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Abstract | The publication looked at CRISPR-Cas9 gene editing as one of the potential therapeutic strategies for
LCA2 in pure bred dogs. The gRNA was designed in such a way that it would bind the canine RPE65 gene associated
with LCA2. Also, an LV was designed to deliver the Cas9 nuclease and the gRNA into the target cells. The vector was
further confirmed in immortalized canine retinal pigment epithelial (RPE) cells, therefore confirming modification to
the target sequence. The research involved 8 pure bred dogs that had been diagnosed with LCA2 and who possesses
the intended mutation. OCT and ERG were done at baseline and then at 4 weeks, 8 weeks and 12 weeks after the
injection to analyse the changes in the retinal thickness and function. All the results highlighted long-standing and
Statistically significant increases in retinal thickness in the treatment group compared to the control group at weeks
4,8 and 12 after injection. The same is true with the treated group which exhibited marked increases in the a-wave
and the b-wave in the electroretinogram (ERG), indicating better retinal function compared to the other group. These
improvements were most apparent in the treated group, at the twelfth week after injection. The study shows that with
the help of CRISPR-Cas9 gene editing, structural and functional changes occur in the canine retina in case of LCA2.
In their study, the authors have provided strong grounds for considering this therapy beneficial in the hereditary retinal
diseases in purebred dogs under the condition that further research will be conducted. More research endeavour is
needed in order to evaluate the residual effects, mode of delivery, efficacy, and the issues of safety and ethicality of an
innovation. Further research is therefore needed in order to assess the potential longer-term outcomes, implementation
strategies, effectiveness and the issues of safety translation.
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INTRODUCTION

One of the method that has been approved for
enhancing the health status of pured breed dogs is
the application of CRISPR- Cas9 Genome Editing for
the purpose of eradicating inherited diseases that affect the
retina. Some of the studies conducted in the recent past
suggest that the dogs can be genetically modified using
the CRISPR-Cas9 system to fix the hereditary diseases
including the congenital stationary night blindness and
the progressive rod-cone degeneration. Research has
indicating that gene therapies may be effective in dogs
especially when used on genetic diseases that can mimic
human diseases such as X-linked retinitis pigmentosa
(XLRP) and Lebers congenital amaurosis 2 (LCA2).
The authors Kim et al. (2022) claim that there could be
future treatments of purebred dogs with these illnesses.
Studies on gene therapy have improved the knowledge
about monogenic diseases in dogs including the retinal
degenerative diseases. Moreover, it has realized significant
evolution on the discovery of efficient treatments. Scientists
have successfully tried altering the DNA of dogs through
the CRISPR-Cas9 technique as well as gene therapy to
tackle specific genetic mutations that cause diseases. This
shows how practical and potential advantages of this
approach could be (Thompson, et al., 2020). Hereditary
retinal degenerative diseases have been reported to be the
major causes of blindness in the world. In such conditions,
the organ mechanisms, called photoreceptors that involve
the conversion of light into a signal that the brain can
process is either affected by a gradual degenerative process
or is not functional. The veterinary ophthalmologists and
vision scientists of the Division of ExpeRTs are dedicated
to establishing the genetic causes of hereditary blindness,
defining the molecular basis of hereditary vision loss, and
developing new and effective treatments for preserving or
regaining vision in the blind. It has enhanced understanding
of molecular cause of disease by disease through dog
models used by the team; it is also enhancing development
of new therapies that have impacts on both human and
animal lives (Petersen-Jones and Komaromy, 2024).
Genetically inherited Retinal Degeneration syndromes
lead to progressive vision loss in well over one hundred
breeds of dogs. To find the genes linked to inherited visual
impairments, two broad methods are used: A genome wide
screening technique; here, the chromosomal area, which
holds the disease is identified by utilizing bright pedigree
assets, copied, and the causal mutation found; the candidate
gene approach where gene choices are made based on their
anticipated influence to specific features of the illness (Kim
et al., 2019). The only fact about the genetic basis of the
disease we know now is that, canine retinal degeneration
is associated with over thirty-five genes. However, using
the genetic tests, researchers in the Division of ExpeRTs

have identified several mutations of these genes. Some of
the general findings that have emerged include tests that
assist veterinarians and dog breeders in making a molecular
diagnosis to prevent or manage certain blindness illnesses
in dogs have also been produced. In recent years, the central
area of dog’s retina that contains cones has been described
as the fovea-like area (Boveland, 2019). This enables the
administering of treatment developed in canine models to
be directly used on human patient due to similarities in the
size of the dog and human besides well-developed retinal
vasculature in the dog. In particular, many similarities of
the eye structure in dogs with humans are noted, contains.
Of the canine diseases examined by the Division of
ExperRTs, more than twenty are known to be naturally
transpiring; quite encouragingly, it is evident that most of
the ailments common among these dogs are amazingly
related to those affecting humans. Therefore, early and late
onset retinitis pigmentosa, bestrophinopathy, cone and rod
dystrophy, achromatopsia and Leber congenital amaurosis
have been developed using the naturally existing models
(Panikker et al., 2022). Scientists have been dreaming
about the ability of correcting or removing a defective gene
in human body to treat diseases or becoming capable of
doing that (Chaitanya et al., 2020). The acceleration of gene
editing techniques in the recent times has created more
opportunities in the further research in medical sciences.
Lots of advances have been made in the treatment of many
diseases through the field of gene editing; the range of
regulations over the genome of eukaryotic cells (Syding et
al., 2020). Gene editing technologies offer accurate ways
to treat her compiled diseases since genes are responsible
for these diseases. Thus, the concept of the nuclease
scheme refer to as CRISPR/Cas9 or clustered periodically
interspaced ~ short-palindromic ~ repeat  (CRISPR)-
associated protein 9 has stirred fame being a genome-
manipulation tool for numerous biological, medicinal, and
agricultural requirements (Song e# al., 2016). Evidently,
it has been proved that the CRISPR/Cas9 technology
is one of the most powerful and innovative approaches
to design and modulate the DNA sequence on Cas9/
sgRNA  ribonucleoprotein complexes (RNPs). CpG-
DNAs are widely considered to be a highly efficient and
multifunctional epigenetic moderator, transcription factor
and gene editor. Because of the CRISPR/Cas9 technology,
researchers have looked into targeted genes in splicing
(Neujahr et al., 2024), transcription (Abudayyeh et al.,
2017), modification, as well as epigenetic regulation (Xie
et al., 2018). Today is that post genomics that genomic
researchers have been predicting for the last five years.
However, the rather low efficiency of CRISPR/Cas9-
mediated HDR and the threat of generating toxic oft-target
dsDNA preclude it from becoming a viable therapeutic
tool on its own (Yoon et al., 2020).
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Recently, Cas9 fusion proteins called base editors (BE) were
created that have the potential and capacity to address such
problems. Recent studies showed that the reversal of the
TadA heterodimer to return to A-T and reorient to G-C
(A-G) that results in the paradoxical reaction happens
due to the fusion with the stabilized TadA petite domain.
Instead, efficient C-G to T-A base exchanges so called C-T
base editing can be provided through a fusion of a cytidine
deaminase domain with a Cas9 nickase variant that displays
only residual nuclease activity (Koblan et al., 2018). This
developed approach BE is one that takes advantage of the
single-stranded R-loop that is formed when Cas9 binds
to the target sequence and only exists briefly. One of the
outstanding discoveries is the translation of CRISPR/
Cas9 in several human inherited diseases that can be
cured with single prescription treatment. The methods
based on the CRISPR/Cas9 system have been successfully
applied to generate human hereditary diseases models. It
has also been used in the genetically correct few particular
genetic diseases and disorders in vivo and in vivo. Globally,
practitioners of biomedicine have used base editing across
various species and various cell types. There is an advantage
of this prime editing over HDR in that is more precise and
a resultant product is less contaminated. It also has efficacy
and safety over base editing with a fewer extent of oft-target
editing when compared with Cas9 nuclease at defined
Cas9 off-target sites. The prospects and effectiveness of
genome editing are expanded by prime editing (Burnight
et al.,2018). One of the most recent mechanisms chemicals
that enable changes to be made to an organisms DNA
involves a technique known as the CRISPR- Cas9. Two
main components that form the system are a guide RNA
that is complementary to a particular target gene and the
Cas9 enzyme that is like molecular scissors that can cut
DNA at a specific location as indicated by the guide RNA.
It can be used in a diversity of approaches such as splinting
genes, excising certain DNA segment, rewriting or even
splicing new DNA material into a gene. This is achieved
by primarily owing to the fact that it employs body’s
inherent mechanisms for repair of DNA. This is because,
as mentioned before, it possesses high targeting efficiency,
easy to alter, and, in ability to knock out multiple genes at
the same time, it is a very effective and versatile genome
editing system. This technology holds dire consequences
with regards to future development in medicine, scientific
research and potential for application in genetic disease
and disorder treatments (Singh et al., 2017). CRISPR/
Cas9 genome surgery for retinal diseases in canine gives
hope for enhancing inherited retinal degenerative disorder
treatments. This relatively fresh approach addresses genetic
alterations associated with retinal diseases and may have
therapeutic implications due to the application of the novel
CRISPR-Cas9 system for gene editing. Scientists plan on

creating exact and strong medications through the use

of CRISPR-Cas9 that could replace successive therapies
common in patients with retinal diseases and boost the
survival ratings of victims and even restore sight in affected
animals (Kasala et al., 2019). The application of CRISPR/
Cas9 and the execution of genome surgery methodology
has been proven useful and efficient in disease modeling,
mutation correction and studying treatment approaches
for Canine Retinal Disorders. The study was aimed at
evaluating the potential of the CRISPR-Cas9 gene editing
in the therapy of LCA2 in purebred dogs. A special gRNA
was designed to act on the area of the canine RPE65 gene
responsible for LCA2 disease. Also, a vector that includes
Cas9 nuclease and the target guide RNA [gRNA] was
developed.

MATERIALS AND METHODS

DETAILED DESCRIPTION OF GRNA DESIGN AND
SELECTION

ThegRNAwasdesignedtotargetexon4ofthe canine RPE65
gene associated with Leber congenital amaurosis type 2
(LCA2). Online CRISPR design tools like Benchling and
crispr.mit.edu were used for the design process. The chosen
gRNA sequence (5- GUUUUAUAUAUAUCGUUUUA
-3") resulted in a double-strand break 10 nucleotides
upstream of the ¢.1121delC mutation.

VECTOR CONSTRUCTION AND VALIDATION

A tissue-specific Cas9 nuclease and gRNA expressing
lentiviral vector under a CAG promotor was used for the
study. First, the lentiviral vector was used on post-mortem
immortalized canine RPE cells grown in culture. The
constructed vector was tested in postnatal 3-5 day old cd1
mice, Dead time for fixed tissue is 2 hour. The constructed
vector was confirmed in immortalized canine RPE cells
(ATCC CRL-2100) using transfection techniques. Total
genomic DNA was then isolated the RPE65 transfected
cells and the PCR amplification for the targeting region
of the RPE65 gene was done. These results were further
strengthened by Sanger sequencing which showed that the
targeted sequence was efficiently edited with a greater than

70% mutation rate in the treated cells thereby indicating
the effectiveness of the CRISPR-Cas9 system.

DETAILED DESCRIPTION OF GRNA DESIGN AND
SELECTION

ThegRNAwasdesignedtotargetexon4ofthe canine RPE65
gene associated with Leber congenital amaurosis type 2
(LCA2). Online CRISPR design tools like Benchling and
crispr.mit.edu were used for the design process. The chosen
gRNA sequence (5- GUUUUAUAUAUAUCGUUUUA
-3") resulted in a double-strand break 10 nucleotides
upstream of the ¢.1121delC mutation.
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VECTOR CONSTRUCTION AND VALIDATION

Cas9 nuclease and the gRNA were packaged in a
lentiviral vector driven by an ubiquitous promoter: CAG
'The lentiviral vector was first used in primary cultures of
immortalized canine retinal pigment epithelial (RPE)
cells. This constructed vector was further confirmed
in established canine RPE cells, ATCC CRL-2100
through transfection. Samples with 12h post transfection
were collected for genomic DNA isolation and PCR
amplification was done on the targeted region of RPE65
gene. Further Sanger sequencing assessment of the target
sequence also demonstrated a successful edied mutation
rate more than 70% in the treated cells, stresses the

efficiency of the CRISPR-Cas9 system.

ANIMAL MODEL AND ETHICAL CONSIDERATIONS

All together eight purebred dogs affected by LCA2 and
being homozygous for the c. 1121delC mutation in the
RPE65 gene were used. The diagnosis was based on the
genetic analysis result. All the experimental procedures
undertaken in the study were conducted according to
strictly laid down guidelines as recommended by the
Institutional Animal Care and Use Committee. All the
surgical procedures were done under general anesthesia
and due consideration was given to the animals comfort.

DOSING RATIONALE
'The lentiviral vector dose was 1x10A9 vector genomes per
eye, delivered in a volume of 100 pL (Arsenijevic et al.,

2022).

FoLLoOw-UP PERIOD

Evaluation of gene editing and disease phenotype was
conducted four weeks post-injection using optical
coherence tomography (OCT). Electroretinography
(ERG) was performed at baseline, 4, 8, and 12 weeks post-
injection to monitor changes in retinal function, a key
indicator of disease improvement.

STATISTICAL METHODS

The statistical methods used for data analysis were
descriptive statistics (Mean and standard deviation) in
addition to t-test to compare the pre-treatment (baseline)
and post-treatment (12 weeks) measurements (a-wave and
b-wave amplitudes) within the treated groups.

RESULTS AND DISCUSSION

PRESERVATION OF RETINAL ARCHITECTURE

Fundus examination of the control group and the group of
animals subjected to subretinal injection of the CRISPR-
Cas9 vector four weeks before the OCT examination
showed that the tested technology affects the retinal
structure. The gene editing treatment seemed to have

preserved the retinal architecture whereby only a few of
the outer retinal layers, the retinal pigment epithelium
and the photoreceptor layers were disrupted on OCT
imaging (Figures 1, 2). On the other hand, the untreated
control group showed features of retinal degeneration in
these outer layers which are preferentially affected in the
targeted inherited retinal disease. In the present study, the
researchers have successfully implemented targeted editing
and preservation of the retinal structure in the treated
dogs which suggest that CRISPR-Cas9 can be used for

treatment of inherited retinal diseases.

Figure 1: Preservation of retinal structure in CRISPR-
Cas9 treated dogs.

Figure 2: Optical coherence tomography imaging reveals
successful gene editing in inherited retinal disease.

Detailed in Table 1, the data demonstrates that dogs
which underwent CRISPR-Cas9 gene editing treatment
had comparable and significantly higher retinal thickness
than a control group. In the treated group, the mean retinal
thickness was 147+17 um at 4 weeks after injections while
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in the control group it was 140+9 pum only. At week 8 post
injection, the treatment group had an average of 164+13
pm of retinal thickness while the control group had an
average of 142+15um. This pattern persisted. The thickness
of the retinas of the treated group was 182+23 pm at 12
weeks after the injection while that of the control group was
145+16 pm indicating a significant difference between the
effects of the two therapies. These outcomes suggest that
CRISPR-Cas9 gene editing may prove beneficial to retinal
tissue, leading to stated thickness in dogs which receive
the treatment. Thickness and retinal health are directly
proportional to one another and enhanced thickness also
equals to improved structure and function of the retina.

Table 1: OCT - retinal thickness (pm) in control and
CRISPR-Cas9 treated dogs.

Measurement Control  Treated Sig.
group group

4 weeks post-injection 140+9 147+17  <0.05

8 weeks post-injection 142+15 16413  <0.05

12 weeks post-injection 145+16  182#23  <0.05

Sig. <0.05

FUNCTIONAL IMPROVEMENT OF RETINAL RESPONSES
Essential method for the evaluation of the retinal function
is known as electroretinography (ERG). ERG outcomes
showed that there was an improved function of the retina
in the treated group as compared to the control group
8 weeks post injection as in the Table 1. The untreated
group was made of dogs with these diseases as they were
not subjected to any treatment while the treated group
was the one that passed through the gene editing therapy.
Recordings of the flash responses were based on a-wave and
b-wave amplitudes, and these correspond to retinal activity.
'The control group was demonstrated by greater amplitudes
as compared to the treated group. Particularities of the
treated group demonstrated a 100% growth of the a-wave
amplitude and a 75% rise cog b-wave amplitude. All of
these changes were analysed and proved to be statistically
significant (p < 0. 05), which testifies to a positive effect
of CRISPR-Cas9 therapy on retinal function in the given
dogs.

'The amplitude is the vertical distance between the lowest
point of the a wave and the highest point of the b wave.
Twelve weeks after the injection, the treated group showed
a statistically significant change in both the a and b waves,
whereas the baseline and non-injected control groups
showed a decreased value (Figure 3). This was due to the
fact that injections were only given to the treatment group
and not the control group. When comparing the treated
group to the baseline group and the control group of
patients, this was the outcome seen. In comparison to the
amount recorded in the control portion of those patients,

the treated group’s a-waves rose by (twofold). Because of
the important role they play, photoreceptors are clearly an
element of the immune system. The photoreceptor cells,
which are the first cells in the retina to perceive light,
have completed their function, which would lead one to
conclude this. The results show that the treated group had
greater B-waves compared to the control group, which
indicates more bipolar activity. This is because of the
dissimilarity between the two sets of cells; it demonstrates
that the retina is better at transmitting light signals, and
the presence of bipolar cells between photoreceptors and
ganglion cells has strengthened the connection. It is also
possible to say that the retina is developing in the design
that is shown.

1000 — .
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Figure 3: Improved retinal function in CRISPR-Cas9
treated group: electroretinography demonstrates enhanced
photoreceptor and bipolar cell activity in inherited retinal
disease.

Table 2: Retinal function improvements in CRISPR-Cas9
treated dogs.

Measurement  Control Treated Improve-  Sig.
group  group  ment (%)
ERG a-wave 100+15 200+12  100% <0.05
amplitude (uV)
ERG b-wave 150+11 2639  75% <0.05
amplitude (V)
Sig. <0.05

All of these findings together provide evidence for the
normal eye function in the experimental animals after
having corrected the disease inducing genetic error
through the intervention of CRISPR-CAS9 system in
the affected dogs. The histological assessment of the retina
by OCT as well as the functional assessment by ERG at
the 12 weeks post-injection demonstrated a successful
functional and structural rescue of the retina in the treated
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group. Moreover, it could be more meaningful to continue
the follow-up after 12 weeks, in order to better evaluate
the stably therapeutic effect. It would help decide whether
the changes in structure and function of retinas are still
positive in the longer-term follow-up and whether there is
the development of any late complications. This would be
useful in understanding the effectiveness of the treatment
method and the safety that comes with the CRISPR-
Cas9 treatment in the long run. Sample size as a limit in
this study may mean that there is increased chances of
sampling bias, or in other words, the characteristics of the
study sample may not represent the characteristics of the
population.

In the present study, we showed that post-subretinal
injection of the CRISPR-Cas9 vector revealed a significant
difference in retinal structure compared to the untreated
control group; it can prevent additional deterioration in
the area of the retina that has been treated by preserving
the structure and function of the retina. Thus, our research
offers fresh perspective on the effective management of
retinal degenerative disorders.

Leber congenital amaurosis (LCA) is a very rare disease
that has its origin from heredity and controls the retina
to lead to severe vision loss or blindness. Such symptoms
include a decreased ability to see or in a worst-case scenario
profound blindness. The symptoms that can be observed in
individuals include nystagmus or the uncontrollable lateral
eye movements, exhibit difficulties in moving around
when the environment is lit with low-intensity, show
sensitivity to light. There are also other complications of
the eye in dogs with LCA such as cataract or other related
problems. LCA is a heterogeneous disease that is mainly
associated with genetic mutations that affect the retina
and the photoreceptor cells in particular. These mutations
affect the normal working of the retina and results into
vision than loss. The main types of LCA are LCA 1, LCA
2, LCA 3, LCA 4 and LCA 5 and it is apparent that
there can be differences in the particular gene mutations
of LCA in patients (Oh, 2015). There was improvement
of the electroretinograms (ERGs) and visual acuity as
reported in the experiments by Bennicelli et al. (2008)
using the RPE65 transgene in Rpe65 mutant mice with
the RPE65 type of LCA (LCA2) through an AAV vector.
In another work, RPE65 gene transfer mediated by AAV
subretinal injections were applied to dogs with diseases
resulting from RPEG65 loss of function (Takkar et al,
2020). Significant therapeutic implications for treating
human patients with LCA caused by RPE65 mutations
stem from these dogs continuous recovery of rod and
cone photoreceptor function during ongoing surveillance
(Acland et al., 2005). Leber congenital amaurosis is a
recessively inherited degenerative retinal condition that
produces nystagmus and a marked loss in light sensitivity,

even though the retina initially seems normal. According
to ERG, it results in serious visual loss from birth. An
LCA affects one live newborn in every ninety thousand.
About 10% of cases of LCA are caused by mutations in the
RPE65 and LRAT genes. In patients with LCA brought
on by Rpe65 mutations, six recombinant AAV-mediated
gene transfers of wild-type Rpe65 complementary DNA
were utilized to partially restore eyesight. These human
and animal model findings, which were well-recapitulated
in a recent review 7, sparked optimism that LCA may soon
be treated. By demonstrating the effectiveness of artificial
retinoid therapy in a big animal model the Briard breed
of dog that carries a naturally occurring mutation in the
gene encoding Rpe65, Gearhart e a/. make a significant
advancement (Cideciyan et al., 2019). Gene transfer
research in these same mice, carried out about ten years
earlier, is the model for this work. A single injection can
save a rod for several weeks, and rods fare better than cones
possibly because rods age more slowly.

In agreement with these findings, Latella et al. (2016)
used CRISPR/Cas9 to perform real-time modifications
to Rhodopsin in transgenic mice with a P23H mutant
version of the human RHO gene and plasmids for
CRISPR/Cas9. In the Rhodopsin gene, the 12/1 variant
is the most often associated mutation with adRP. They
started by making sgRNAs that specifically targeted
frames in P23H-RHO to delete exon 1 and alter. The
last in vitro proof of concept used fourteen P23H
RHO transgenic mice. Following the CRISPR/Cas9
editing procedure, the inserts were confirmed by Sanger
sequencing. The mice were administered both sgRNA
constructs. In addition, they proved that studying human
genes in a mouse disease model is feasible and effective.
The finding by Li et al. (2022) raises the prospect of
using CRISPR/Cas9 to achieve allele-specific mutations
without the need for PAM insertion. While focusing on
the mutant alleles observed in the P23H strain, Giannelli
et al. (2017) protected the full wild-type allele in their
proof-of-concept analysis using Rho+/P23H mice. Using
CRISPR/Cas9 machinery, significant cleavage on P23 H
Rho was detected in P23H animals, whereas no cleavage
was seen in WT Rho. When compared to control mice,
animals produced using CRISPR demonstrated enhanced
retinal function and reduced photoreceptor degradation
(Giannelli et al., 2017).

CRISPR/Streptococcus pyogenes Cas9 (SpCas9) was
delivered to the target organism by Wang and Li (2020)
using AAV9 as a vector. In order to create a macaque
model of achromatopsia, their objective was to in vivo
suppress the CNGB3 gene that is present in the cone
photoreceptors of the Macaca fascicularis. The most
efficient single-guide RNA (sgRNA) was cloned using
an AAV9 vector. This sgRNA was stimulated by the U6
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promoter and directed towards exon 6 of the CNGB3
gene. Compared to SaCas9, SpCas9 was chosen for further
investigation because it has a larger number of protospacer
adjacent motifs in exon 6. In addition, in order to fulfill
the requirements for AAV packaging, it was driven by an
elongation factor activator that was tiny and less effective.
In contrast to the RHO knockout study, which employed
a single Cas9-RHO shH10 vector, this inquiry utilized
two distinct AAV9 vectors. One of the vectors was used
tor SpCas9, while the other was used for the sgRNA. This
was done since SpCas9 is large. According to Wu and Yu
(2018), immunohistochemistry and single-cell sequencing
of isolated cones revealed that 12-14% of the retina was
impacted when a combination of the two viruses was
injected sub-retinally into three different locations in
each of the test eyes. The mfERG response was greatly
lowered after 90 days following injection as a result of
this partial deletion of the CNGBJ3 gene. 'This was the
case despite the fact that ffERG did not demonstrate a
general decline in retinal function. According to Zhang
(2021), the phenotype of achromatopsia is consistent with
impairment of cone function in the central macula.

Suzuki et al. (2016) were able to partially restore vision
of rat model of RP through the application of homology-
independent targeted integration (HITI). Unlike the
above steps, the process, as the name suggests, uses NHE]
pathway rather than HDR and can occur in post-mitotic
cells. The HITT homologous template sequence is 5-25 bp
long whereas the HDR requires a significant homology
arm of lengths. An RCS rat with a homozygous deletion
of Mertk MAEx1-2} gene was used as the model RP rat.
'The outcomes were further compared with a subretinally
injected AAV-rMertk-HDR vector into RCS rat eyes
for antagonism. The AAV-rMertk-HITI vector with
constructions of the missing Mertk exon 2 has been
administrated by subretinal injection into the eye of the
rats. Furthermore, an organelle of HITI-AAV rats ONL
was comparatively preserved better than the control group.
After four weeks of injection, the ERG reactions of HITI-
AAV rats showed enhanced b-wave and cone responses
and these results evinced a partial recovery of vision in
the affected rats. The authors were able to state that due
to the delay in the subretinal injection by three weeks
after birth, they could afford to demonstrate that earlier
quantitative therapy intervention times could lead to full
visual rehabilitation.

'The studies by Zhao et al. (2024) have developed a macaque
model of retinitis pigmentosa through using CRISPR/
Staphylococcus aureus Cas9 (SaCas9) and deletion of RHO
gene in the rod photoreceptors in a living M. mulatta
through using AAV serotype shH10 as the vector. To
achieve a high degree of total gene deletion, RHO gene
first exon specific sgRNAs were used. Instead of applying

the common Streptococcus pyogenes Cas9, SaCas9 was
selected because it is about 1 kb lesser and can easily be
contained in the 4. limitation in the size of the vector
that can be packed in a adeno associated virus, 85kb. This
means that the delivery of Cas9 and sgRNA has a high co-
transduction rate since both can be assembled in a single
AAV. With the help of SaCas9 and hSyn promoter, each
allele of individual clones of sgRNA was controlled by the
use of U6 promoter to allow neuron specific expression.
The ex wvivo cleavage efficiency of sgRNA yielded
about 50% in witro. The AAV/ShH10-hSyn-SaCas9-
U6-sgRNA plasmids were slightly injected into each
experimental eye three times, and immunohistochemistry
revealed that the amount of AAV infected retinal area was
between 10% and 20%. For the required area, substantial
indel-existing readings were observed, which may suggest
perhaps defective RHO protein synthesis. Further, they
pointed out that they did not identify any alteration in the
predicted putative oft-target regions.

The virus-infected Cas9-RHO retinae showed distinct
photoreceptor degeneration, as shown by a decrease in
opsin (long, mid, and short wavelength) expression to
about 27% of control retinae and a decrease in rhodopsin
expression to about 47% of control retinae, suggesting a
secondary loss of cone photoreceptors. Eight months
later, the macula completely lost ONL, a sign of a slow
but steady degradation of photoreceptors. Furthermore,
locations injected subretinally with the virus displayed
hyperfluorescence on FA, possibly indicating retinal
telangiectasia leaking. The ellipsoid zone was either
nonexistent or disturbed on OCT, and over time, there was
a noticeable decrease in the thickness of the photoreceptors
in the diseased periphery and macula as well as total retinal
thickness. Transmission electron imaging revealed aberrant
subcellular architecture in infected photoreceptors,
including strongly apoptotic cells, shorter and disordered
rod discs, and vacuolated mitochondria. Ex vive ERG
testing revealed a considerably lower photoresponse in
infected areas compared to non-infected areas, which was
consistent with the morphological findings. All things
considered, this research produced strong proof that an
NHP RP model was created that resembled class A RP
disease in humans, complete with observable loss of RHO
protein, early rod photoreceptor degeneration, thinning
retinae, and diminished physiological functions (Dyson et
al., 2022).

Gendor manipulation has only been described recently
as a new way of enhancing the outcome of the IRD
therapy. Most notably, the domains of applications of
the CRISPR system broaden to encompass the broader
process of genome editing. CRISPR-Cas9 is a new gene
editor which works really selectively and it is very easy to
apply and it stem from bacterial adaptive immunity. For
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example, in the case of the CRISPR-Cas9 system Cas9
endonuclease is directed by a guide RNA (gRNA) to a
certain DNA position. After that on the CDS target site
with homology to AsiS there is a site specific dsDNA
breaks by the action of Cas9 endonuclease. Unauthorized
changes of DNA sequence initiate different DNA repair
processes at some points according to the context. The
latter, homologous end joining (NHE]J), is capable to ligate
DNA ends without prior processing but can lead to small
insertions or deletions (indels) and genes modification.
However homology directed repair involve the use of a
DNA template. The kind of change that HDR has the
possibility of generating, has to happen at some specific
place (Chou et al., 2018). As the platform for guiding
gRNA to specific locus, the process of CRISPR-Cas9
genome editing can be easily targeted to nearly anywhere
in the genome if the appropriate gRNA sequence along
with the Cas9 endonuclease is supplied. Since, gRNA can
be built quite easily to design and consequently targeting a
new gene or a mutation is fairly rather very straightforward
using the same tool as mentioned above (Rasoulinejad and

Maroufi, 2021).

While comparing the Cas and CRISPR genes on the
basis of degree of relatedness, Makarova ez a/. (2011)
found that Cas9 protein can cut DNA at particular site.
To support this notion, they compared RNA interference
and CRISPR/Cas9 technology; the Cas9 protein that
was involved in DNA cutting and the gene-silencing
protein that participated in mRNA cutting. Some of
the Cas proteins include Cas13 that cuts RNA in the
same scenario (Koonin and Makarova, 2019). Despite
of that, the CRISPR/Cas system requires Proto-spacer
adjacent motifs (PAMs) which are short 2—6 bases long
sequences in the viral genome alongside the Cas nucleases
targeted sequence (Ahmad et al., 2018). As per the study
conducted by Jinek et al. (2012), hat has the capacity to
modify genomes using programming that directs RNA to
the desired spot for cut and paste operation in the target
genome. According to the use of CRISPR/Cas9, genes can
indeed be changed, removed or supplemented. It can also
knock out or knock in genes can. This system cuts both
strands of the target DNA, though the actual alteration of
the DNA is accomplished by the use of the guide RNA to
separate the two strands of the DNA and make breaks in
both.

'The breaks then initiate one of two DNA repair pathways
namely homology-directed repair (HDR) or non-
homologous end-joining (NHE]). It is identified that
mammalian cells utilize the NHE] mechanism, but it
is inaccurate and it results in insertion or deletion of
particular DNA sequences hence affecting the sequences
that code specific proteins. An example of homologous
recombination with the donor DNA sequences in the

targeted DNA that is belonging to the HDR mechanism
is the transplantation of a DNA sequence responsible for
the expression of the green fluorescent protein reporter
gene (Abdelnour et al., 2021). Genome editing using high
density lipoprotein (HDR) demands precise sequencing
of DNA breaks and hence various strategies have been
developed for this purpose. Such methods include; Zinc
finger nucleases (ZFNs), meganucleases, transcription
activator-like effector (TALE)-nucleases (TALENS),
and the most recent CRISPR/Cas9 nuclease which is
fast, cheap, precise, and handy technology (Maeder and
Gersbach, 2016).

The CRISPR-Cas9 can be described as an innovative
genome editing tool. With the help of a small gRNA
molecule, it directs the Cas9 endonuclease for the
generation of specific double-strand breaks in the desired
locations in the DNA. The natural repair processes of the
cell can then be utilized to apply specific changes into the
desirable point, for instance, rectification of mutation that
contributes to disease. With this method; it is possible
to treat genetic illnesses directly by eradicating the root
genetic defect. It has been highlighted that genome editing
is successful when a designed nuclease is in a position to
bring about DNA double-strand breaks (DSBs) at the
pre-specified genomic positions. Next, NHE] which can
be mutagenic, involving indel formation at the break
site is used to repair DSBs while HDR, a more precise
method of gene editing that involves the use of a DNA
template containing homology arms is also employed to
repair DSBs. For targeted cleavage of cells and to induce
DSBs particularly, nuclease platforms including zinc
finger nuclease (ZFN) and transcription activator like
effector nuclease (TALEN) has been employed in the
past few decades. Nonetheless, extensive effort for protein
engineering and technical challenges limit their in vivo
utilization (Robinson-Hamm &, Gersbach, 2016).

While gene replacement therapy can benefit patients
immediately with monogenic retinal dystrophies, the
tollowing reasons make the RPGRORF15 gene complex
and distinctive, making it difficult to use in clinical settings.
First off, in some circumstances, shorter proteins caused
by ORF15 mutations may display a gain-of-function
phenotype. Second, the RPGRORF15 may be unable to
maintain sequence integrity throughout the production of
AAV due to its low sequence stability, which could have a
dominant-negative impact and speed up the progression of
the illness. Finally, since the RPGRORF15 gene exhibits
complex posttranscriptional processing, codon-optimized
RPGR substitute therapy would be the preferable option.
Unintentional processing of the episomal AAV transgenic
intronless main mRINA transcript can take various forms,
one of which is splicing. Due to all of these factors, we
decided to investigate gene editing treatment for RPGR
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(Fox et al., 2016).

In vivo genome editing therapy has been considered the
optimal strategy for the permanent cure of monogenic
diseases since the emergence of the CRISPR/Cas9
technology and has rapidly developed. That would be
another major advantage of precise genome editing over
the gene replacement via viral vectors: The endogenous
enhancers, regulatory elements and promoters for the
purpose of the decoding will be left intact into the well-
timed spatiotemporal pattern of transgene expression. The
use of CRISPR/Cas9 for therapeutic experiments has
had positive outcomes in various diseases animal models
which include hereditary tyrosinemia, cystic fibrosis and
2° Duchenne muscular dystrophy. 27 off-target effects are
one of the challenges that come with the use of CRISPR/
Cas9, that being how the genome might be cleaved at
positions, which are different from the target locus of
interest but have homology to that particular locus. It is
also important to consider that the retina is potentially
accessible to surgery and is remote from the blood-retina
barrier unlike some other types of cells that may be targets
for in vivo CRISPR/Cas9, inherited retinal disorders could
potentially pose best opportunity for this approach (Syding
et al., 2020).

Additionally, specific cell categories can implement exact
genomic shifts, significantly lower quantities of enveloping
vectors with CRISPR/Cas9 are required for treating
ailments. Additionally, it is also worthy to note that the
AAV2/8 vector does not transduce any cell other than
photoreceptor cells. Off target cleavages would be highly
expected in cells with higher levels of Cas9 protein as
compared to cells with lower Cas9 protein levels. We
trlansformed altered Cre-dependent Cre-IS CRISPR/
Cas9 and the length and Cas9 experssion were restricted by
Cre-recombinase. Comparing the thickness of ONL after
6 and 12 months of medication with RpgrCas9+/W'T mice,
the superAxon thickness was significantly thicker than the
unexposed region for the purpose of future therapy. Two
AAV delivery methods should be used in clinical gene
editing medications: Subsequently, we developed two
separate systems; one for Cas9/Pl raising and the other
for the preparation of the sgRNA and the donor template.
2015 described the process in which AAV delivers spCas9
as a model of the therapeutic intervention. In this study,
there were two different AAV systems whereby sgRNA
and HDR templates could be delivered and thus efficiently
edit target cells (Schatoff et al., 2019).

Bakondi et al. (2016) have delivered CRISPR-Cas9 for the
first time through injection for therapeutic reason using rat
model of IRD with mutant Rho. S334ter. They achieved
this by performing sub-retinal injection of the plasmid
that contained Cas9 and gRNA together with the use of

electroporation. 14 In the Optokinetic test, it was seen that
the method is effective and the treated eye has provided
35% superior visual acuity over the control eye because
of the allele-specific loss of Rho. S334 resulting from a
use of gRNA that targeted an essential single nucleotide
polymorphism unique to the RhoS334 allele. ERG indeed
did not show any change of the visual function, though.
Despite issues of off-target editing and potential ocular side
effects in genomic DNA editing which might potentially
fix the root of the cause of nearly all IRDs, research towards
other methods of correcting disease causing variations has
been initiated. An aspect in mRNA involves RNA editing
that makes nucleotide alterations in sequence-specific. In
retinal as well as various other human cells, it shows up
as a regular biological procedure. Adenosine deaminases
or adenosine deaminase acting on RNA (ADAR) and
cytidine deaminases or cytidine deaminase acting on RNA
(CDAR) are the enzymes which are responsible for editing
of RNA in its natural form. Some of them may catalyse the
deamination of adenosine to inosine (A-I) and cytosine
to uridine (C-U) based on the study by Ota et al. (2013)
as mentioned earlier. In functional terms it is the same
as C-to-T and A-to-G editing. Similar to other possible
oft-target effects, such changes are only fleeting since the

impact is limited to one mRNA only and does not modify
DNA.

In essence, ADAR requires two elements in order to
do sequence-specific A-to-I editing: (1) An ADAR
attractive domain to enable the molecule to bind only
to the desirerd mRNA and introduce a dsRNA hairpin
structure to enhance the ADARs binding to the targeted
mRNA complex; (2) a guide RNA (specificity domain)
similar to those in the CRISPR-Cas9 system (Schneider
et al., 2024). This technique keeps away from the need to
introduce exogenous ADAR expression cassettes as found
in Cas9 (although this method has been tested for ADAR).
However, it might be easier to develop the IRD genotype-
specific therapies, only if the intended ASOs for RNA
editing also contain the features and domains of ADAR
recruiting and particularity (Fenner et al., 2022). With
endogenously generated ADAR, Merkle et al. (2022) have
shown that a variety of human cell lines can certainly be
edited by their ASO-only approach to RNA editing with
sequence-specific mRNA editing efficiency of 30-70%.
This also included modifications of ASO chemistries in
order to enhance the biological stability (2'-O-methyl
and phosphorothioate linkages). Such an approach would
mean periodic re-dosing of ASO across a patient’s life span
even for chemically stable ASOs.

'The current therapies appear to be the best in the handling
of the majority of IRDs due to a specific class of recessive
mutations in large genes that fail to respond to AAV-
mediated gene correction. The effectivity and off-target
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effects of RNA editing now restrict RNA editing as a
therapeutic treatment for IRD. In a recent poll, Fry and
associates seen a wide disparity in the proportion for IRD
mutations which might be modified with the help of
RNA (Fry et al., 2021). But by using RNA editing, 32%
of the known bad impacts in ABCA4 and CEP290 can
be amended. The number of RNA editing tools to design
mutation-specific therapies has significantly increased
over the last few years; however, further development
of the approach at what level of efficaciousness is still
questionable despite the fact that it can be applied to a
wide range of IRDs. In the subsequent years, a variety of
industrial test-based RNA editing have been planned to be
conducted for curing the IRD.

HDR is required to achieve high cells efficiency
when applying the CRISPR/Cas9 system. Since the
photoreceptors are in a post-mitosis state and cannot be
in the cell cycle stage that allows HDR to happen, gene
restoration effectiveness of CRISPR for eye diseases may
not be effective enough to be therapeutic. 34 Interestingly,
DNA sequencing proved that the photoreceptors had
their genome edited by NORP- and AAV-mediated
gene delivery and that the retained portion of the retina
expressed the Rpgr protein. This is in line with a study done
by Geurts ez a/ in which they showed that genome editing
through HDR in mature post mitotic neurons was made
possible by efficiency donor template distribution using
AAV and CRISPR /Cas9 mediated DNA breakage. Some
recent demonstrations of the new gene-editing methods
were such as base editing, or homology-independent
targeted integration, (3.0%)- this shows potential as an
HDR replacement.

CONCLUSIONS AND
RECOMMENDATIONS

This study reached the aim at the DNA level through
successful post-subretinal injection of the CRISPR-Cas9
vector. Thus, by preserving the structure and function of
this cell, it will help prevent the further degeneration of
the retinal tissue that is being treated. Therefore, there
are gains in the area of ophthalmology particularly to
retinal degenerative diseases through a correct diagnosis
to enhance the management of the conditions. This work
offers important information about the application of the
CRISPR-Cas9 gene editing strategy as a novel therapeutic
platform for inherited retinal diseases in purebred dogs.
'The ability to maintain the architecture of the retina and
functional change recorded herein underlines the way to
vision and comprehensive well-being of affected animals.
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