 1911. [CrossRef]
38. Wang, H.; La Russa, M.; Qi, L.S. CRISPR/Cas9 in Genome Editing and Beyond. Annu. Rev. Biochem. 2016, 85,

227–264. [CrossRef]
39. Ishino, Y.; Shinagawa, H.; Makino, K.; Amemura, M.; Nakata, A. Nucleotide sequence of the iap gene,

responsible for alkaline phosphatase isozyme conversion in Escherichia coli, and identification of the gene
product. J. Bacteriol. 1987, 169, 5429–5433. [CrossRef]

40. Jansen, R.; Embden, J.; Gaastra, W.; Schouls, L. Identification of genes that are associated with DNA repeats
in prokaryotes. Mol. Microbiol. 2002, 43, 1565–1575. [CrossRef] [PubMed]

41. Klenk, H.; Clayton, R.A.; Tomb, J.; Dodson, R.J.; Gwinn, M.; Hickey, E.K.; Fleischmann, R.D.; Quackenbush, J.;
Lee, N.H.; Dougherty, B.A.; et al. The complete genome sequence of the hyperthermophilic, sulphate-reducing
archaeon. Nature 1998, 390, 364–370. [CrossRef] [PubMed]

42. Mojica, F.J.; Diez-Villasenor, C.; Soria, E.; Juez, G. Biological significance of a family of regularly spaced
repeats in the genomes of Archaea, Bacteria and mitochondria. Mol. Microbiol. 2000, 36, 244–246. [CrossRef]

43. Mojica, F.J.M.; Ferrer, C.; Juez, G.; Rodriguez-Valera, F. Long streches of short tandem repeats are present in
the largest replicons of the archeaea Haloferax mediterranei and Haloferax volcanii and could be involved in
replican partitioning. Mol. Microbiol. 1995, 17, 85–93. [CrossRef] [PubMed]

44. Nelson, K.E.; Clayton, R.A.; Gill, S.R.; Gwinn, M.L.; Dodson, R.J.; Haft, D.H.; Hickey, E.K.; Peterson, J.D.;
Nelson, W.C.; Ketchum, K.A.; et al. Evidence for lateral gene transfer between Archaea and bacteria from
genome sequence of Thermotoga maritima. Nature 1999, 399, 323–329. [CrossRef]

45. Barrangou, R.; Fremaux, C.; Deveau, H.; Richards, M.; Boyaval, P.; Moineau, S.; Romero, D.A.; Horvath, P.
CRISPR Provides Acquired Resistance Against Viruses in Prokaryotes. Science 2007, 315, 1709–1712.
[CrossRef] [PubMed]

http://dx.doi.org/10.7554/eLife.12242
http://www.ncbi.nlm.nih.gov/pubmed/16145542
http://dx.doi.org/10.1073/pnas.1805055115
http://www.ncbi.nlm.nih.gov/pubmed/30127005
http://dx.doi.org/10.1038/mt.2015.220
http://dx.doi.org/10.1038/mtna.2016.92
http://dx.doi.org/10.1016/j.ymthe.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28619647
http://dx.doi.org/10.1167/iovs.15-16400
http://dx.doi.org/10.1167/iovs.10-5781
http://dx.doi.org/10.3390/ijms19124127
http://www.ncbi.nlm.nih.gov/pubmed/30572641
http://dx.doi.org/10.1126/science.1258096
http://dx.doi.org/10.1038/s41467-018-04252-2
http://dx.doi.org/10.1146/annurev-biochem-060815-014607
http://dx.doi.org/10.1128/jb.169.12.5429-5433.1987
http://dx.doi.org/10.1046/j.1365-2958.2002.02839.x
http://www.ncbi.nlm.nih.gov/pubmed/11952905
http://dx.doi.org/10.1038/37052
http://www.ncbi.nlm.nih.gov/pubmed/9389475
http://dx.doi.org/10.1046/j.1365-2958.2000.01838.x
http://dx.doi.org/10.1111/j.1365-2958.1995.mmi_17010085.x
http://www.ncbi.nlm.nih.gov/pubmed/7476211
http://dx.doi.org/10.1038/20601
http://dx.doi.org/10.1126/science.1138140
http://www.ncbi.nlm.nih.gov/pubmed/17379808


Int. J. Mol. Sci. 2019, 20, 2542 18 of 22

46. Pardo, B.; Gómez-González, B.; Aguilera, A. DNA double-strand break repair: How to fix a broken
relationship. Cell. Mol. Life Sci. 2009, 66, 1039–1056. [CrossRef]

47. Yanik, M.; Müller, B.; Song, F.; Gall, J.; Wagner, F.; Wende, W.; Lorenz, B.; Stieger, K. In vivo genome editing
as a potential treatment strategy for inherited retinal dystrophies. Prog. Retin. Eye Res. 2017, 56, 1–18.
[CrossRef] [PubMed]

48. Christian, M.; Cermak, T.; Doyle, E.L.; Schmidt, C.; Zhang, F.; Hummel, A.; Bogdanove, A.J.; Voytas, D.F.
Targeting DNA double-strand breaks with TAL effector nucleases. Genetics 2010, 186, 756–761. [CrossRef]

49. Cong, L.; Ran, F.A.; Cox, D.; Lin, S.; Barretto, R.; Hsu, P.D.; Wu, X.; Jiang, W.; Marraffini, L.A. Multiplex
Genome Engineering Using CRISPR/VCas Systems. Science 2013, 339, 819–823. [CrossRef] [PubMed]

50. Heyer, W.-D.; Ehmsen, K.T.; Liu, J. Regulation of homologous recombination in eukaryotes Wolf-Dietrich.
Annu. Rev. Genet. 2010, 44, 113–139. [CrossRef] [PubMed]

51. Suzuki, K.; Tsunekawa, Y.; Hernandez-Benitez, R.; Wu, J.; Zhu, J.; Kim, E.J.; Hatanaka, F.; Yamamoto, M.;
Araoka, T.; Li, Z.; et al. In vivo genome editing via CRISPR/Cas9 mediated homology-independent targeted
integration. Nature 2016, 540, 144–149. [CrossRef]

52. Sanjurjo-Soriano, C.; Kalatzis, V. Guiding Lights in Genome Editing for Inherited Retinal Disorders:
Implications for Gene and Cell Therapy. Neural Plast. 2018, 2018, 5056279. [CrossRef]

53. Sullivan, L.S.; Bowne, S.J.; Reeves, M.J.; Blain, D.; Goetz, K.; Difor, V.N.; Vitez, S.; Wang, X.; Tumminia, S.J.;
Daiger, S.P. Prevalence of mutations in eyeGENE probands with a diagnosis of autosomal dominant retinitis
pigmentosa. Investig. Ophthalmol. Vis. Sci. 2013, 54, 6255–6261. [CrossRef]

54. Athanasiou, D.; Aguila, M.; Bellingham, J.; Li, W.; McCulley, C.; Reeves, P.J.; Cheetham, M.E. The molecular
and cellular basis of rhodopsin retinitis pigmentosa reveals potential strategies for therapy. Prog. Retin.
Eye Res. 2018, 62, 1–23. [CrossRef] [PubMed]

55. Daiger, S.P.; Bowne, S.J.; Sullivan, L.S. Genes and Mutations Causing Autosomal Dominant Retinitis
Pigmentosa. Cold Spring Harb. Perspect. Med. 2014, 5, a017129. [CrossRef]

56. Martin-Merida, I.; Aguilera-Garcia, D.; Fernandez-San Jose, P.; Blanco-Kelly, F.; Zurita, O.; Almoguera, B.;
Garcia-Sandoval, B.; Avila-Fernandez, A.; Arteche, A.; Minguez, P.; et al. Toward the mutational
landscape of autosomal dominant retinitis pigmentosa: A comprehensive analysis of 258 Spanish families.
Investig. Ophthalmol. Vis. Sci. 2018, 59, 2345–2354. [CrossRef]

57. Hargrave, P.A.; McDowell, J.H. Rhodopsin and phototransduction: A model system for G protein-linked
receptors. FASEB J. 1992, 6, 2323–2331. [CrossRef] [PubMed]

58. Mortimer, S.E.; Xu, D.; McGrew, D.; Hamaguchi, N.; Lim, H.C.; Bowne, S.J.; Daiger, S.P.; Hedstrom, L. IMP
dehydrogenase type 1 associates with polyribosomes translating rhodopsin mRNA. J. Biol. Chem. 2008, 283,
36354–36360. [CrossRef]

59. Audo, I.; Manes, G.; Mohand-Saïd, S.; Friedrich, A.; Lancelot, M.-E.; Antonio, A.; Moskova-Doumanova, V.;
Poch, O.; Zanlonghi, X.; Hamel, C.P.; et al. Spectrum of rhodopsin mutations in French autosomal dominant
rod-cone dystrophy patients. Invest. Ophthalmol. Vis. Sci. 2010, 51, 3687–3700. [CrossRef] [PubMed]

60. Illing, M.E.; Rajan, R.S.; Bence, N.F.; Kopito, R.R. A Rhodopsin Mutant Linked to Autosomal Dominant
Retinitis Pigmentosa Is Prone to Aggregate and Interacts with the Ubiquitin Proteasome System. J. Biol. Chem.
2002, 277, 34150–34160. [CrossRef]

61. Rajan, R.S.; Kopito, R.R. Suppression of Wild-type Rhodopsin Maturation by Mutants Linked to Autosomal
Dominant Retinitis Pigmentosa. J. Biol. Chem. 2005, 280, 1284–1291. [CrossRef]

62. Saliba, R.S.; Munro, P.M.G.; Luthert, P.J.; Cheetham, M.E. The cellular fate of mutant rhodopsin: Quality
control, degradation and aggresome formation. J. Cell Sci. 2002, 115, 2907–2918. [PubMed]

63. Lewin, A.S.; Rossmiller, B.; Mao, H. Gene augmentation for adRP mutations in RHO. Cold Spring Harb.
Perspect. Med. 2014, 4, a017400. [CrossRef]

64. Mao, H.; Gorbatyuk, M.S.; Rossmiller, B.; Hauswirth, W.W.; Lewin, A.S. Long-Term Rescue of Retinal
Structure and Function by Rhodopsin RNA Replacement with a Single Adeno-Associated Viral Vector in
P23H RHO Transgenic Mice. Hum. Gene Ther. 2012, 23, 356–366. [CrossRef]

65. Millington-Ward, S.; Chadderton, N.; O’Reilly, M.; Palfi, A.; Goldmann, T.; Kilty, C.; Humphries, M.;
Wolfrum, U.; Bennett, J.; Humphries, P.; et al. Suppression and replacement gene therapy for autosomal
dominant disease in a murine model of dominant retinitis pigmentosa. Mol. Ther. 2011, 19, 642–649.
[CrossRef]

http://dx.doi.org/10.1007/s00018-009-8740-3
http://dx.doi.org/10.1016/j.preteyeres.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27623223
http://dx.doi.org/10.1534/genetics.110.120717
http://dx.doi.org/10.1126/science.1231143
http://www.ncbi.nlm.nih.gov/pubmed/23287718
http://dx.doi.org/10.1146/annurev-genet-051710-150955
http://www.ncbi.nlm.nih.gov/pubmed/20690856
http://dx.doi.org/10.1038/nature20565
http://dx.doi.org/10.1155/2018/5056279
http://dx.doi.org/10.1167/iovs.13-12605
http://dx.doi.org/10.1016/j.preteyeres.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29042326
http://dx.doi.org/10.1101/cshperspect.a017129
http://dx.doi.org/10.1167/iovs.18-23854
http://dx.doi.org/10.1096/fasebj.6.6.1544542
http://www.ncbi.nlm.nih.gov/pubmed/1544542
http://dx.doi.org/10.1074/jbc.M806143200
http://dx.doi.org/10.1167/iovs.09-4766
http://www.ncbi.nlm.nih.gov/pubmed/20164459
http://dx.doi.org/10.1074/jbc.M204955200
http://dx.doi.org/10.1074/jbc.M406448200
http://www.ncbi.nlm.nih.gov/pubmed/12082151
http://dx.doi.org/10.1101/cshperspect.a017400
http://dx.doi.org/10.1089/hum.2011.213
http://dx.doi.org/10.1038/mt.2010.293


Int. J. Mol. Sci. 2019, 20, 2542 19 of 22

66. Mitra, R.N.; Zheng, M.; Weiss, E.R.; Han, Z. Genomic form of rhodopsin DNA nanoparticles rescued
autosomal dominant Retinitis pigmentosa in the P23H knock-in mouse model. Biomaterials 2018, 157, 26–39.
[CrossRef]

67. Tsai, Y.-T.; Wu, W.-H.; Lee, T.-T.; Wu, W.-P.; Xu, C.L.; Park, K.S.; Cui, X.; Justus, S.; Lin, C.-S.; Jauregui, R.; et al.
Clustered Regularly Interspaced Short Palindromic Repeats-Based Genome Surgery for the Treatment of
Autosomal Dominant Retinitis Pigmentosa. Ophthalmology 2018, 125, 1421–1430. [CrossRef] [PubMed]

68. Giannelli, S.G.; Luoni, M.; Castoldi, V.; Massimino, L.; Cabassi, T.; Angeloni, D.; Demontis, G.C.; Leocani, L.;
Andreazzoli, M.; Broccoli, V. Cas9/sgRNA selective targeting of the P23H Rhodopsin mutant allele for
treating retinitis pigmentosa by intravitreal AAV9.PHP.B-based delivery. Hum. Mol. Genet. 2018, 27, 761–779.
[CrossRef]

69. Li, P.; Kleinstiver, B.P.; Leon, M.Y.; Prew, M.S.; Navarro-Gomez, D.; Greenwald, S.H.; Pierce, E.A.;
Joung, J.K.; Liu, Q. Allele-Specific CRISPR-Cas9 Genome Editing of the Single-Base P23H Mutation for
Rhodopsin-Associated Dominant Retinitis Pigmentosa. Cris. J. 2018, 1, 55–64. [CrossRef]

70. Dickinson, M.E.; Flenniken, A.M.; Ji, X.; Teboul, L.; Wong, M.D.; White, J.K.; Meehan, T.F.; Weninger, W.J.;
Westerberg, H.; Adissu, H.; et al. High-throughput discovery of novel developmental phenotypes. Nature
2016, 537, 508–514. [CrossRef] [PubMed]

71. Deery, E.C.; Vithana, E.N.; Newbold, R.J.; Gallon, V.A.; Bhattacharya, S.S.; Warren, M.J.; Hunt, D.M.;
Wilkie, S.E. Disease mechanism for retinitis pigmentosa (RP11) caused by mutations in the splicing factor
gene PRPF31. Hum. Mol. Genet. 2002, 11, 3209–3219. [CrossRef] [PubMed]

72. Murphy, D.; Cieply, B.; Carstens, R.; Ramamurthy, V.; Stoilov, P. The Musashi 1 Controls the Splicing of
Photoreceptor-Specific Exons in the Vertebrate Retina. PLOS Genet. 2016, 12, e1006256. [CrossRef]

73. Rio Frio, T.; Wade, N.M.; Ransijn, A.; Berson, E.L.; Beckmann, J.S.; Rivolta, C. Premature termination
codons in PRPF31 cause retinitis pigmentosa via haploinsufficiency due to nonsense-mediated mRNA decay.
J. Clin. Investig. 2008, 118, 1519–1531. [CrossRef] [PubMed]

74. Yang, L.; Yin, X.; Wu, L.; Chen, N.; Zhang, H.; Li, G.; Ma, Z. Targeted exome capture and sequencing identifies
novel PRPF31 mutations in autosomal dominant retinitis pigmentosa in Chinese families. BMJ Open 2013, 3,
e004030. [CrossRef]

75. Venturini, G.; Rose, A.M.; Shah, A.Z.; Bhattacharya, S.S.; Rivolta, C. CNOT3 is a modifier of PRPF31 mutations
in retinitis pigmentosa with incomplete penetrance. PLoS Genet. 2012, 8, e1003040. [CrossRef]

76. Rose, A.M.; Shah, A.Z.; Venturini, G.; Krishna, A.; Chakravarti, A.; Rivolta, C.; Bhattacharya, S.S.
Transcriptional regulation of PRPF31 gene expression by MSR1 repeat elements causes incomplete penetrance
in retinitis pigmentosa. Sci. Rep. 2016, 6, 19450. [CrossRef]

77. Frio, T.R.; Civic, N.; Ransijn, A.; Beckmann, J.S.; Rivolta, C. Two trans-acting eQTLs modulate the penetrance
of PRPF31 mutations. Hum. Mol. Genet. 2008, 17, 3154–3165. [CrossRef]

78. Hafler, B.P.; Comander, J.; Weigel DiFranco, C.; Place, E.M.; Pierce, E.A. Course of Ocular Function in PRPF31
Retinitis Pigmentosa. Semin. Ophthalmol. 2016, 31, 49–52. [CrossRef]

79. Buskin, A.; Zhu, L.; Chichagova, V.; Basu, B.; Mozaffari-Jovin, S.; Dolan, D.; Droop, A.; Collin, J.; Bronstein, R.;
Mehrotra, S.; et al. Disrupted alternative splicing for genes implicated in splicing and ciliogenesis causes
PRPF31 retinitis pigmentosa. Nat. Commun. 2018, 9, 4234. [CrossRef] [PubMed]

80. Liu, Q.; Zhou, J.; Daiger, S.P.; Farber, D.B.; Heckenlively, J.R.; Smith, J.E.; Sullivan, L.S.; Zuo, J.; Milam, A.H.;
Pierce, E.A. Identification and subcellular localization of the RP1 protein in human and mouse photoreceptors.
Invest. Ophthalmol. Vis. Sci. 2002, 43, 22–32.

81. Liu, Q.; Collin, R.W.J.; Cremers, F.P.M.; den Hollander, A.I.; van den Born, L.I.; Pierce, E.A. Expression of
wild-type Rp1 protein in Rp1 knock-in mice rescues the retinal degeneration phenotype. PLoS ONE 2012, 7,
e43251. [CrossRef] [PubMed]

82. Stuck, M.W.; Conley, S.M.; Naash, M.I. PRPH2/RDS and ROM-1: Historical context, current views and future
considerations. Prog. Retin. Eye Res. 2016, 52, 47–63. [CrossRef] [PubMed]

83. Manes, G.; Guillaumie, T.; Vos, W.L.; Devos, A.; Audo, I.; Zeitz, C.; Marquette, V.; Zanlonghi, X.;
Defoort-Dhellemmes, S.; Puech, B.; et al. High Prevalence of PRPH2 in Autosomal Dominant Retinitis
Pigmentosa in France and Characterization of Biochemical and Clinical Features. Am. J. Ophthalmol. 2015,
159, 302–314. [CrossRef]

84. Conley, S.M.; Naash, M.I. Gene therapy for PRPH2-Associated ocular disease: Challenges and prospects.
Cold Spring Harb. Perspect. Med. 2014, 4, a017376. [CrossRef]

http://dx.doi.org/10.1016/j.biomaterials.2017.12.004
http://dx.doi.org/10.1016/j.ophtha.2018.04.001
http://www.ncbi.nlm.nih.gov/pubmed/29759820
http://dx.doi.org/10.1093/hmg/ddx438
http://dx.doi.org/10.1089/crispr.2017.0009
http://dx.doi.org/10.1038/nature19356
http://www.ncbi.nlm.nih.gov/pubmed/27626380
http://dx.doi.org/10.1093/hmg/11.25.3209
http://www.ncbi.nlm.nih.gov/pubmed/12444105
http://dx.doi.org/10.1371/journal.pgen.1006256
http://dx.doi.org/10.1172/JCI34211
http://www.ncbi.nlm.nih.gov/pubmed/18317597
http://dx.doi.org/10.1136/bmjopen-2013-004030
http://dx.doi.org/10.1371/journal.pgen.1003040
http://dx.doi.org/10.1038/srep19450
http://dx.doi.org/10.1093/hmg/ddn212
http://dx.doi.org/10.3109/08820538.2015.1114856
http://dx.doi.org/10.1038/s41467-018-06448-y
http://www.ncbi.nlm.nih.gov/pubmed/30315276
http://dx.doi.org/10.1371/journal.pone.0043251
http://www.ncbi.nlm.nih.gov/pubmed/22927954
http://dx.doi.org/10.1016/j.preteyeres.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26773759
http://dx.doi.org/10.1016/j.ajo.2014.10.033
http://dx.doi.org/10.1101/cshperspect.a017376


Int. J. Mol. Sci. 2019, 20, 2542 20 of 22

85. Boon, C.J.F.; den Hollander, A.I.; Hoyng, C.B.; Cremers, F.P.M.; Klevering, B.J.; Keunen, J.E.E. The spectrum
of retinal dystrophies caused by mutations in the peripherin/RDS gene. Prog. Retin. Eye Res. 2008, 27,
213–235. [CrossRef] [PubMed]

86. Kajiwara, K.; Berson, E.; Dryja, T. Digenic retinitis pigmentosa due to mutations at the unlinked
peripherin/RDS and ROM1 loci. Science 1994, 264, 1604–1608. [CrossRef]

87. Ding, X.-Q.; Naash, M.I.; Quimbao, A.; Fliesler, S.J.; Stricker, H.M. The Cys 214→Ser mutation in peripherin/rds
causes a loss-of-function phenotype in transgenic mice. Biochem. J. 2005, 388, 605–613.

88. Nour, M.; Fliesler, S.J.; Naash, M.I. Genetic Supplementation of RDS Alleviates a Loss-of-function Phenotype
in C214S Model of Retinitis Pigmentosa. Adv. Exp. Med. Biol. 2008, 129–138.

89. Kedzierski, W.; Nusinowitz, S.; Birch, D.; Clarke, G.; McInnes, R.R.; Bok, D.; Travis, G.H. Deficiency of
rds/peripherin causes photoreceptor death in mouse models of digenic and dominant retinitis pigmentosa.
Proc. Natl. Acad. Sci. 2001, 98, 7718–7723. [CrossRef]

90. Ali, R.R.; Sarra, G.M.; Stephens, C.; De Alwis, M.; Bainbridge, J.W.B.; Munro, P.M.; Fauser, S.; Reichell, M.B.;
Kinnon, C.; Hunt, D.M.; et al. Restoration of photoreceptor ultrastructure and function in retinal degeneration
slow mice by gene therapy. Nat. Genet. 2000, 25, 306–310. [CrossRef] [PubMed]

91. Cai, X.; Conley, S.M.; Nash, Z.; Fliesler, S.J.; Cooper, M.J.; Naash, M.I. Gene delivery to mitotic and postmitotic
photoreceptors via compacted DNA nanoparticles results in improved phenotype in a mouse model of
retinitis pigmentosa. FASEB J. 2010, 24, 1178–1191. [CrossRef]

92. Collart, F.R.; Huberman, E. Cloning and sequence analysis of the human and Chinese hamster
inosine-5′-monophosphate dehydrogenase cDNAs. J. Biol. Chem. 1988, 263, 15769–15772. [PubMed]

93. Spellicy, C.J.; Daiger, S.P.; Sullivan, L.S.; Zhu, J.; Liu, Q.; Pierce, E.A.; Bowne, S.J. Characterization of retinal
inosine monophosphate dehydrogenase 1 in several mammalian species. Mol. Vis. 2007, 13, 1866–1872.

94. Bowne, S.J.; Liu, Q.; Sullivan, L.S.; Zhu, J.; Spellicy, C.J.; Rickman, C.B.; Pierce, E.A.; Daiger, S.P. Why do
mutations in the ubiquitously expressed housekeeping gene IMPDH1 cause retina-specific photoreceptor
degeneration? Invest. Ophthalmol. Vis. Sci. 2006, 47, 3754–3765. [CrossRef] [PubMed]

95. Bowne, S.J.; Sullivan, L.S.; Mortimer, S.E.; Hedstrom, L.; Zhu, J.; Spellicy, C.J.; Gire, A.I.; Hughbanks-
Wheaton, D.; Birch, D.G.; Lewis, R.A.; et al. Spectrum and frequency of mutations in IMPDH1 associated
with autosomal dominant retinitis pigmentosa and leber congenital amaurosis. Invest. Ophthalmol. Vis. Sci.
2006, 47, 34–42. [CrossRef] [PubMed]

96. Kozhevnikova, E.N.; van der Knaap, J.A.; Pindyurin, A.V.; Ozgur, Z.; van Ijcken, W.F.J.; Moshkin, Y.M.;
Verrijzer, C.P. Metabolic Enzyme IMPDH Is Also a Transcription Factor Regulated by Cellular State. Mol. Cell
2012, 47, 133–139. [CrossRef]

97. Mortimer, S.E.; Hedstrom, L. Autosomal dominant retinitis pigmentosa mutations in inosine
5′-monophosphate dehydrogenase type I disrupt nucleic acid binding. Biochem. J. 2005, 390, 41–47.
[CrossRef] [PubMed]

98. Buey, R.M.; Ledesma-Amaro, R.; Velázquez-Campoy, A.; Balsera, M.; Chagoyen, M.; de Pereda, J.M.;
Revuelta, J.L. Guanine nucleotide binding to the Bateman domain mediates the allosteric inhibition of
eukaryotic IMP dehydrogenases. Nat. Commun. 2015, 6, 8923. [CrossRef] [PubMed]

99. Kobayashi, M.; Takezawa, S.; Hara, K.; Yu, R.T.; Umesono, Y.; Agata, K.; Taniwaki, M.; Yasuda, K.; Umesono, K.
Identification of a photoreceptor cell-specific nuclear receptor. Proc. Natl. Acad. Sci. USA 1999, 96, 4814–4819.
[CrossRef] [PubMed]

100. Milam, A.H.; Rose, L.; Cideciyan, A.V.; Barakat, M.R.; Tang, W.-X.; Gupta, N.; Aleman, T.S.; Wright, A.F.;
Stone, E.M.; Sheffield, V.C.; et al. The nuclear receptor NR2E3 plays a role in human retinal photoreceptor
differentiation and degeneration. Proc. Natl. Acad. Sci. USA 2002, 99, 473–478. [CrossRef]

101. Cheng, H.; Khanna, H.; Oh, E.C.T.; Hicks, D.; Mitton, K.P.; Swaroop, A. Photoreceptor-specific nuclear
receptor NR2E3 functions as a transcriptional activator in rod photoreceptors. Hum. Mol. Genet. 2004, 13,
1563–1575. [CrossRef]

102. Peng, G.H.; Ahmad, O.; Ahmad, F.; Liu, J.; Chen, S. The photoreceptor-specific nuclear receptor Nr2e3
interacts with Crx and exerts opposing effects on the transcription of rod versus cone genes. Hum. Mol.
Genet. 2005, 14, 747–764. [CrossRef]

103. Haider, N.B.; Jacobson, S.G.; Cideciyan, A.V.; Swiderski, R.; Streb, L.M.; Searby, C.; Beck, G.; Hockey, R.;
Hanna, D.B.; Gorman, S.; et al. Mutation of a nuclear receptor gene, NR2E3, causes enhanced S cone
syndrome, a disorder of retinal cell fate. Nat. Genet. 2000, 24, 127–131. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.preteyeres.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18328765
http://dx.doi.org/10.1126/science.8202715
http://dx.doi.org/10.1073/pnas.141124198
http://dx.doi.org/10.1038/77068
http://www.ncbi.nlm.nih.gov/pubmed/10888879
http://dx.doi.org/10.1096/fj.09-139147
http://www.ncbi.nlm.nih.gov/pubmed/2902093
http://dx.doi.org/10.1167/iovs.06-0207
http://www.ncbi.nlm.nih.gov/pubmed/16936083
http://dx.doi.org/10.1167/iovs.05-0868
http://www.ncbi.nlm.nih.gov/pubmed/16384941
http://dx.doi.org/10.1016/j.molcel.2012.04.030
http://dx.doi.org/10.1042/BJ20042051
http://www.ncbi.nlm.nih.gov/pubmed/15882147
http://dx.doi.org/10.1038/ncomms9923
http://www.ncbi.nlm.nih.gov/pubmed/26558346
http://dx.doi.org/10.1073/pnas.96.9.4814
http://www.ncbi.nlm.nih.gov/pubmed/10220376
http://dx.doi.org/10.1073/pnas.022533099
http://dx.doi.org/10.1093/hmg/ddh173
http://dx.doi.org/10.1093/hmg/ddi070
http://dx.doi.org/10.1038/72777
http://www.ncbi.nlm.nih.gov/pubmed/10655056


Int. J. Mol. Sci. 2019, 20, 2542 21 of 22

104. Coppieters, F.; Leroy, B.P.; Beysen, D.; Hellemans, J.; De Bosscher, K.; Haegeman, G.; Robberecht, K.;
Wuyts, W.; Coucke, P.J.; De Baere, E. REPORT Recurrent Mutation in the First Zinc Finger of the Orphan
Nuclear Receptor NR2E3 Causes Autosomal Dominant Retinitis Pigmentosa. Am. J. Hum. Genet. Am. J.
Hum. Genet 2007, 8181, 147–157. [CrossRef]

105. Blanco-Kelly, F.; García Hoyos, M.; Lopez Martinez, M.A.; Lopez-Molina, M.I.; Riveiro-Alvarez, R.;
Fernandez-San Jose, P.; Avila-Fernandez, A.; Corton, M.; Millan, J.M.; García Sandoval, B.; et al. Dominant
Retinitis Pigmentosa, p.Gly56Arg Mutation in NR2E3: Phenotype in a Large Cohort of 24 Cases. PLoS ONE
2016, 11, e0149473. [CrossRef] [PubMed]

106. Gire, A.I.; Sullivan, L.S.; Bowne, S.J.; Birch, D.G.; Hughbanks-Wheaton, D.; Heckenlively, J.R.; Daiger, S.P.
The Gly56Arg mutation in NR2E3 accounts for 1-2% of autosomal dominant retinitis pigmentosa. Mol. Vis.
2007, 13, 1970–1975. [PubMed]

107. Escher, P.; Gouras, P.; Roduit, R.; Tiab, L.; Bolay, S.; Delarive, T.; Chen, S.; Tsai, C.C.; Hayashi, M.; Zernant, J.;
et al. Mutations in NR2E3 can cause dominant or recessive retinal degenerations in the same family.
Hum. Mutat. 2009, 30, 342–351. [CrossRef] [PubMed]

108. Roduit, R.; Escher, P.; Schorderet, D.F. Mutations in the DNA-binding domain of NR2E3 affect in vivo
dimerization and interaction with CRX. PLoS ONE 2009, 4, e7379. [CrossRef] [PubMed]

109. Lem, J.; Krasnoperova, N.V.; Calvert, P.D.; Kosaras, B.; Cameron, D.A.; Nicolò, M.; Makino, C.L.; Sidman, R.L.
Morphological, physiological, and biochemical changes in rhodopsin knockout mice. Proc. Natl. Acad.
Sci. USA 1999, 96, 736–741. [CrossRef] [PubMed]
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