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Abstract

Dominant mutations in RHO (rhodopsin) are the most common cause of autosomal dominant retinitis
pigmentosa (RHO-adRP). RHO-adRP causes progressive loss of rod cells, followed by cone cells, leading
to blindness. This disease is a candidate for CRISPR gene editing, as reduction of mutant rhodopsin is
associated with phenotypic rescue. This thesis optimises all-in-one CRISPR/Cas9 and CRISPRi adeno-

associated viruses (AAVs) and explores their potential as RHO-adRP gene therapy vectors.

Following construct optimisation in vitro, a CRISPR/Cas9 and CRISPRi plasmid carrying SaCas9 and
dSaCas9.KRAB, respectively, were generated. Both demonstrated knock down of endogenously
expressed EGFP in a transgenic cell line. For allele-specific knock down of RHO, the CRISPR constructs
must target a region unique to the mutant allele. Bioinformatic screening of RHO identified seven non-
pathogenic single nucleotide polymorphisms (SNPs) that were targetable with SaCas9. Two of these
SNPs could be targeted allele-specifically, with high CRISPR/Cas9 gene disruption and CRISPRi gene
repression rates of 38.5-73.2 % and 43.1-65.8 %, respectively. In heterozygous patients, targeting the

SNP on the mutant RHO offers a mutation-independent allele-specific targeting strategy.

As a proof-of-concept for targeting rod cells, the AAV were subretinally injected into Nrl-EGFP mice,
in whom enhanced green fluorescent protein (EGFP) expression is limited to rod photoreceptors. To
restrict Cas9 expression to rods cells only, a novel 154 bp rod cell-specific promoter was identified.
This shortened promoter from the PDE6B gene was active in human retinal explants, the human
retinoblastoma-derived cell line Y79, and drove strong rod cell-specific expression in mice. The CRISPRI
AAV was unable to repress EGFP, despite high transgene expression. The CRISPR/Cas9 AAV however,
drove strong EGFP disruption. It produced 4.1 % EGFP indels, resulting in a reduction of EGFP mRNA
and fluorescence of 55.3% and 36.5 %, respectively. The all-in-one CRISPR/Cas9 AAV is therefore able
to drive strong gene disruption in rod cells in vivo, making it a useful vector for the treatment of RHO-

adRP.



This thesis describes in detail the development of these all-in-one CRISPR/Cas9 and CRISPRi AAV
vectors from proof-of-concept to in vivo study and advances the potential for using such therapies in

future treatments of RHO-adRP.
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1 Introduction

1.1 Overview

Autosomal dominant retinitis pigmentosa (adRP) is an inherited retinal degeneration primarily
affecting rod cells, a specialist light-sensing cell of the retina. The rod cells degenerate
circumferentially, reducing patient’s visual field and eventually resulting in complete blindness. adRP
is caused by dominant mutations in a range of genes, the most common of which is rhodopsin (RHO)*.
RHO is almost completely haplosufficient, meaning one working copy of the gene is able to provide
sufficient levels of rhodopsin protein to sustain wild type function (although mild electroretinogram
[ERG] changes have been reported in individuals carrying one null mutation)?. Disabling the mutant
rhodopsin allele has been shown to alleviate adRP, preventing retinal degeneration and therefore

further loss of vision3.

CRISPR/Cas9 and CRISPRi are molecular techniques that are used to disrupt, or knock down, a gene of
interest, respectively. Targeting these CRISPR techniques exclusively to the mutant RHO allele may
reduce expression of the mutant rhodopsin protein, leaving the unaffected wild type rhodopsin to
provide essential protein function. The CRISPR/Cas9 system from the bacterium Staphylococcus
aureus can be packaged into a single adeno-associated virus (AAV), which acts as a delivery vehicle. If
injected subretinally into a patient with adRP this could prevent further degeneration of the retina,
halting the disease progression permanently with a single treatment. This thesis explores the potential
use of a single CRISPR AAV gene therapy system as a treatment for adRP caused by RHO mutations

(RHO-adRP).



1.2 Rhodopsin in the human retina

The retina is the innermost tissue layer at the back of the eye and is responsible for detecting light and
converting it into an electrochemical signal. Light entering the eye is focused on the retina by the
cornea and the lens. The retina contains multiple layers of cells, which can be distinguished under a
microscope (Figure 1.1A, B). One of the retinal layers, called the photoreceptor layer, is made up of
rod cells and cone cells, which contain photopigments allowing them to detect light and create a
response, initiating the phototransduction cascade. This response is modulated as it passes through
the retinal layers to the retinal ganglion cells, which form part of the optic nerve, ultimately sending

the electrochemical signal to the brain.

Rod and cones cells are unevenly distributed throughout the retina. Rod cells, which have high
sensitivity allowing the detection of low level light, are found around the peripheries of the retina and
account for approximately 95 % of photoreceptors*°. Cone cells, on the other hand, provide colour
and detailed vision in bright light. They are sparsely distributed in the peripheries and are

concentrated centrally in the retina within an area called the fovea, where rod cells are absent.

Rod cells and cone cells can be described in four sections: the synapse, the nucleus, the inner segment,
and the outer segment (Figure 1.1C). In rod cells, this outer segment contains stacked internal
membranes known as discs which each house between 10* and 10° rhodopsin molecules. Rhodopsin
is a photopigment responsible for detecting light and is expressed exclusively in rod cells®. It is a
combination of an opsin protein (henceforth referred to as simply “rhodopsin”) and the chromophore
retinal. Rhodopsin is 348 amino acids in length and consists of seven transmembrane a-helices.
Correctly processed rhodopsin is essential for the survival of rod cells: Rho knockout mice do not
develop outer segments and have progressive retinal degeneration’. When light interacts with retinal
its chemical conformation changes, altering the shape of rhodopsin. This allows rhodopsin to interact

with protein transducin which triggers the phototransduction cascade.
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Figure 1.1 The human retina.

Diagrams not to scale. A) Diagram of retinal cells and layers. B) Stained section of mouse retina showing retinal
layers, DAPI (blue) stain is cellular nuclei. Scale bar is 5 um. C) Rod cell morphology. Rhodopsin molecules are
located in the disc membranes within the outer segment.



1.3 Autosomal dominant retinitis pigmentosa

1.3.1 Retinitis pigmentosa pathophysiology

Retinitis pigmentosais an inherited retinal degeneration that causes progressive sight loss over several
years or decades, eventually resulting in complete blindness. The loss of vision experienced by these
patients is life changing, and has been shown to negatively impact mental health, socialising,
independence, and employment®?L, It affects approximately 1 in 4000 individuals, making it the most
common inherited retinal dystrophy globally*2. While disease progression is highly variable, classic
retinitis pigmentosa symptoms begin in adolescence, becoming severe in middle age''®. Genetic
mutations cause the loss of rod cells from the periphery of the retina, gradually degrading towards
the centre over time (Figure 1.2). This causes reduced low light vision, termed nyctalopia, and then
tunnel vision as the loss of rod cells constricts the visual field!*. As the disease progresses, the retinal
pigment epithelial cells break down, and eventually central cone cells die, decreasing the patient’s
visual acuity. The pathways ultimately responsible for photoreceptor death are not fully understood
and may be variable with the pathogenic gene®®. Apoptosis, oxidative stress, inflammation, and

necrosis have all been implicated!®22,

Diagnosis of retinitis pigmentosa is based on patient’s loss of night vision, constricted visual field,

changes in morphology and response of the retina, family history, and retinal electrophysiology*%. It

Normal

Retinitis pigmentosa

Figure 1.2 Fundus photographs of normal and retinitis pigmentosa-affected eyes.

Image of the right eye of a patient with no retinal degeneration "Normal", and with retinitis pigmentosa?*%*,



is important to note that retinitis pigmentosa can occur as a de novo mutation without a family history

presentl1425,

1.3.2 Genetics of autosomal dominant retinitis pigmentosa

Retinitis pigmentosa can be inherited in an autosomal dominant, autosomal recessive or X-linked
manner and is highly heterogeneous. Autosomal dominant retinitis pigmentosa (adRP) makes up 15-
40 % of global cases and generally has the latest onset and slowest progression of the inheritance
typest 315 (Figure 1.3). As of June 2021, 30 pathogenic adRP genes have been identified, whose
proteins have a wide range of functions, including rod cell structure, phototransduction, RNA
processing, and amino acid synthesis, amongst others'?%, The most common pathogenic adRP gene is
rhodopsin (RHO) which accounts for 20-40 % of cases'>?’. This is approximately 59 000 to 312 000
individuals worldwide. Despite advancements in sequencing technology, and increasing routine

genetic screening, the pathogenic mutation cannot be identified in 22-50 % of patients.

1.3.3 RHO mutations

RHO codes for the protein component of the rhodopsin molecule and there are over 150 point

X-linked

Dominant

Recessive

Figure 1.3 Approximate proportion of retinitis pigmentosa cases caused by mutations in RHO.

10



mutations in RHO which cause adRP*. Frequency of pathogenic RHO mutations are highly variable
with geographic and ethnic populations and are strongly influenced by founder mutations?73°, For
example, the Pro23His mutation accounts for about 10 % of adRP cases in the United States but is
globally quite rare®'. Pathogenic mutations are either toxic gain-of-function, where the mutant
rhodopsin protein acquires a detrimental mechanism of action, or dominant-negative, where the
mutant rhodopsin protein inhibits the activity of the wild type rhodopsin protein. Individual mutations
have varied implications for rhodopsin, and subsequently affect rod cell structure and function
differently. They have been categorised into seven classes based on their mechanism of effect (Table
1.1)332, While some classes are linked to the location of the mutation within the amino acid coding
sequence, for example, Class | mutations are clustered in the C-terminus cytoplasmic domain of RHO,
other classes, such as Class 2, are found throughout the RHO protein. The majority of RHO mutations
affect either folding or trafficking of the protein, but mutations affecting post-translational
modifications, stability, dimerization, and activation of the phototransduction cascade have also been
identified. Many of these mutations result in the accumulation of mutant rhodopsin in inappropriate

locations, inhibiting normal cellular function or causing cellular stress.

Identifying the disease mechanism and classifying these mutations is difficult. Approximately 40 % of

mutations are unclassified, while the best studied mutation, Pro23His, has evidence to suggest its

Table 1.1 Classification of RHO mutations as described by Athanasiou et al. (2018)?

Class Toxic mechanism
1 RHO is not transported to the outer segment
2 RHO is misfolded and retained in the endoplasmic reticulum
3 RHO is endocytosed and disrupts vesicular traffic
4 RHO post-translational modifications are affected, reducing stability
5 RHO activation of transducin is altered
6 RHO is constitutively activated
7 RHO cannot form essential dimers
Unclassified Not yet identified
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classification as both a Class 2 misfolding and a Class 4 dominant-negative mutation®. In some cases,
the inheritance pattern of the disease is also unclear: both the E150K and M253I mutations have been
described as both autosomal recessive mutations, and as autosomal dominant mutations which cause
a clinically mild form of retinitis pigmentosa when present on only one allele**. Finally, infrequently

cited mutations are often subsequently found to be benign rather than pathogenic®3.

1.3.4 Treatment strategies

Different treatment strategies are being explored for adRP caused by RHO mutations (RHO-adRP).
These can be divided broadly into two approaches: preventing retinal degeneration or restoring lost
vision. Strategies that restore lost vision treat late stage patients with severe retinal degeneration
regardless of the pathogenic gene. These strategies provide a replacement for photoreceptors,
creating a system for detecting light and generating an electrical response that stimulates the
remaining retinal layers. This replacement can be retinal progenitor cells attached to a retinal grafts,
electronic retinal implants (both of which are surgically fixed in the eye), or optogenetics. In
optogenetics, a gene encoding a light-sensitive protein is delivered to retinal cells that do not naturally
respond to light. All three techniques are involved in ongoing clinical trials, and multiple electronic
retinal implants are approved for use in the USA and the EU. Electronic retinal implants and retinal
grafts have demonstrated safety and some degree of improvement in vision, although they are still

overcoming issues including adverse events and longevity343¢,

If aiming to prevent retinal degeneration, patients need to be treated while there are remaining rod
cells to preserve. Approaches have included delivering chaperone proteins to improve RHO folding,
drugs to inhibit cell death mechanisms, histone deacetlyase inhibitors to reduce global RHO
expression, or over-expressing wild type RHO to treat dominant negative mutations. These strategies
have had variable results in vivo, and the success of the treatment is often mutation-dependent as

they target the disease pathway*®.
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RNA-based, or CRISPR-based techniques aim to reduce the levels of mutant rhodopsin by targeting
RHO mRNA, or DNA, respectively*?. Approaches can either target the mutant RHO exclusively, or target
both the wild type and mutant RHO. Cellular rhodopsin levels below 50 % are toxic to rod cells, and
therefore strategies targeting both alleles must also deliver a resistant copy of RHO by gene
augmentation3*3, Following significant visual improvements in vivo, both strategies are currently

being used in clinical trials*?4+47,

Using gene disruption techniques such as CRISPR/Cas9 or CRISPRi to exclusively suppress the mutant
RHO could provide a mutation-independent approach to preventing retinal degeneration. The exact
disease pathway would not need to be understood, as removal of the mutant RHO allele would
remove its toxic effects regardless of the mechanism. If delivered by AAV, which allow long-term
expression, the disease could be treated with a single injection in each eye. Multiple in vivo studies
have been conducted that use CRISPR/Cas9 or CRISPRi to knock down genes in the retina as a

treatment for inherited retinal dystrophies*%°, These have achieved significant suppression of retinal

Table 1.2 In vivo experiments using CRISPR/Cas9 to treat animal models of RHO-adRP.

Reference Gene Target Model Methodology Results

Subretinal injection

Latella et al. Removal of Rho Rho+/-23HTg i 16 % of reads contained
. and electroporation of . .
2016% P23H locus mice : the desired 24 bp deletion
plasmid
Allele-specific Subretinal injection Delayed loss of rod
Bakondi et . p Rhg3334ter3 : ) ) Y
disruption of and electroporation of function and prolonged
al. 20163 rats i )
Rho%334 plasmid cone survival
e Increased retinal
Yu et al. . . . Subretinal injection of .
2 Disruption of Nrl  RhoP3*7S mice preservation and 35 %
2017 AAV . . .
increased visual acuity
. . Allele-specific editing of
) Allele-specific Rho*/P23H and Subretinal injection
Li et al. . . ) mutant Rho. Increased
disruption of RhoPZHP2H  and electroporation of
201840 . ) outer nuclear layer
RhoP3H mice plasmid ) i
thickness in treated areas.
Allele-specific 16.7-20.5 % editing of
Giannelli et ) p Rho+/P234 Intravitreal injection : &
disruption of ) RhoP23H in strongly
al. 20184 mice of AAV
RhoP#3H transduced cells.
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genes leading to improvements in photoreceptor morphology, retinal responses, and visual acuity in
treated animals. Four of these studies used CRISPR/Cas9 to disrupt Rho in models of autosomal
dominant retinitis pigmentosa; they demonstrate in vivo Rho disruption is achievable using a range of
delivery methods, but none have explored a single AAV delivery method to date (Table 1.2). CRISPRi

gene repression of RHO has not been attempted in vivo.
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1.4 CRISPR

CRISPR/Cas9 and CRISPRi are gene modification techniques that can be used to edit genes, or repress
genes, respectively. They offer a promising treatment for autosomal dominant diseases, including
adRP, by silencing the pathogenic gene. Compared to previously used techniques for DNA editing, such
as zinc finger nucleases, and TALENs, CRISPR/Cas9 has a wider targeting capability, higher efficiency,
and is easier to deliver into cells*®>2, CRISPRi reduces transcription of a chosen gene. Prior to CRISPR;,
RNAi was the leading technique for gene repression in eukaryotic cells. RNAi targets mRNA and
CRISPRi targets DNA; CRISPRi therefore has access to more potential binding sites in untranscribed
regions. While the two techniques have comparable efficiencies, CRISPRi rarely reports any off-target
effects, whereas off-target effects with RNAi are common*. The advantages and versatility of the
CRISPR/Cas9 system has made it a game changer in gene editing and regulation, with rapid

development of the technology since its discovery in 2012,

1.4.1 Mechanism

The CRISPR/Cas9 system is a naturally occurring bacterial defence mechanism against invading
phages. The bacteria contain two specialized RNA molecules called crRNA and tracrRNA, which form
a complex with the bacterial endonuclease protein Cas9. This complex is guided to invading phage
DNA that shares sequence homology with crRNA. In order to bind to the DNA, Cas9 requires a short,
3-8 bp DNA element called a Protospacer Adjacent Motif (PAM) site immediately adjacent to the
crRNA binding site. The exact sequence requirements of the PAM site vary with bacterial species.

Following binding, Cas9 will cleave both strands, preventing phage colonization®>¢(Figure 1.4A).

This system is used within biological research to disrupt genes of interest. The target gene exons are
screened for PAM sites, and then a single guide RNA (gRNA, which is an artificial amalgamation of

crRNA and tracrRNA first created by Jinek et al in 2012%3) is designed to match the region immediately
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adjacent to the chosen PAM. By providing the cell with both the Cas9 and gRNA, Cas9 will induce a
double stranded break in the target gene. The cell then attempts to repair this break through the non-
homologous end joining pathway, but this process is extremely error prone. This causes small
insertions and deletions (indels) to be incorporated into the DNA break site, resulting in frame shifts
or premature stop codons within the DNA. When transcribed into mRNA, this is typically detected by
the nonsense-mediated decay pathway and degraded, preventing translation into a protein®**’(Figure

1.4B).

CRISPRi uses a modified version of the Cas9 protein. The native Cas9 protein contains two DNA
cleavage domains called HNH and RuvC, which cleave the gRNA complementary and gRNA non-
complementary DNA strands, respectively. By changing a single amino acid at each domain, the Cas9
becomes catalytically inactive. While it can no longer cleave DNA, the “dead” dCas9 still binds to DNA
where it acts as a steric block, preventing access of other proteins. By targeting it to the transcriptional
start site (-50 to +250 bp from the transcriptional start site ideally) dCas9 will block transcription
initiation (Figure 1.4C). Binding dCas9 outside of the transcriptional start site will block transcription
elongation, but the knock down achieved is highly variable and typically only successful when dCas9
is bound to the non-template strand of DNA (also called the sense strand, forward strand, or coding

strand)>&%4,

The knock down achieved with CRISPRi can be increased by fusing dCas9 with the transcriptional
repressor domain Kriippel Associated Box (KRAB), which influences the histone state of the gene®.
Eukaryotic DNA is wound around histone proteins that can be chemically modified, influencing how
closely they associate®. The KRAB repressor interacts with histone modifying proteins to create a
tightly wound histone state which is inaccessible to RNA polymerase Il and therefore reduces gene
transcription®’(Figure 1.4D). This significantly increases CRISPRi gene repression at most sites. Unlike
when using dCas9 alone to block transcription elongation, dCas9-KRAB can be targeted to either

strand of the DNA, dramatically increasing the potential target sites®%5,
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Figure 1.4 Mechanisms of CRISPR/Cas9 and CRISPRi.

A) CRISPR/Cas9 mechanism as a bacterial defence against invading viruses. B) Using CRISPR/Cas9 to disrupt
target genes. C) Using CRISPRi with dCas9 to block transcription initiation or transcriptional elongation. D)
CRISPRi using a dCas9-KRAB fusion protein to alter the chromatin state of a target gene.

The CRISPR/Cas9 system exists in 48 % of bacterial species, and more are being discovered regularly®.
While broadly very similar, the Cas9 protein and gRNA sequence can vary between species. Each Cas9
species also has its own PAM site requirements, and the ever-growing range of available Cas9 species
increases the chances that a particular locus can be targeted with CRISPR. This thesis explores the use
of the CRISPR/Cas9 system from the bacterium Staphylococcus aureus to treat retinal disease. This
Cas9 species (called SaCas9) is 3159 bp long, and has the PAM site 5’-NNGRRT-3’%. SaCas9 was the
first Cas9 species discovered that is small enough to be packaged into a single AAV alongside its gRNA.
While other single AAV Cas9 species have been described since, including CjCas9 from Campylobacter

jejuni’®, SaCas9 remains the best-characterised Cas9 species, justifying its use in this thesis.

While not directly relevant to this thesis, it is useful to know that the CRISPR system is very versatile
and can be used to activate genes, edit DNA, and edit RNA, amongst other applications. For a recent

review on this see Knott and Doudna (2018)"%.
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1.4.2 CRISPR/Cas9 vs. CRISPRi

CRISPR/Cas9 causes permanent changes to the genome, whereas CRISPRi does not alter the DNA
sequence, and only affects transcription while dCas9 and gRNA are present. If driven by an inducible
promoter, the effects of CRISPRi have been shown to be reversible in vitro®®®, providing safety

benefits for potential therapeutic treatments using this technology.

CRISPR/Cas9 and CRISPRi have different optimal target requirements. CRISPR/Cas9 is most successful
when targeted to the exon of a gene, as insertions and deletions in introns can be removed through
splicing, leaving an unaltered coding sequence®. CRISPRi, on the other hand, can in theory be targeted
anywhere in the transcribed region. In practice, however, the optimal target site for CRISPRi is quite

narrow, at =50 to +250 relative to the transcriptional start site>®°,

While CRISPRi can be highly efficient, it is generally accepted that CRISPR/Cas9 provides greater gene
knock down®%372, This is likely because the efficiency of CRISPRi gene repression is not only dictated
by the gRNA:DNA binding efficiency, as with active CRISPR/Cas9, but by the ability of that locus to
successfully block transcription®. This makes the knock down rates seen with CRISPRi highly variable

across the sequence of a gene®®°,

CRISPRi may have greater specificity than CRISPR/Cas9. Off-target binding occurs when DNA with
partial homology to the gRNA sequence is adjacent to a PAM site. CRISPR/Cas9 has shown variable
tolerance for gRNA:DNA mismatches and off-target effects are common; some have been reported at
sites with a 5 bp gRNA:DNA mismatch>¥7377®, This has led to the development of “high-fidelity” Cas9
species, which are engineered to have reduced off-target activity’”’2%. CRISPRi, on the other hand, has
very low tolerance for gRNA:DNA mismatches, with one bp mismatches often sufficient to prevent
binding®3>458747581 This might be due to the different mechanisms between CRISPR/Cas9 and CRISPRi:
CRISPR/Cas9 may be able to cleave DNA whilst in contact with it only briefly, which might be the case
with mismatched nucleotides, whereas for CRISPRi to be effective, it is likely to need to be in contact

with the DNA target for considerably longer®.
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1.4.3 Allele-specific targeting of pathogenic genes for dominant diseases

Provided a gene is not haploinsufficient, disruption of the pathogenic allele provides a viable
treatment strategy for dominantly inherited diseases. This can be achieved with the CRISPR system by
targeting it to a unique DNA region on the mutant allele that is absent from the wild type allele. This
is usually the pathogenic mutation but non-pathogenic single nucleotide polymorphisms (SNPs) can

also be targeted*®*,

If the unique region is in the gRNA binding site then the gRNA will have 100 % sequence homology
with the mutant allele and a mismatch of at least one bp with the wild type allele (Figure 1.5). If this
mismatch prevents gRNA binding then allele-specificity will be achieved. The precise nucleotide
mismatch and location within the gRNA binding sequence determines whether the gRNA will bind>373"

6, PAM-proximal mutations are typically less tolerated than PAM-distal mutations.

Alternatively, the unique region on the mutant allele may generate a novel PAM site that is not present
on the wild type allele. Cas9 will therefore only be able to bind to the mutant allele. With the ever-
growing range of Cas9 species, and subsequent range of PAM requirements, it is increasingly likely

that an individual mutation will generate a novel PAM site for one of these Cas9 species*®#2,

gRNA binding site Novel PAM site

TTITT T T T T T T T T T T T T I T T o1 . rrrrrrrrrrrrrrirrrrrrrord
Wildtype ACAGTTAGTGATCATACGTG Wildtype ACAGTTAGTGATCATACGTGTAC
allele TGTCAATCACTAGTATGCAC allele TGTCAATCACTAGTATGCACATG

| 1 T T N ) 1 T 1 N [ |

TrrrrrrrrrrrrrTTrTorroryryororoon TITITITTTITITITTITTIT I I
Mutant ACAGTTAGTGACCATACGTG Mutant ACAGTTAGTGATCATACGTGTC
allele TGTCAATCACTCGTATGCAC allele TGTCAATCACTAGTATGCACAG

T 1 T N T [ 1 T I T O T N T
BRNA ol pTCRETreTATeEds GRNA TCTCopTCaFTREIATOERE

Figure 1.5 Allele-specific Cas9 targeting via gRNA binding site or novel PAM sites.

Cas9 can be targeted to the mutant allele by designing the gRNA to a unique region on that allele. The
discrepancy between the gRNA sequence and the wild type allele may be sufficient to prevent binding. If the
target mutation generates a novel PAM site this will allow Cas9 to bind exclusively to the mutant allele.

20



Both gRNA-binding and novel PAM sites have been targeted for allele-specific disruption of pathogenic
genes in mouse models of adRP. In all cases, only the mutant allele was disrupted resulting in improved
visual outcomes®4%4 These experiments used either a plasmid, or dual AAV delivery method but a

single AAV delivery had not been attempted prior to this thesis.

1.4.4 Clinical Application in Retinal Diseases

Promising in vivo results led to the first in situ CRISPR/Cas9 clinical trial, which aims to treat Leber
congenital amaurosis 10, a severe retinal dystrophy. The BRILLIANCE trial began in 2020, and uses
CRISPR/Cas9 packaged in an AAV to remove the pathogenic cryptic intronic splice site in CEP29083%4,
While investigations into CRISPR treatments are progressing at a steady rate, there are still important

factors that need to be considered when moving into clinical trials.

Off-target effects are an important hurdle with CRISPR treatments. Off-target knock down of essential
genes results in cell dysfunction or death, while knock down of onco-suppressor genes can result in
cancer®?. Although CRISPRi is more specific than CRISPR/Cas9, off-target effects are still reported and
remain an important consideration*>*8, Bioinformatics screens can be used to predict which gRNAs
might be the most specific and where they are likely to bind®. Despite this, off-target activity
frequently occurs at unpredicted sites and so techniques such as Digenome-Seq and CIRCLE-Seq have
been developed which use next-generation sequencing to identify sites of CRISPR/Cas9 activity within
treated DNAZ®7, Off-target effects with CRISPRi are identified with RNA-Seq, whole-transcriptome-
Seq, or ChIP-Seq®®%%8 Ag off-target effects can vary between cell types, assessment of off-target
activity should be conducted in cells as similar as possible to the therapeutic target®.

The immune response to CRISPR constructs is a concern in the field. Although no serious responses
have been reported, immune reactions could cause inflammation, reduced efficacy, and pose health

risks to patients. Immune molecules against both Cas9 and gRNAs have been identified. Anti-Cas9
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antibodies and cytotoxic T cells have been documented in healthy humans which could potentially
destroy cells expressing Cas9, although this has not been observed® 2. Immune responses have also
been seen against gRNAs which are transcribed in vitro — although these are not an issue with gRNAs

delivered via AAV®3.
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1.5 AAV gene therapy

Gene therapy is the introduction of genetic material into a cell to treat a disease. For successful cellular
uptake, the genetic material must be packaged in a vector. Adeno-associated viruses (AAVs) are
naturally occurring viruses in the parvovirus family and are a popular vector for gene therapy. They
are composed of an icosahedral capsid protein shell containing a roughly 4.8 kb single-stranded DNA
genome with a DNA sequence called an inverted terminal repeat (ITR) at either end. Their genome
encodes three genes (called Rep, Cap, and App) which encode nine proteins involved in cell infection
and viral assembly. AAVs enter cells via cell surface carbohydrates and then migrate to the nucleus.
Here the second strand of viral DNA is synthesised using the inverted terminal repeat (ITR) as a primer,
then the genome is expressed. In order to complete replication, AAVs require additional genes from
other viruses (typically adenoviruses) to be present; they are therefore are not considered pathogenic

on their own.

Recombinant AAV are modified AAV molecules used for delivery of genetic components during gene
therapy. The wildtype AAV genome is removed and replaced with the chosen transgene cassette
flanked by ITRs, which are needed to form palindromic loops that protect the ends of the single
stranded DNA. The AAV cannot replicate as it lacks its native genome and the presence of additional
helper viruses. In their absence, multiple copies of the transgenes link via the ITR sequences to form
circular concatemers in the nucleus, where they are expressed if they contain a promoter recognised

by the cell®*°®,

AAVs have several key features that have made them the vector of choice for retinal gene therapy
trials. Firstly, as the transgene is expressed episomally in eukaryotes, they are non-integrating. This
removes the safety concerns surrounding random integration of introduced genetic material into the
genome. There are many identified serotypes of AAV and particular ones, such as AAV2 and AAVS, are
able to transduce retinal cells with high efficiency. As different serotypes have different cellular

tropisms, selection of viral serotype allows transduction to be limited to select tissue types, increasing
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safety. It is also possible to combine genomes and capsids from different serotypes, in a process called
“pseudotyping”. The genome serotype is noted before the capsid serotype, for example AAV2/8
indicates the genome is taken from serotype 2 and the capsid from serotype 8. This can help avoid
pre-existing immunity to certain AAV serotypes. Finally, clinical trials have demonstrated the effects
of AAV transduction in the retina can last for several years after application, which could theoretically

be indefinite, as retinal cells do not proliferate®>’,

The main limitation of AAV gene delivery is its packaging capacity, which is limited to approximately
4.7 kb. While larger cassettes have been packaged, this typically reduces efficiency and can result in
truncated sequences®®%°. Another potential issue is immune responses to AAV. Although AAVs have
low immunogenicity they can still produce an immune response. AAV-neutralising antibodies have
been detected post-subretinal injection in vivo, and intraocular inflammation has been reported in

100-104

multiple AAV gene therapy trials

The eye is an ideal candidate for AAV gene therapy. It is easily accessible using ophthalmic surgical
techniques; it is immune privileged, reducing the likelihood of immune responses; and the presence
of the blood ocular barrier helps to prevent systemic spread of the introduced material’®>=2%’, These
factors have driven dozens of gene therapy clinical trials, culminating in the first FDA approved ocular

gene therapy treatment in 2017%9%1%°,

For in situ delivery of CRISPR components as a gene therapy, two main methods are favoured: AAV
and a complex of Cas9 and gRNA called a ribonucleoprotein (RNP). While RNPs typically have higher
editing rates, delivery to photoreceptors is not currently possible. Subretinally injected RNPs are
rapidly degraded making them unsuitable for CRISPRi, which requires sustained expression’®. AAV,
on the other hand, have demonstrated retinal delivery of CRISPR components with high editing rates
in transduced cells®*°, For a single AAV strategy, Cas9, gRNA and their regulatory elements must be
packaged within the 4.7 kb limit of an AAV. While the most popular Cas9 species from Streptococcus

pyogenes is too large (4104 bp) for this, multiple shorter variants of Cas9 have been identified,
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including SaCas9 from Staphylococcus aureus which is used in this thesis®.
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1.6 Thesis scope

RHO-adRP is a dominantly inherited retinal degeneration with no treatment or cure'?. Reducing the
levels of mutant rhodopsin protein have been shown to delay photoreceptor degeneration and
improve visual outcomes in vivo. CRISPR/Cas9 and CRISPRi can be used to disrupt, and repress target
genes, and may be able to knock down retinal mutant rhodopsin, preventing disease progression®2.
Retinal gene therapy typically uses AAV to deliver transgenes. Most CRISPR/Cas9 systems have a large
coding sequence and must be delivered across two AAV vectors. The CRISPR/Cas9 system from
Staphylococcus aureus, however, has a smaller coding sequence, and can be packaged into a single
AAV®_ A single AAV strategy reduces the number of immunogenic AAV particles required and allows
greater control over dose compared to a dual AAV strategy. This thesis focuses on the development
of single AAV CRISPR/Cas9 and CRISPRi gene therapy constructs to treat RHO-adRP, and proposes the

hypothesis that an all-in-one AAV is capable of driving significant CRISPR gene editing within rod cells.

Initially, a short, rod cell-specific promoter was validated which drives strong expression of SaCas9 and
dSaCas9.KRAB in vivo. This limits the CRISPR activity to the target cell population and therefore
improves the safety profile of the treatment. Following optimisation, the constructs were used to
target non-pathogenic RHO SNPs in vitro. A selection of these target sites drove allele-specific knock
down, identifying this as a viable strategy for a mutation-independent, allele-specific approach.
Finally, these constructs were used to target the rod-specific EGFP gene in the Nrl-EGFP mouse.
Significant EGFP disruption was measured, demonstrating their ability to target rod cell-specific genes

within a retina. This thesis is broken down into four experimental chapters:

e Validation of a short, rod cell-specific, hPDE6B promoter (Chapter 3)

e Optimisation of CRISPR constructs in vitro (Chapter 4)

o Allele-specific RHO knock down by targeting non-pathogenic single nucleotide polymorphisms
(Chapter 5)

e CRISPR/Cas9 gene disruption of rod cell-specific EGFP in vivo (Chapter 6)
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2 Methods and Materials

2.1 Molecular

2.1.1 Polymerase Chain Reaction (PCR)

Primers were designed using the Primer3 online tool. Before beginning the reaction, the bench and
pipettes were soaked in 10 % bleach for 30 min and all plasticware UV-treated for 10 min to remove
any contaminants. A no template control was run with each reaction (NTC). PCR was performed using
KOD Polymerase (Merck) unless stated otherwise. The reaction contained a final concentration of 1x
KOD Hot Start Polymease Buffer, 1.5 mM MgSQ0,, 0.2 mM of each dNTP, 0.3 uM forward primer, 0.3
UM reverse primer, and 1 unit KOD Hot Start DNA Polymerase in a 50 ul reaction volume. Template
DNA was added at 10 ng if a plasmid, and 100 ng if genomic DNA. Samples were heated to 95 C for 2
min then went through 30-40 cycles of 95 C for 20 s, annealing temperature for 10 s, and then 70 C
for 15 s per kilobase of PCR product length. The forward and reverse primers, annealing temperatures
and any special conditions for PCR are detailed in Appendix 9.1.1. Following amplification in a
thermocycler, all products were run on a 1 % agarose gel by electrophoresis along with a DNA ladder

to check the size of the products and note any non-specific products or contaminants in the NTC.

2.1.2 TIDE analysis

TIDE (Tracking of Indels by Decomposition, Deskgen) is an online software that compares sequence
traces of CRISPR-edited DNA and unedited control DNA to estimate the percentage of reads containing
indels. PCR primers were designed to amplify a roughly 700 bp region, with one primer binding roughly
200 bp from the predicted cut site, and the other primer binding roughly 500 bp from the predicted
cut site. Following PCR amplification using KOD polymerase (see 2.1.1 Polymerase Chain Reaction),
the PCR product was sent for Sanger sequencing (Eurofins Genomics Ltd) using the primer closest to
the predicted cut site. This was only done if the PCR NTC contained no contaminating bands. The
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sequencing reads were viewed in the bioinformatics software Geneious, to assess their quality. Only
reads with a high quality of sequencing before the cut site, and a consistent quality after the cut site
were used for analysis; poor quality sequencing reads were either resent for sequencing or new primer
pairs were designed. The chromatogram sequencing file (file extension .ab1) was uploaded into the
TIDE online software (Deskgen) along with a control file of unedited DNA. The control DNA was
extracted prior to the CRISPR experiments (therefore reducing the risk of contamination) and was PCR
amplified and sequenced alongside the test samples (to ensure that read variability from PCR
efficiency or sequencing run quality was as consistent as possible). The decomposition window was
adjusted to the length of the high quality read on the control sample, if required. The indel size range
was adjusted, where necessary, to improve the R? value of the alignment. All PCR primer combinations

used are detailed in Appendix 9.1.

2.1.3 Restriction digestion

1 ug DNA and 20 units of each enzyme were mixed together with 1x rCutSmart Buffer and incubated
in a thermocycler for the maximum recommended time (typically 1 hour). A no template control was
also included containing no DNA template. If there was an optional heat inactivation step this was also

conducted. Successful digestion was confirmed by running the products on a 1 % agarose gel.

2.1.4 cDNA synthesis

cDNA synthesis was conducted using SuperScript Il First-Strand Synthesis System for RT-PCR
(Invitrogen). 1000 ng RNA, 1.64 uM oligo(dT)o was made up to 29.5 pl with water. Samples were
incubated at 65 C for 5 min. 23.5 pl mixture of 2.13x RT buffer, 21.3 mM DTT, 10.6 mM MgCl,, 1.7 U
RNaseOUT, 1.06 mM dNTP mix was added to each sample. Samples were incubated at room
temperature for 2 min. 200 U SuperScript Il was added and the samples were incubated at 85 C for 5

min. 2 U RNase H was added to each sample and they were incubated at 37 C for 20 min. When
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reverse transcription of gRNA was required, the sequence-specific primer “sgRNA_R1” (5’-
ATCTCGCCAACAAGTTGACG-3’) was added to the dNTP mixture. The cDNA was then purified using the

QlAquick PCR Purification Kit, eluting the cDNA in 30 pl water.

2.1.5 gPCR

Prior to the gPCR, the workbench and pipettes were disinfected in 10 % bleach for 30 min. All
plasticware and tips were UV-treated for 10 min. All reagents were thawed on ice and kept on ice
throughout the protocol. Each sample was run in a technical triplicate and a “no template” control
was run on each plate to monitor potential contamination of the reaction. If a semi-quantitative gPCR
was conducted, samples were run with one or two primers against housekeeping genes for
normalisation. Descriptions of the primers used are given in the methods section for each individual

chapter.

When using Tagman (Thermofisher) probes, 1 ul of cDNA was added to the required wells. 10 pl
TagMan PCR Master Mix, 1 ul of TagMan gPCR gene probe, and 9 pl water were added to each
reaction. The plate was then run on the CFX Connect Real-Time PCR system (Bio-Rad) at 95 C for 20 s

followed by 40 cycles of 95 C for 3 s then 60 C for 30 s. Tagman probes are given in Table 2.1.

When using SYBR Green probes (Thermofisher), 1 ul of cDNA was added to the required wells. 5 pl

iTaq SYBR Green, 2 pl 2 uM forward primers, 2 pul 2 M reverse primer, and 2 pl water were added to

each reaction. The plate was then run on the CFX Connect Real-Time PCR system (Bio-Rad) at 95 C for

Table 2.1 Tagman qPCR probes
Target Assay ID

Beta-actin (Human) Hs01060665 g1
SaCas9/dSaCas9/dSaCas9.KRAB APKAATC (custom assay)

gRNA (SaCas9) APHB6ATE (custom assay)
GAPDH (Human) Hs02786624 gl
EGFP Mr04329676_mr
RHO (Human) Hs04970106_m1
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2 min followed by 40 cycles of 95 C for 10 s then 55 C for 30 s. If testing new primers for the first time,

a melt curve analysis was also run to confirm only one product was being amplified.

When performing a semi-quantitative gPCR, the cT values for each technical replicate were averaged.
If two housekeeping genes were used, the geomean of their cT values were calculated. The
housekeeping mean was then subtracted from the sample mean to calculate AcT. Statistical analysis
compared the AcT between groups of interest. For graphical representation of the results, the AcT of
the control was subtracted from the AcT of the samples to calculate AAcT. This data was then

converted to a fold change and plotted on a graph with an axis in log base 2.

2.1.6 Protein extraction from cell pellets

Cells were pelleted as described in 2.2.8. Samples were kept on ice during the protein extraction
protocol. The cell pellet was resuspended in 80 pl protein buffer. If the sample was analysed for
fluorescence, the pellet was resuspended in complete FIPA buffer (NaCl 150 mM, Tris base 50 mM,
EDTA 2 mM, 1 % TritonX-100; adjusted to pH 7.4 with HCI), otherwise it was resuspended in complete
RIPA buffer. The sample was sonicated using a probe sonicator for 10 s at 20 % power. Samples were
then centrifuged at 14 000 rpm for 10 min at 4 C. The supernatant containing the protein was

transferred to a new tube and the pellet discarded.

2.1.7 Pierce BCA quantification assay

Bovine serum albumin standard was diluted with RIPA buffer to give eight standards with a protein
concentration of 2000 pg/mL to 25 pg/mL. 25 pl of each standard and sample were transferred into a
flat-bottomed 96 well plate in duplicate. The Pierce BCA protein assay kit (ThermoFisher) was used to
create a working mixture of reagent A and B. 200 pul of this was added to each well and incubated in

the dark at 37 C for 30 min, then in the dark at room temperature for 5 min. The absorbance of the
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wells was measured at 563 nm using the iMark Microplate Absorbance plate reader. The standards

were used to create a standard curve, from which the protein concentration of the samples could be

calculated.

2.1.8 Western blot

All incubations with solution were done on a shaking platform. 2-20 ug of protein was mixed with 5x

protein loading dye (National Diagnostics) and heated to 95 C for 5 min. They were then loaded into

a 10 % polyacrylamide gel (BioRad Criterion TGX) in an electrophoresis tank and run until the proteins

of interest were separated (the length of the run was dependent on the molecular weight of the key

Table 2.2 Primary and secondary western blot antibodies.

Target

Beta-actin
(human)

Beta-actin
(mouse)

CRX
(human)

Nrl
(human)

RHO
(human)

SaCas9

SaCas9

SaCas9

Vinculin
(human)

Molecular
weight (kDa)

42

42

37

33

40

124

124

124

135

Primary antibody

ThermoFisher mouse anti-
beta actin AM4302

Abcam rabbit anti-beta actin
ab8227

ThermoFisher rabbit anti-
CRX PA5-32182

Abcam rabbit anti-Nrl
ab137193

Mouse anti-rhodopsin 1D4
ab5417

Abcam rabbit anti-SaCas9
ab203933 (amino acids 100-
200)

Diagenode rabbit anti-
SaCas9 N-terminus
C15310260
Diagenode rabbit anti-
SaCas9 C-terminus
C15310259

Abcam rabbit anti-vinculin
ab219649

Primary

antibody

dilution

1/10 000

1/5 000

1/1 000

1/1 000

1/1 000

1/20 000

1/10 000

1/10 000

1/1 000

Secondary
antibody

Abcam Donkey
anti-mouse
ab98799
Abcam Donkey
anti-rabbit
ab97064
Abcam Donkey
anti-rabbit
ab97064
Abcam Donkey
anti-rabbit
ab97064
Abcam Donkey
anti-mouse
ab98799
Abcam Donkey
anti-rabbit
ab97064
Abcam Donkey
anti-rabbit
ab97064
Abcam Donkey
anti-rabbit
ab97064
Abcam Donkey
anti-rabbit
ab97064

Secondary

antibody

dilution

1/10 000

1/10 000

1/10 000

1/10 000

1/10 000

1/20 000

1/20 000

1/20 000

1/10 000
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proteins). The gel was then layered onto a PVDF membrane (Transblot, BioRad), which had been pre-
soaked in methanol, and the proteins transferred onto the PVDF membrane using the Trans-blot Turbo
Transfer System (Bio-Rad) with a “Mixed Weight” programme at 2.5 A for 7 min. The membrane was
washed in PBS-T for 7 min then incubated with 3 % BSA in PBS-T for 45 min. To allow the target protein
and the loading control to be processed separately, the membrane was divided into two halves with
scissors. This created two separate membranes - one containing the target protein and the other
containing the loading control protein. Each membrane was incubated with its primary antibody in 3
% PBS-T overnight at 4 C. The membranes were washed in PBS-T for 7 min then incubated with the
desired secondary antibody in 3 % BSA in PBS-T for 30 min. A WesternSure pen was used to mark the
position of the protein ladder then the proteins developed using the Clarity Western ECL Substrate Kit
(BioRad). The membrane was imaged on the Odyssey Fluorescence Imaging System (Licor) using the

programme Licor Image Studio. The antibodies used and their dilutions are given in Table 2.2.

2.1.9 Plasmids

The plasmids used in this thesis were acquired from a range of different sources: gifted from research
institutes (acquired from the non-profit plasmid repository AddGene), purchased from manufacturers,
created in this thesis, or previously created within the research group (Table 2.3). All plasmids were
transformed into XL10 Gold Ultracompetent Cells (Stratagene), and subsequent liquid bacterial
cultures were mixed 1:1 with 50 % glycerol to create a glycerol stock, which was kept frozen at -80 C.

The sequence of key plasmids are listed in Appendix 9.9.

2.1.10 General plasmid cloning
Vector and insert were ligated together using T4 Ligase (New England Biolabs) Kit. The vector to insert
ratio was 1:3 unless stated otherwise. Multiple controls were included in the ligation reaction. Firstly,

a “backbone only” control which contains the vector and ligase; colonies on this plate indicate the
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plasmid has re-ligated to itself or the vector sample contains some undigested plasmid. Secondly, a
“ligation positive control”, which contains a linearized vector and ligase; colonies on this plate indicate

|”

the ligation reaction is successful. Finally, a “negative control” which contains no DNA; colonies on this
plate indicate contamination of whole plasmid. Ligated products were then transformed into XL10
Gold Ultracompetent Cells (Stratagene). 50 ul cells were mixed with 2 pl B-mercaptoethanol in a
chilled 15 ml falcon tube. The tubes were incubated on ice for 10 min, flicking the tubes at regular
intervals to mix. 5 pl of ligation product was added to the cells and they were incubated on ice for 30
min. The cells were then heat shocked by placing them in a 42 C water bath for exactly 30 s then
incubating on ice for 2 min. The cell solution was spread on Lyosogeny Broth agar plates (100 pug/ml
ampicillin) at 37 C and incubated overnight. Two additional transformation controls were included: a
positive control plasmid which confirms the transformation step is functional, and untransformed cells
which ensure the antibiotic in the plates is successfully killing untransformed cells. A sterile pipette tip
was used to transfer individual colonies to liquid Lyosogeny Broth 100 pg/ml ampicillin solution and
incubated at 37 C overnight in a shaking incubator. The following day the plasmid was extracted from
the liquid cultures using the Sigma-Aldrich Miniprep kit. To identify successfully ligated plasmids, a
diagnostic restriction digestion was conducted (the enzymes selected varies with cloning strategy -
see 2.1.3 Restriction digestion). Correctly-ligated plasmids were sent for Sanger Sequencing across the

transgene using the primers in Appendix 9.1.2. Sanger Sequencing service provided by Eurofins

Genomics.

2.1.11 Cloning gRNAs into SaCas9 plasmids

The gRNA scaffold was in the SaCas9 plasmid, but the target-homologous part of the gRNA needed to
be cloned into the plasmid. The target insert was ordered as two separate oligonucleotides containing
Bsal restriction digest overhangs. The forward oligonucleotide was 5’-CACC-gRNA sequence-3’. If the

gRNA sequence did not start with a 5’-G, it was added to improve transcription from the U6 promoter.
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Table 2.3 Plasmids.
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The reverse oligonucleotide was a 5’-AAAC-reverse complement of gRNA sequence-3’. 25 pmol of the
forward and reverse oligonucleotides were combined into a tube. They were phosphorylated using
the T4 PNK kit (New England Biolabs), then heated to 95 C for 4 min to denature the oligonucleotides
and melt any secondary structures. They were then gradually cooled to 4 C in a thermocycler with 47
cycles of 1 min incubations decreasing in temperature by 1.5 C each cycle. This annealed the forward

and reverse oligonucleotides together.

The SaCas9 plasmid was digested with Bsal (New England Biolabs)(2.1.3 Restriction digestion), and the
products were separated by gel electrophoresis on a 1 % agarose gel. The linearised plasmid band was
gel purified using the QlAquick Gel Extraction Kit (Qiagen). The digested plasmid and gRNA were
ligated together with T4 ligase (New England Biolabs) at an insert:backbone ratio of 20:1 then
transformed into XL10 Gold Ultracompetent Cells (Stratagene). Following bacterial culture and
miniprep (Sigma-Aldrich), the successfully ligated plasmids were identified by digestion with Bsal:
plasmids containing an insert will not digest with Bsal whereas SaCas9-plasmids that were never
originally digested with Bsal, and plasmids which have re-ligated onto themselves, are linearised with

Bsal.

The plasmids are named with the type of Cas9 (SaCas9, dSaCas9, or dSaCas9.KRAB) followed by the
name of the gRNA. For example, the construct CMV.SaCas9.bGHpA.U6.gRNAF10 is referred to as

SaCas9.F10 throughout the thesis.

2.1.12 Plasmid amplification for cell transfections

When the plasmid was required for cell transfection it was amplified with an endotoxin-free kit, or a
low-endotoxin kit. Depending on the amount of plasmid required, the plasmid was extracted with the
Zyppy Miniprep kit (Zymo), the Purelink Fast Low Endotoxin Midiprep kit (Invitrogen), the Qiagen

Endotoxin-free Maxiprep kit, or the Qiagen Endotoxin-free Megaprep kit. All bacterial cultures were
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incubated at 37 C except for plasmids containing the KRAB repressor, which were incubated at 30 C

for longer periods (Table 2.3).
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2.2 Cell and tissue culture

2.2.1 Cell culture

All cell culture work was performed in a designated tissue culture facility. Cell media and flasks were
only opened within positive pressure ventilation hoods using aseptic technique. Cells were maintained
in a humidified incubator at either 37 C or 34 C with 5 % carbon dioxide. Media added to cells was pre-
warmed to 37 C. Immortalised cells were routinely passaged. Cells used in experiments were between

passage 4 and 30 post-thawing. Cell maintenance conditions are listed in Table 2.4.

2.2.2 Resuspension of frozen cells

Immortalised cell lines were stored in liquid nitrogen. Frozen cell stocks were thawed in a 37 C water
bath then centrifuged at 300 g for 5 min. The supernatant was discarded, the cell pellet resuspended
in 6 ml media, and the cells transferred to a T25 flask. Once confluent, the cells were transferred to a

T75 flask.

2.2.3 Cell passage

Adherent immortalised cells were maintained in T75 flasks. When cells reached 80-90 % confluency
they were passaged as follows. The media was removed from the cells and the cells were washed with
5 ml PBS. The cells were incubated with 1 ml TypLE dissociation reagent (ThermoFisher) for 5 min at
37 C. 9 ml media was added to the cells and pipette mixed. A proportion of the cells was transferred

to a fresh T75 flask to give the desired cell passage, and the volume made up to 10 ml with media.

Immortalised suspension cells were maintained in T175 flasks. Once a week, the cells were centrifuged
at 100 g for 5 min and resuspended in fresh media. The cells were counted as described in 2.2.4 Cell
seeding and reseeded into a fresh T175 flask at 5x1075 cells/ml (this was approximately a 1 in 4

passage).
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Table 2.4 Cell and tissue culture conditions.
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2.2.4 Cell seeding

Cells were approximately 70-90 % confluent when harvested for seeding. Cells were washed with PBS,
trypsinised and neutralised with media as described in 2.2.3 Cell passage. The cell suspension was
then centrifuged at 300 g for 5 min, the supernatant removed, and the cells resuspended in fresh
media. 100 pl of cells was mixed with 100 pl trypan blue (ThermoFisher) and 10 pl loaded into the
BioRad TC20 automatic cell counter. The cells were then diluted to the desired concentration (detailed

in each the methods and materials section of each individual chapter) and pipetted into the wells.

2.2.5 Cell line transfection

Unless stated otherwise, cells were forward transfected using the Trans/T-LT1 reagent (Mirus Bio).
Cells were seeded 24 hours pre-transfection at a density that ensured the confluency reached 50-70
% on the day of transfection. Plasmid and Trans/T-LT1 reagent were mixture together at 1 pg plasmid
to 3 pl Trans/T-LT1 unless detailed otherwise, and OptiMEM (Gibco) was used as the serum-free
medium to dilute the DNA:reagent complexes. The mixture was incubated at room temperature for
20 min then added dropwise to the tissue culture plate well. The untransfected control was treated
identically to the other samples but water was used instead of plasmid DNA. Unless stated otherwise,
the cells were harvested 48 hours post-transfection. The specific cell seeding densities and plasmid

guantities are detailed in the relevant chapter method.

2.2.6 Cell line transduction

For transduction of HEK293 cells, cells were grown in 96 well plate tissue culture wells until 80-90 %
confluent. The cells in an individual well were counted to calculate the amount of virus required for a
given multiplicity of infection, and the media removed from all the wells. For AAV8(Y733F) viruses, 50
pul DMEM high glucose, 2 mM L-glutamine, 50 000 units penicillin, 100 pg/ml streptomycin, 200 mM

doxorubicin was added to the well and the viruses added to this. The cells were then incubated at 37
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C for 1 hour, then 50 pul DMEM high glucose, 2 mM L-glutamine, 50 000 units penicillin, 100 pg/ml

streptomycin, 20 % FBS added.

For transduction of Y79 cells, cells were seeded in the wells 24 hours before transduction. As they
grow slowly they were not recounted before transducing. For AAV8(Y733F) viruses 1 mM hydroxyurea
and 200 nM doxorubicin was added to the cells and incubated at 37 C for 4 hours. Then the virus was
added directly to the media. Half the media in the well was changed every other day following
transduction. The amount of AAV varied between experiments and is detailed in each specific chapter

methods section.

2.2.7 Microscopy imaging

Transmission and fluorescence images of live cells were taken using the Invitrogen EVOS FL Auto 2 Cell
Imaging System (ThermoFisher). The gain in each channel was adjusted to ensure the image was not
saturated, and this was kept constant between channels and time points for each experiment. In
different experiments, the images were taken either using brightfield or phase contrast depending on

the cell type and which image provided to most useful representation of the cells.

2.2.8 Cell harvesting
The volumes of reagents used for cell harvesting varied depending on the size of the well. These

volumes are details in Table 2.5. The media was removed from the well and the cells washed with PBS.

Table 2.5 Reagent volumes used for cell harvesting.

Volume per well/pl

Reagent
6 well plate 12 well plate 24 well plate 48 well plate 96 well plate
PBS (cell wash) 1000 500 250 125 62.5
TrypLE 300 150 75 37.5 18.75
Cell media 1000 500 250 125 62.5
PBS (pellet wash) 500 250 125 62.5 313
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TrypLE was added to the well and the cells incubated at 37 C for 5 min. Media was added to the cells
and pipette mixed to resuspend the cells. The cells were transferred to an Eppendorf and centrifuged
for 5 min at 300 g. The supernatant was removed, the cells were resuspended with PBS and
centrifuged for 5 min at 300 g. Finally, the PBS was removed and the cell pellet flash frozen on dry ice

before being stored at -80 C.
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2.3 AAV production

2.3.1 AAV production

The AAV used in this thesis were either created within this thesis, or previously created within the
research group and gifted for use in this research (Table 2.6). All AAV were stored at -80 C. Before AAV
production, all AAV plasmids were digested with Xmal to confirm the presence of both ITRs. HEK293T
cells were grown in two hyperflasks in DMEM high glucose, 2 mM L-Glutamine, 50 000 units penicillin,
100 pg/ml streptomycin, 10 % FBS, until 90 % confluent. Viral production plasmids and transgene
plasmid (see Table 2.3) were mixed together (total 500 ng DNA) in 10 ml 150 nM NaCl. When making
AAV8(Y733F), the helper plasmid pAdDeltaF6 (contains genes E4, E2a, and VA from adenovirus) the
pAAV2/8(Y733FF) plasmid (contains gene Rep and Cap) and the transgene plasmid were mixed
together at a copy number ratio of 1:1:1. When making AAV2 the helper plasmid genes and RepCap

plasmid genes were present on a single plasmid, called pDG, which was purchased from Plasmid

Table 2.6 AAV used throughout this thesis.

Titre
AAV name Serotype Construct Source genome
copies/ml
shorthPDE6Bp.DsRed.bGH 2.65x101
AAV8.shorthPDE6Bp AAV2/8(Y733F) Created
pA 3.16x1012
longhPDE6Bp.DsRed.bGH
AAV8.longhPDE6Bp AAV2/8(Y733F) £ F; P Created  2.0ax10%
Research
AAVE.CAG.GFP AAV2/8(Y733F) CAG.GFP.WPRE 3.58x10%?
group
Research
AAV2.CAG.GFP AAV2/2 CAG.GFP.WPRE 1.25x101
group
Self-complementa Research
AAV8.hRHOp P i hRHOp.DsRed.bGHpA 6.47x101
AAV2/8(Y733F) group
shorthPDE6Bp.SaCas9.bGH
AAV.SaCas9.scram AAV2/8(Y733F) Created 2.29x10%2
pA.U6.scramgRNA
shorthPDE6Bp.SaCas9.bGH
AAV.SaCas9.F10 AAV2/8(Y733F) Created 7.81x10%2

pA.U6.F10gRNA
shorthPDE6Bp.dSaCas9.KR
AB.bGHpA.U6.scramgRNA
shorthPDE6Bp.dSaCas9.KR
AB.bGHpA.U6.F10gRNA
shorthPDE6Bp.DsRed.bGH
pA

AAV.dSaCas9.KRAB.scram AAV2/8(Y733F) Created 1.05x10'2

AAV.dSaCas9.KRAB.F10 AAV2/8(Y733F) Created 1.14x10%

AAV2.shorthPDE6Bp AAV2/2 Created 1.96x10'2
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Factory. This was added at a copy number ratio of 1:1 with the transgene plasmid. 10 ml 0.1 mg/ml
polyethylenimine in 150 mM NaCl was added to the plasmid mixture dropwise and incubated for 20
min at room temperature. The plasmid DNA/PEI mixture was then added to a bottle of DMEM high
glucose, 2 mM L-Glutamine, 50 000 units penicillin, 100 pug/ml streptomycin, 2 % FBS. The hyperflask
media was removed and replaced with the media containing plasmid DNA. The cells were incubated

at 37 C for 72 hours.

The cells were detached by shaking, transferred to a centrifuge bottle and centrifuged for 10 min at
1200 g at 20 C. The cell pellet was resuspended with 15 ml lysis buffer (1M Trizma base, 150 mM Nadl,
pH 8.5) + half a Complete Mini EDTA-free protease inhibitor pellet (Roche). The cells were then frozen

at -80 C for 1 hour and thawed in a 37 C water bath twice before storing at -80 C overnight or longer.

Lysed cells were thawed at 37 C for 15 min. 5 pl benzonase (200 U/ul) was added and the cells were
incubated at 37 C for 45 min, vigorously shaking every 15 min. Cells were centrifuged for 20 min at

3700 G at room temperature. lodixanol fractions were made up as in Table 2.7.

The iodixanol fractions were layered into an ultracentrifuge tube with an increasing iodixanol
concentration going down the tube. After centrifugation, the cell supernatant was added on top of
the iodixanol fractions (Figure 2.1). Samples were centrifuged at 59 000 rpm for 1 hour 30 min at 20

C.

Following centrifugation, the AAV particles containing the transgene collected in the 40 % fraction.

This fraction was removed by piercing the ultracentrifuge tube at the 40 % fraction with an 18 G needle

Table 2.7 Reagents comprising iodixanol fractions.

lodixanol 5 mM MgCl,, 12.5 Phenol Volume added to each
Fraction 5M Nacl H,0
60 % mM KCl, 5x PBS Red ultracentrifuge tube
15% 8ml 6.4 ml 6.4 ml 11.2 ml - 7.2ml
25% 10 ml - 4.8 ml 9.2 ml 40 pl 4.8 ml
40% 13.4 ml - 4 ml 2.6ml - 4 ml
60% 20 ml - - - 40 pl 4 ml
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attached to a syringe. The 40 % fraction was drawn out, transferred to a falcon tube, and stored at 4

C overnight.

5 ml PBS was added to an Amicon Ultra 100K filter and centrifuged at 3000 g for 15 min at 20C. The
AAV was made up to 15 ml with PBS and added to the filter. It was centrifuged at 3000 G at 20 C until
the volume was reduced to under 500 ul. 14 ml PBS was added to the filter, and re-centrifuged at 3000
G until the volume is reduced to under 500 pl. This is then repeated twice more. The final
centrifugation was performed until the volume was reduced to under 250 pl. The purified AAV was
removed from the filter and stored at -80 C. 500 ul PBS was added and repeatedly pipetted over the
filter to release any remaining AAV. This sample was called the wash and typically has a much lower

concentration. It was stored at -80 C.

2.3.2 SDS-PAGE

To confirm the presence of the viral capsid proteins VP1, VP2, VP3, the vector preparations were run
on an SDS-PAGE. 20 pl vector suspension was mixed with 5x protein loading dye and incubated at 95
C for 15 min. After cooling on ice, it was run on a 10 % SDS PAGE gel. The SDS PAGE gel was then

removed from the tank and washed with water 3 times. The SDS PAGE gel was incubated with EZ Blue

Cell
lysate

60 %

40 %

25%

15%

Figure 2.1 lodixanol gradient.
lodixanol percentage is given on the right hand side.
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gel stain (Sigma-Aldrich) on a shaking incubator for 2 hours which stains all present protein bands,

including AAV proteins. The gel was washed with water 3 times then imaged using the Licor Odyssey.

2.3.3 Viral titration

To remove any contaminating DNA, the vector preparations were digested with DNase at 37 C for 30
min then heated to 95 C for 10 min. Titration of the viral preparation was done via qPCR (2.1.5 qPCR),
with Sybergreen primers amplifying the polyA sequence common in all plasmids used in this thesis
(Table 2.8). A 1/10 serial dilution of the transgene plasmid was created, from 1 ng/ul to 0.0001 ng
ng/ul. A standard curve of the target was created and used to estimate the number of viral genomes

present.

Table 2.8 gPCR primers used for viral titration.

Primer name Primer sequence 5'-3'
20F CCAGCCATCTGTTGTTTGCC
91R GAAAGGACAGTGGGAGTGGC
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2.4 Invivo procedures

All animal procedures were conducted in accordance with the Animals (Scientific Procedures) Act
1986, UK under UK Home Office Personal License 1229763D7 and Project License 30/3363. All mice
used were Mus musculus and were housed and cared for at the Biomedical Sciences Division,
University of Oxford. They were kept in a 12-hour light/dark cycle and had free access to food and

water at all times.

2.4.1 Mouse anaesthesia
Mice were anaesthetised via an intraperitoneal injection of ketamine at 80 mg/kg body weight and
xylazine at 10 mg/kg body weight. Anaesthesia was reversed via an intraperitoneal injection of

atipamezole at 2 mg/kg body weight.

2.4.2 Subretinal injections

AAV used for subretinal injections were diluted with 0.001 % Pluronic™ F-68 Non-ionic Surfactant
(Gibco) in PBS to reduce their attachment to the syringe and needle. All AAV were diluted at least 1:1.
All mice used for subretinal injections were 6-8 weeks old. Following administration of anaesthesia
(see 2.4.1 Mouse anaesthesia), the mouse pupils were dilated by applying 1 % tropicamide and 2.5 %
phenylephrine hydrochloride, then proxymetacaine was applied as a topical anaesthetic. The cornea
was punctured with a 33 G needle to lower intraocular pressure and minimize the risk of trans-scleral
reflux. Carbomer gel was applied to the corneal surface of both eyes, and on top of this, a 5 mm glass
coverslip was applied to allow the posterior pole to be visualised. A 35 G bevelled needle (Nanofil) was
inserted into a 10 pl syringe (Nanofil). 1.5 ul of AAV was drawn up into the needle for injection. The
superior rectus muscle was held with forceps to stabilise the eye, and the needle slowly inserted into

subretinal space superiorly until the entire bevel was visible through the pupil. The needle contents
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were then injected into the subretinal space, creating a bleb. The needle was withdrawn and the
coverslip and carbomer gel removed. The location of the injection site, the bleb shape, and any bleeds
were noted on a sketch. Eyes were not harvested for analysis if they had moderate or severe bleeds,
or any bleeds in the subretinal space. The antibiotic chloramphenicol was applied to the treated eye,
then carbomer reapplied, and the mouse recovered. The retinas were collected 4 weeks post-

injection, unless detailed otherwise.

2.4.3 Harvesting retina
Mice were euthanized by Schedule One (UK Home Office) techniques. Forceps were used to grasp the

optic nerve underneath the eyeball and the eye removed.
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2.5 Tissue analysis

2.5.1 Retinal sectioning

Enucleated eyes were rinsed in PBS, placed in 4 % paraformaldehyde in PBS for 30 min, then
transferred to 1 % paraformaldehyde in PBS and incubated overnight. The cornea and lens were
dissected out in cold PBS, and then the eye was transferred into increasing sucrose concentrations of
10 %, 20 % and 30 % for 1 hour each. The eyes were frozen in Optimal Cutting Temperature compound

and stored at -80 C. The tissue was cut into 18 um sections using a cryotome.

2.5.2 Immunohistochemistry

To preserve fluorescence all incubation steps were conducted in the dark. Between each incubation
step, the slides were washed in 0.01 M PBS for 5 min, 3 times. Slides were incubated at room
temperature for 20 min then permeabilised in 0.2 % Triton-X 100 for 20 min. Sections were then
blocked in 10 % BSA, 10 % serum, 0.1 % Triton-X 100 at room temperature for 1 hour. The serum used
matched the animal that the secondary antibody was raised in. The slides were then incubated with
the primary antibody in 1 % BSA, 1 % serum, 0.1 % Triton-X 100 overnight at 4 C. The following day
the slides were washed in 0.05 % Tween-20, 0.01 M PBS for 5 min twice then incubated with the

secondary antibody in 1 % BSA, 1 % serum, 0. 1% Triton-X 100 at room temperature for 2 hours. Slides

Table 2.9 Primary and secondary immunohistochemistry antibodies.

Primary Secondary
Target Primary antibody antibody Secondary antibody antibody
dilution dilution
Cone Rabbit anti-cone arrestin Donkey anti-rabbit Alexafluor647
1/1000 1/200
arrestin (Millipore Ab15282) (ThermoFisher A31573)
Rabbit anti-SaCas9 Donkey anti-rabbit Alexafluor555
SaCas9 1/500 1/600
(Abcam ab203933) (Thermofisher A31572)
SaCas9 (anti-  Rabbit anti-HA tag (Cell Donkey anti-rabhit Alexafluor555
1/1600 1/600
HA tag) signalling 3724) (Thermofisher A31572)
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were again washed in 0.05 % Tween-20, 0.01 M PBS for 5 min twice, then washed in 0.01 M PBS for 5
min. SlowFade Diamond Antifade Mountant with DAPI (ThermoFisher) was applied to the slides then
a coverslip laid on top of this. Nail varnish was used to seal the edges of the coverslip, and the slides
were incubated at room temperature overnight before storage at 4 C. Primary and secondary

antibodies used are detailed in Table 2.9.

2.5.3 Confocal microscopy

The LSM-710 inverted confocal microscopy system (Zeiss) was used with the Zen software 2009 (Leica)
to image retinal sections. The fluorophores DAPI, GFP, DsRed, and Alexafluor647 were acquired using
a 405 nm UV, 488 nm argon, 543 nm helium-neon, and 633 helium-neon laser, respectively. The Airy

Disc Unit was set to 1 and the gain adjusted to ensure there was no saturation.
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2.6 Statistical analysis and graphical representation

GraphPad Prism 8 was used to perform all statistical analysis and produce graphs. Data points on
graphs represent mean, and error bars represent standard error of the mean, unless detailed
otherwise. Graphs usually display the data normalised to an untreated control (Untr) as this is helpful
for interpretation by the reader, but the statistics are performed on un-normalised data. The results
of the statistical tests are detailed in the appropriate figure legend. If any multiple comparisons are
not significant, their p values are not listed. When highlighting particular results in the body of the text
the corresponding p value is given. Results with a p value of equal or less than 0.05 were considered

significant, and are indicated graphically by a number of asterisks above the data point (Table 2.10).

The majority of this thesis uses parametric tests, predominantly t-test and ANOVA, to interpret results.
Parametric tests rely on assumptions about the data set: that it is normally distributed, the variance
is homogeneous, and the data points for each variable are independent from one another. While the
variables are independent, the data sets are too small for normal distribution and homogeneity of
variance to be assessed statistically. Parametric tests were therefore carried out when the data was
assumed to behave in a parametric manner based on an understanding of the biochemistry of the test
(e.g. the data points were distant from the upper and lower detection limits of the technique), and

the biological characteristics of the trait being measured.

Table 2.10 Interpretation of graphical asterisks.

Symbol Meaning
* p<0.05
i p<0.01
xk p<0.001
S p<0.0001
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3 Validation of a short, rod cell-specific, hPDE6B promoter

3.1 Introduction

Identification of a short, rod-cell specific promoter is crucial for the development of an AAV-delivered
CRISPR/Cas9 gene therapy strategy to treat adRP. Gene therapy frequently uses cell-specific
promoters to limit transgene expression to the target cell’®. This improves the safety profile of the
treatment, as any off target effects are limited to the diseased cell type. This is particularly important
when using techniques that edit the human genome such as CRISPR/Cas9, as the effects of the
treatment are permanent and concerns surrounding off-target effects have been raised in the

literature®?.

CRISPR gene therapy requires the transcription of two components: Cas9 and gRNA. Expression of
Cas9 can be tightly controlled with cell-specific RNA polymerase Il promoters. RNA polymerase |l
promoters which drive gRNA expression are ubiquitous and will be active in any successfully
transduced cells'*2, Thankfully, gRNA alone is unable to interact with genomic DNA and therefore the

expression profile of Cas9 determines the edited cell population. Promoters specific to neurons,

Table 3.1 The elements in the CRISPRi construct.

Element Size (bp)

ITR 130
N-terminus NLS 21

dSaCas9 3159
KRAB repressor 195
C-terminus NLS 47
bGHpA 208

U6 promoter 241
gRNA 98

ITR 141
Spaces between elements 190

Total 4430
Remaining space 270

51



muscle cells, and photoreceptors have all been used to limit expression of a CRISPR/Cas9 construct to
the target cell type in vivo3¥113114 Driving Cas9 with a rod cell-specific promoter ensures that CRISPRi

and CRISPR/Cas9 gene disruption will be limited to rod cells.

AAV have a packaging capacity limited to roughly 4700 bp and the coding requirements for
CRISPR/Cas9 and CRISPRi gene therapy are quite large, with the SaCas9, gRNA, and regulatory
elements totally 4235 bp and 4430 bp, respectively (Table 3.1). This leaves only 270 bp remaining for
a Cas9 promoter. Commonly used rod cell-expressing promoters are detailed in Table 3.2. Several of
these target both rods and cones, making them unsuitable for use in this construct. The human RHO
promoter drives high transgene expression and is rod cell-specific but it is too large at >800 bp!'>11¢,
In 2001, a shortened 146 bp version of the human PDE6B promoter was identified which was shown
to drive rod cell-specific expression in Xenopus embryo heads, and was functional in the human
retinoblastoma cell line Y79'Y. The PDE6B gene codes for the beta subunit of PDE6. This protein
complex is involved in the phototransduction pathway and is only present in rod cells!*®!1°, Lerner et
al. (2001) identified two regulatory elements within the 146 bp region®'’: the BAp1/NRE element
which the rod cell transcription factor NRL interacts with, and the B/GC element which is believed to
be a binding site for zinc finger transcription factors (Figure 3.1). Unfortunately, the efficiency and
specificity of this shortened promoter was not assessed in mice or human tissue, which are crucial for

this DPhil.

In this chapter, two novel, shortened versions of the PDE6B promoter (hPDE6Bp) were used to drive

Table 3.2 Commonly used rod-expressing promoters and their characteristics.

. Human cell Mouse cell .
Promoter Size . . . i Specificity References
functionality = functionality
Mouse Nrl 1700 Unknown Yes Rod cells 120,121
Human rhodopsin (RHO) 807 Yes Yes Rod cells 1, 13
Mouse Gnatl 541 Unknown Yes Rod and cone cells 122,123
Human Rhodopsin Kinase =z
(hGRK1) 292 Yes Yes Rod and cone cells
Human PDE6B 146 Yes Yes Unknown 117,124
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expression of the reporter gene DsRed. The shortened versions included both the BAp1/NRE element
and the B/GC element. The activity of these promoters was assessed in various cell lines in vitro, in

mice in vivo, and in human retinal tissue ex vivo.
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3.2 Materials and Methods

3.2.1 Plasmid cloning
Plasmid cloning was performed as detailed in 2.1.10 General plasmid cloning. The specifics of cloning

each individual plasmid used in Chapter 3 are detailed below.

3.2.2 Cloning hPDE6Bp.DsRed plasmids

The hRHOp.DsRed plasmid was digested with Kpnl and FspAl to remove hRHOp and a 46 bp section of
the DsRed gene. The desired 3890 bp fragment was gel purified using the QlAquick gel extraction kit
(QIAGEN). Two lengths of hPDE6Bp were selected — a 154 bp “shorthPDE6Bp” from -108 to +46 and a
209 bp “longhPDE6Bp”, from —163 to +46 (nucleotide number is relative to the transcriptional start
site, NG_009839.1). These were PCR amplified from human DNA using KOD Polymerase with a 5’-Kpnl
overhang on the forward primer and a 5’-61 bp overhang on the reverse primer which replaced the
section of the DsRed coding sequence removed from the hRHOp.DsRed plasmid (see Appendix 9.1.1
for PCR primers). Following ligation, transformation and miniprep, a diagnostic restriction digestion

was conducted with Bsal. The full hAPDE6Bp sequences are given in Appendix 9.9.

3.2.3 Cloning CAG.DsRed

Site-directed mutagenesis was conducted to create a restriction site at the 3’ end of hRHOp in the
hRHOp.DsRed plasmid. The Agilent QuikChange Il XL kit was used to mutate two bases, turning 5’-
TCATCC-3’ into the BamHl restriction site 5’-GGATCC-3’, and creating the plasmid
hRHOp.BamHI.DsRed. hRHOp.BamHI.DsRed was digested with Kpnl and BamHI to remove hRHOp. The
desired 3765 bp band was gel extracted. CAG was amplified from the CAG.GFP.WPRE plasmid using
KOD polymerase with a 5 Kpnl and 5° BamHI overhang on the forward and reverse primers,

respectively (see 9.1.1 for PCR primers). Following ligation, transformation and miniprep, a diagnostic
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restriction digestion was conducted with Hindlll and Kpnl.

3.2.4 Cloning promoterless.DsRed

To create a promoterless.DsRed construct, the hRHOp.DsRed plasmid was amplified with KOD
polymerase using a forward primer binding at the start of DsRed, and the reverse primer binding
upstream of hRHOp. This produced a 3763 bp product plasmid, with no promoter driving DsRed. The
product was gel purified, phosphorylated with T4 PNK (New England Biolabs), ligated with T4 ligase

(New England Biolabs), transformed into XL-10 Gold Ultracompetent cells, and miniprepped (Sigma).

3.2.5 Cell line transfection and transduction
The general protocol for cell transfection and transduction is given in section 2.2.5 and 2.2.6,
respectively. The specific seeding densities, plasmid transfection quantities and transduction

multiplicity of infection (MOI) are detailed in Table 3.3.

3.2.6 AAV production
Production and description of the AAV used in this chapter are detailed in section 2.3.1, and Table 2.6,

respectively.

Table 3.3 Cell transfection and transduction experiments performed in Chapter 3.

Plasmid copy number

Figure Cell line Seeding density Viral MOI
transfected
Figure 3.2B HEK293 10° cells/well (96 well plate) 2.44x10%° N/A
Figure 3.2C Y79 1.375° cells/well (96 well plate) 4.88x101° N/A
Figure 3.3C HEK293 10* cells/well (96 well plate) N/A 104
Figure 3.3D Y79 1.375° cells/well (96 well plate) N/A 2x10*
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3.2.7 Subretinal injections
Subretinal injections were conducted as detailed in 2.4.2. The specific AAV quantities used are detailed

in Table 3.4.

3.2.8 Co-localisation analysis

Three retinas per condition (AAV8.shorthPDE6Bp, AAV8.RHOp, sham) were sectioned, stained for anti-
cone arrestin, and analysed under confocal microscopy as described in 2.5.1, 2.5.2, and 2.5.3,
respectively. For each retina, three sections per slide that had high levels of DsRed expression were
chosen for analysis. The outer nuclear layer of the retinas were imaged under 64x magnification to
capture EGFP, DsRed, and Alexafluor647 expression (the secondary fluorophore used during anti-cone
arresting staining). Imagel was used to open and process the files. A “random dot” macro (taken from
the imagel macro list - see below!?®) was used to select 20 random nuclei in the EGFP and DsRed
channel. All anti-cone arrestin-positive cells were assessed as there were under 20 of these per image.
The co-expression of other fluorophores at this nuclei position was noted manually. All analysis was

performed while blinded to the AAV condition of the retina.

Random dot macro:

dotSize = 5;
width = getWidth();
height = getHeight();
for (i=0; i<25; i++) {
x = random()*width-dotSize/2;
y = random()*height-dotSize/2;
makeOval(x, y, dotSize, dotSize);
run("Fill");
}

run("Select None");

Table 3.4 Subretinal injection conditions used in Chapter 3.

AAV Viral genomes injected
AAV8.shorthPDE6Bp 1.53x10°
AAV8.RHOp 4.85x108
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3.2.9 Human retinal explant culture and transduction

Human retinal tissue was harvested from a consenting adult patient undergoing a clinically indicated
retinectomy, under the REC-approved study “Human retinal cell culture” (REC reference number
10/H0505/8, IRAS number: 37274, approved by the Oxfordshire NHS Research Ethics Committee) at
the Oxford Eye Hospital, UK, and processed in the Nuffield Department of Clinical Neurosciences,

Oxford University. The tissue was handled in accordance with the Human Tissue Act 2004.

Harvesting, culturing, and fixation of the human retinal explant followed the protocol outlined by
Orlans et al (2018), with imaging and fixation performed 20 days post-transduction??®. The area of the
explants was estimated using the image-processing programme Imagel by drawing a “region of

interest” around the edge of the explant and calculating its internal area.
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3.3 Results

3.3.1 hPDEG6Bp is functional in the retinal cell line Y79

Two lengths of hPDE6Bp were selected for testing and were cloned into a reporter plasmid driving
DsRed expression. These were “shorthPDE6Bp” and “longhPDE6Bp” which covered the region from -
108 to +46, and -163 to +46 of the PDE6B gene, relative to the transcriptional start site, respectively
(Figure 3.1). These regions include both the BAp1/NRE and B/GC DNA regulatory elements. Positions
-163 and -108 were selected because these are sites of convenient PCR primers for construct cloning.
As the DsRed reporter plasmid already contained a functional kozak sequence, +46 was selected as

the end of the promoter to exclude the native kozak sequence.

Following cell line transfection, DsRed expression was qualitatively compared to a ubiquitously
expressing CAG.DsRed plasmid, a rod cell-specific hRHOp.DsRed plasmid, and the negative control
promoterless.DsRed plasmid which contains no promoter upstream of DsRed (Figure 3.2A). Neither
hPDE6Bp plasmid drove DsRed expression in the non-retinal HEK293 cells but both were able to drive
DsRed expression in retinoblastoma-derived Y79 cells (Figure 3.2B-C). As expected, the
promoterless.DsRed, and hRHOp.DsRed plasmids were unable to drive expression in either cell line
(Y79 cells express only low levels of RHO’), while the CAG.DsRed plasmid successfully drove DsRed

expression in both cell lines.

AAV2/8(Y733F) viral constructs were made of both shorthPDE6Bp.DsRed and longhPDE6Bp.DsRed

-73 -62 -60 -50 +47 452 +53
ﬁ BAp1/NRE H B/GC H Kozak ATG L
-108 +46
Short
-163 +46
Long

Figure 3.1 The human PDE6B promoter and regions selected for analysis.
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Figure 3.2. hPDE6Bp plasmids are active in Y79 cells.
A) DsRed plasmid constructs driven by different promoters. B) Transfection of DsRed constructs in HEK293
cells. C) Transfection of DsRed constructs in Y79 cells. Scale bars represents 250 uM.
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constructs (named AAV8.shorthPDE6Bp and AAV8.longhPDE6Bp). The Y733F mutant capsid was
selected as it is highly efficient at transducing photoreceptors following subretinal injection, and has
driven rescue in multiple models of autosomal recessive retinitis pigmentosal®126-131  SDS-PAGE
showed strong viral capsid protein bands at 87 kDa, 73 kDa, and 62 kDa as expected, with some
additional contaminating bands (Figure 3.3A). These proteins were not identified but protein
contamination in AAV preps typically originate from the HEK293T cells used in AAV manufacturing®2.
These AAV were transduced into HEK293 and Y79 cells
along with a ubiquitously-expressing AAV2/8(Y733F).CAG.GFP.WPRE positive control (named
AAV8.CAG.GFP). DsRed expression was again seen with both promoters in the Y79 cells but not the
HEK293 cells (Figure 3.3C-D). In AAV form, shorthPDE6Bp appeared to drive stronger gene expression
than longhPDE6Bp, with more DsRed-positive cells. AAV8.shorthPDE6Bp was therefore taken forward

into in vivo experiments.

3.3.2 hPDEG6Bp is rod cell-specific in mice

A second batch of AAV8.shorthPDE6Bp was produced which was of higher purity, with no
contaminating bands seen on the viral SDS-PAGE (Figure 3.3B). This was subretinally injected into Nrl-
EGFP mice, which express EGFP in their rod cells!?. The self-complementary
AAV2/8(Y733F).hRHOp.DsRed (named AAV8.hRHOp) was injected as a rod cell-specific control, while
a sham injection of PBS was used as a negative control. AAV8.shorthPDE6Bp was injected at 1.53x10°
genome copies per eye, as this was the highest dose possible (for the achieved titre), while
AAV8.hRHOp was injected at 4.85x108 genome copies per eye, as this dose demonstrated transduction
by previous members of the research group. The eyes were harvested, sectioned and viewed under a
confocal microscope. DsRed expression was observed in both the AAV8.shorthPDE6Bp and
AAV8.hRHOp-injected eyes and not in the sham-injected eyes. The signal was strongest at the superior

of the retina, where the injection took place, and diffused away from this point (Figure 3.4A-B). The
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expression pattern of both viruses were similar, with DsRed expression observed only in layers of the
retina where photoreceptors are present — the outer nuclear layer, the inner segment, and the outer

segment. This aligned with the native EGFP expression (Figure 3.5A).

To determine the specificity and efficiency of the constructs, EGFP-positive (indicating a rod cell),
DsRed-positive (indicating promoter activity), and anti-cone arrestin-positive (indicating a cone cell)
cell nuclei were selected at random within a region of high DsRed expression, and the co-expression
of other fluorophores were noted. In both the AAV8.shorthPDE6Bp and AAV8.hRHOp-treated retinas,
100% of all 180 DsRed-positive cells examined were also positive for EGFP, indicating they are rod cells
(Figure 3.5B). AAV8.hRHOp virus drove significantly higher levels of expression, with an average of
74.4 % of EGFP-positive cells expressing DsRed, compared to 55.0 % in the AAV8.shorthPDE6Bp-
treated eyes (Unpaired t-test, F=16.71, p=0.0347). Of 256 anti-cone arrestin-positive cells, 251 were
for negative for EGFP (98.05 %), indicating good distinction between rod and cone cell populations. In
the AAV8.shorthPDE6Bp-treated retinas 0/92 of the anti-cone arrestin positive cells were DsRed
positive, and in the AAV8.hRHOp-treated retinas 2/90 (2.22 %) of the anti-cone arrestin positive cells
were DsRed positive. Importantly, the two cells positive for both DsRed and anti-cone arrestin were
also positive for EGFP. This could indicate inappropriate staining or overlapping cells rather than a lack

of specificity with hRHOp.

3.3.3 hPDEG6Bp is functional in human retinal explants

Fragments of human retinal tissue were harvested from an NHS patient undergoing routine
retinectomy to treat retinal detachment, and cultured in the laboratory. They ranged in size, from
roughly 0.073 mm? to 0.935 mm?. Transduction was initially attempted with AAV8(Y733F).CAG.GFP
but this did not produce significant fluorescence (Figure 3.6A). AAV2 has been reported to drive strong
transduction of human retinal explants so AAV2.shorthPDE6Bp.DsRed was produced (Figure 3.6B,

named AAV2.shorthPDE6Bp)!33134,
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Following transduction with AAV2.shorthPDE6Bp or AAV2.CAG.GFP, fragments were cultured for 20
days, and then examined for expression of fluorescence. Both fragments transduced with 10°
AAV2.CAG.GFP viral genomes demonstrated expression of GFP in multiple areas of the tissue.
AAV2.shorthPDE6Bp was applied at 5x10° 10%°, and 5x10%° viral genomes per explant and DsRed
expression was seen in 0/3, 1/3, and 1/1 of explants, respectively (Figure 3.6C). When present, DsRed
expression was only visible in a small region of the tissue compared to the AAV2.CAG.GFP-transduced

explants. As native hPDE6Bp is rod cell-specific, the successfully transduced region could possibly
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Figure 3.6 AAV.hPDE6Bp.DsRed transduces human retinal explants.

A) Representative images of human retinal explants unsuccessfully treated with AAV8.CAG.GFP. B) SDS-PAGE
of AAV2.shorthPDE6Bp.DsRed virus showing the three viral capsid proteins. C) Representative images of
human retinal explants transduced with different AAV2 and their transduction quantity. Scale bar represents
250 um.
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correspond with areas containing viable rod cells. The explants were fixed for sectioning but

unfortunately, the sections were unuseable.
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3.4 Discussion

When selecting a promoter to drive expression in an AAV construct, the most important features are
efficiency and specificity. Driving transgene expression with a target cell-specific promoter
dramatically improves the safety of a potential AAV gene therapy treatment!®. This chapter assessed
the specificity and efficiency of shortened hPDE6B promoters to determine their suitability in an AAV

gene therapy construct to treat adRP.

The in vitro activity of the hPDE6B promoters matched the expression profile of the tested cell lines:
promoter activity was present in Y79 cells, which express PDE6B, and absent from HEK293 cells, which
do not express PDE6B!?"135-137 While this suggests that both promoters retained the required
regulatory features to ensure cell-specificity, expression in other non-retinal cell lines cannot be ruled
out, particularly as immortalised cell lines often express tissue-inappropriate genes!3>138139
Interestingly, the “short” 154 bp promoter (-108 to +46) drove higher in vitro expression than the
“long” 209 bp promoter (-163 to +46) in an AAV construct, but both promoters were comparable when
using a plasmid. Similar results have been previously described. When driving a reporter construct in
plasmid form, Di Pollo et al (1997) found there was little difference in in vitro activity between
promoters beginning at -93 and -167 (relative to the transcriptional start site of PDE6B)*?*. Conversely,
Lerner et al. (2001) found that a shorter -93 to +53 promoter appeared to drive higher, and more
specific, expression in transgenic Xenopus than a significantly longer -1356 to +53 promoter!'’. It is
possible that longhPDE6Bp contains regulatory elements absent from shorthPDE6Bp which are
influencing gene expression but none were identified in papers investigating DNA elements in this

regionl7124,

ShorthPDE6Bp was found to be rod cell-specific in vivo, with an expression pattern matching hRHOp.
Assessment of fluorophore co-localisation in vivo was performed manually. Rod cells and cone cells
were identified by presence of EGFP, and anti-cone arrestin (stained with Alexafluor 647), respectively.

As distinct cell groups, these fluorophores were expected to have a complete lack of co-localisation

67



but 4 out of 256 cells expressed both EGFP and anti-cone arrestin. While it is possible that this
demonstrates inappropriate staining or gene expression, it is likely this was due to sub-optimal
imaging using the confocal microscope. Background fluorescence, autofluorescence, bleed through
from other channels, fluorescence from out of focus cells, or excessive image depth could all explain
the misleading presence of both fluorophores at a given position!*°. Automated assessment of co-
localisation was also attempted using Mander’s Co-localisation Coefficient on the known rod cell-
specific AAV8.hRHOp-treated samples but - likely due to the image quality - no meaningful correlation

could be found between EGFP and DsRed.

The specificity of retinal promoters is frequently determined by ocular injection of promoter
constructs driving a reporter gene, then identification of active cell types through microscopy
analysis'!®1%1, While this allows assessment of specificity within the retina, it does not exclude the
possibility that the promoter is active in tissue outside the eye. Low levels of activity have been
observed in the brain and spinal cord of transgenic Xenopus when using a 1409 bp version of the
hPDE6B promoter. This non-specific activity was not present in a 146 bp version of hPDE6Bp,
highlighting the importance of whole body tissue assessment!'’. AAV capsids exhibit tropism for
particular tissue types, and therefore the AAV serotype will influence transgene expression in whole
body assessments!*2. AAVS8 has displayed strong transduction of liver, skeletal muscle, retina, heart,
and pancreas tissue, but is less efficient in other tissue, including the kidney, making it difficult to
assess promoter activity in these locations’194142-147 "1t js frequently cited that the human blood-
ocular barrier should prevent subretinally injected AAV gene therapy constructs from leaving the eye
but studies in non-human primates have detected presence of gene therapy AAV in the blood, urine,
nasal secretions and tearfilm following subretinal injections®”1%8.148149 The blood retina barrier is also

not impenetrable and can break down in the course of some retinal diseases®*°,

Despite moderate levels of transgene expression, AAV8.shorthPDE6Bp was outperformed by

AAV8.hRHOp. Although the DNA sequences varied only in the choice of promoter, AAV8.hRHOp is self-
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complementary whereas AAV8.shorthPDE6Bp is single-stranded. Self-complementary vectors contain
both the forward and reverse strand of the AAV genome. As they do not have to undergo second
strand synthesis, they are associated with stronger and more rapid transduction, an effect which is
particularly pronounced in retinal tissue®>!. As the retinas were all harvested 4 weeks post-injection,
higher expression levels would be expected in a self-complementary AAV compared to a single

stranded AAV. A comparison of these AAV is therefore not a direct comparison of promoter activity.

shorthPDE6Bp activity was confirmed ex vivo in human retinal tissue harvested from a patient with a
retinal detachment. While expression was not seen consistently throughout replicates this is not
surprising as the rod containing outer retina is often damaged or lost in cases of retinal detachment.
Detached tissue can also be diseased and dying; this justifies its clinical removal but cell death prevents
successful transduction*. Some samples could therefore contain no living rods cells. Prior to using
shorthPDE6Bp in clinical trials, confirmation of specificity within the human retina is recommended.
To overcome the poor health of ex vivo human retinal tissue, human retinal organoids could be
explored. Human retinal organoids broadly mimic human retinal structure and contain photoreceptor
cells expressing rod- and cone-specific markers, including PDE6B*>2 >4, They can be generated from
both healthy and adRP patients which would allow promoter specificity to be determined in the target

phenotype®®®.

This chapter demonstrates that shorthPDE6Bp drives strong rod cell-specific expression in vivo. At just
154 bp in length, it could be used to drive expression of an SaCas9 or dSaCas9.KRAB construct
(estimated at approximately 4235 bp and 4430 bp, respectively) within a single AAV, making it
extremely useful for CRISPR gene editing studies in rod cells. As it is functional in both mouse and
human tissue, transitioning from in vivo studies to human trials would be simple, as the vector would

not require any modification between species.
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4 Optimisation of CRISPR constructs in vitro

4.1 Introduction

Gene therapy relies on the activity of introduced transgenes to create clinically beneficial changes in
a target cell. The design of the AAV gene therapy construct plays a critical role, influencing AAV
packaging, AAV transduction, and expression of the delivered transgene®°9156-162  Thijs thesis
describes the first CRISPR research conducted within the Clinical Ophthalmology Research Group at
Oxford University. This required the development and optimisation of multiple AAV CRISPR constructs
and laboratory techniques. While this could be done targeting a clinically relevant gene, it is common
for initial proof of concept experiments to target a reporter gene3%113163164 Thege genes are well
characterised and allow more efficient screening, and comparisons between different research
studies. This thesis uses the reporter gene EGFP, and targets it first in a HEK293-EGFP cell line, then in

a transgenic mouse model with rod cell-specific EGFP expression (see Chapter 6!22).

Successful CRISPR gene editing requires a Cas9 endonuclease protein and a target-specific gRNA to be
present in a cell. The px601 plasmid encodes Staphylococcus aureus Cas9 and gRNA, driven by the
ubiquitous CMV and U6 promoters, respectively®. The transgene is flanked by ITRs, allowing the
sequence to be packaged into an AAV. Px601 was created in 2015 and has demonstrated high levels
of CRISPR-mediated gene disruption both as a plasmid in vitro, and an AAV in vivo, with in vivo editing

rates of 40 %%°.

CRISPRi uses a modified version of Cas9 called dead Cas9 (dCas9). dSaCas9 differs from SaCas9 by two
amino acid substitutions: D10A and N580A, which inactivate its two cleavage sites, removing its ability
to cut DNA, The catalytically inactive dCas9 in combination with the gRNA, binds to the target gene,

blocking the access of regulatory proteins, and reducing the transcription rate®.

While dCas9 can cause gene repression alone, studies have found that creating a fusion protein with
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repressor domains can improve the knock down®®. The Kriippel Associated Box (KRAB) repressor is a
common regulatory domain found in eukaryotic zinc finger nucleases. It binds to the native cellular
protein KRAB-associated protein 1, which interacts with a range of histone remodelling proteins
(Figure 1.4D). This causes a change of chromatin conformation, converting open and transcriptionally
active euchromatin, to more closed and transcriptionally inaccessible heterochromatin, resulting in

166

gene silencing™®°. Addition of the KRAB repressor to dCas9 can increase the repression rates up to 15-

fold, although this is highly variable with target sequence®®®,

Selection of gRNAs begins with in silico gRNA software. These software predict gRNA:DNA binding
efficiency based on algorithms derived from large-scale screens using SpCas9 gene disruption®7:168,
This thesis uses SaCas9 rather than SpCas9, and the translatability of the results between Cas9 species
is unknown. This thesis also explores CRISPRi, which was not included in the prediction algorithms at
the time of analysis (CRISPRi gRNA screening has since been added®), and is highly influenced by the
position of gRNA within the gene as well as the gRNA:DNA binding efficiency (see 1.4.2 CRISPR/Cas9
vs. CRISPRi)®. For both these reasons, it is important that multiple gRNAs are screened in vitro to

identify the best candidates.

The efficiency of knock down by a given gRNA can be measured at a DNA level, an mRNA level, or a
protein level. This chapter will compare four different methods of measuring CRISPR/Cas9 and CRISPRi
gene knock down efficiency: TIDE (Tracking of Indels by Decomposition) analysis to measure indels in
DNA, gPCR to measure the impact on an mRNA level, and fluorescence images and fluorescence

spectroscopy to measure the impact on EGFP protein function.

Not only are the elements of the construct important to consider but also their position and
orientation. In bi-cistronic constructs (a single construct expressing transgenes from two promoters),
the arrangement of promoters in relation to one another can influence the expression rate of the
transgenes'®1%%. The mechanism for this is currently unknown, but it is possible that transcriptional

interference could be the result of the transcriptional complexes colliding or blocking one another’s
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passage through the DNA. The orientation of U6-gRNA in bi-cistronic CRISPR constructs has been
shown to impact gene editing rates, and so this chapter tests two orientations of the CRISPR/Cas9

construct 8170171,

This chapter describes the creation, validation, and optimisation of the CRISPR/Cas9 and CRISPRIi
constructs that will be used throughout this thesis. Px601 is used as the all-in-one SaCas9 construct
for CRISPR/Cas9 gene disruption. This plasmid is used as a template for the creation of a dSaCas9, and

then dSaCas9.KRAB construct for CRISPRi gene repression.
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4.2 Materials and Methods

4.2.1 Sequencing Nrl-EGFP

DNA was extracted from an ear notch of an Nrl-EGFP mouse using the QlAamp DNA Mini Kit. Primer3
was used to design a range of sequencing and PCR primers to the transgene sequence (see 9.1.2 and
9.1.1). PCR was conducted on the region of interest using KOD Polymerase Master Mix (Merck). The
target bands were excised from the gel, purified using the QIAQuick Gel Extraction Kit, and Sanger
sequenced (Eurofins Genomics Ltd). The sequencing reads were aligned with the reference sequence

using the bioinformatic software Geneious. The confirmed sequence is given in Appendix 9.2.

4.2.2 Screening the EGFP sequence for gRNAs

The bioinformatics programme Benchling, was used to screen the confirmed Nr/-EGFP sequence for
21 bp gRNAs with the SaCas9 PAM site 5'-NNGRRT-3’. The Mus musculus genome was used to
calculate the off-target effects. gRNAs were selected from a range of positions within the EGFP

sequence.

4.2.3 Characterisation of the HEK293-EGFP cell line

Both karyotyping analysis and MFISH analysis were conducted on the HEK293-EGFP cell line by the
Wellcome Centre for Human Genetics. 15 cells were karyotyped and their chromosome numbers and
any translocations were noted. MFISH analysis was performed on 50 cells in metaphase using a

lentiviral vector carrying EGFP as a probe. Integration sites were noted.

4.2.4 Sequencing the EGFP transgene in HEK293-EGFP cells

HEK293-EGFP cell pellets were harvested by centrifugation (see 2.2.8 Cell harvesting) and DNA was
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extracted using the QlJAamp DNA Mini Kit. PCR was conducted using KOD polymerase and primers that
amplify a few hundred bases upstream and downstream of EGFP. Sanger sequencing was conducted

(Eurofins Genomics Ltd) and the sequence noted. Primer sequences are detailed in Appendix 9.1.2.

4.2.5 Creating the all-in-one dSaCas9 plasmid

Two site-directed mutagenesis reactions were performed using the QuikChange Il XL Site-Directed
Mutagenesis Kit (Agilent). The first introduced the A>C mutation at nucleotide 77 of SaCas9 (D10A)
into px601 to create px601.D10A, and the second introduced the AA>GC mutations at nucleotides
1786-1787 of SaCas9 (N580A) into px601.D10A to create the CMV.dSaCas9.bGHpA.U6.gRNA plasmid.
5 ul 10x Reaction Buffer, 10 ng plasmid, 125 ng forward plasmid, 125 ng reverse plasmid, 1 pul dNTP
mix, and 1 pl PfuUltra High Fidelity DNA polymerase were combined in a 50 pl reaction volume. The
samples were run on a thermocycler at 95 C for 1 min followed by 18 cycles of 95 C for 50 s, 60 C for
50 s, 68 C for 7 min 24 s, and finally 68 C for 7 min. The primers are detailed in Appendix 9.1.4. The
products were transformed into XL10 Gold Ultracompetent Cells (Stratagene). Colonies were
miniprepped using the GenElute Sigma Miniprep Kit (Sigma) and successfully modified plasmids

analysed by Sanger sequencing.

4.2.6 Cloning the CMV.dSaCas9.KRAB.U6.gRNA plasmid

The general protocol for plasmid cloning is detailed in 2.1.10. The CMV.dSaCas9.KRAB plasmid was a
gift from Charles Gersbach (Addgene plasmid # 106219). It was digested with Hindlll and EcoRI (New
England Biolabs), and the KRAB-containing fragment was purified by gel extraction (QlAquick Gel
Extraction Kit, Qiagen). The CMV.dSaCas9.U6.gRNA plasmid was digested with the same enzymes and
the large backbone purified. The two fragments were ligated together to create the all-in-one plasmid
CMV.dSaCas9.KRAB.U6.gRNA. The KRAB coding sequence unfortunately contained a Bsal restriction

site, which is the enzyme used to clone the gRNA into the plasmid. Another member of the team used
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site-directed mutagenesis to change one nucleotide within the KRAB sequence; this removed the Bsal

restriction site without changing the amino acid coding sequence of KRAB.

4.2.7 Cloning gRNAs into SaCas9, dSaCas9, dSaCas9.KRAB plasmids
gRNA cloning is described in 2.1.11. The “scrambled gRNA” sequence is the sequence already present

in the unmodified plasmid and has the sequence GGAGACCACGGCAGGTCTCA.

4.2.8 Cell line transfection
The general protocols for cell maintenance and transfection are given in sections 2.2.1 and 2.2.5,
respectively. The specific seeding densities, plasmid transfection quantities, and viral transduction

guantities used in this chapter are given in Table 4.1.

4.2.9 Puromycin treatment

Cells were seeded and transfected as described in 2.2.4 and 2.2.5, respectively. 24 hours post-
transfection, 5 pug of puromycin was added directly to the wells (12 well plate). The cells were checked
daily for signs of death in the untransfected well. 3 days post transfection there was complete cell

detachment and death in the untransfected well and the cells were harvested as described in 2.2.8.

4.2.10 Trypan blue viability assay
Cells were trypsinised to detach them from the wells, neutralised with cell media, then diluted 1:1
with a 1/10 dilution of trypan blue (Merck). After a 3-minute incubation at room temperature, the

living (non-blue) and dead (blue) cells were counted using a haemocytometer.
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4.2.11 Western blot

Protein was extracted from cell pellets by sonication (see 2.1.6), and quantified using the Pierce BCA
assay (see 2.1.7). Western blot was conducted as described in 2.1.8 using the anti-SaCas9 antibodies
ab203933, C15310260, or C15310259 to detect SaCas9, dSaCas9, and dSaCas9.KRAB, with an anti-

beta-actin antibody as a positive control (Table 2.2).

Table 4.1 Cell transfection experiments in Chapter 4.

Viral particles

Figure Cell line Seeding density Plasmid quantity transfected
transduced
9.5x10° cells/well (6
Figure 4.4D-F  HEK293-EGFP 1000 ng, 1500 ng, 2000 ng N/A
well plate)
8x10° cells/well (6
Figure 45A-F  HEK293-EGFP 2ug N/A
well plate)
8x10° cells/well (6
Figure 4.6A-E  HEK293-EGFP 1ug N/A
well plate)
8x10° cells/well (6
Figure 47A-C  HEK293-EGFP 1pg N/A
well plate)
5x10° cells/well (12
Figure 4.8B HEK293-EGFP 500 ng N/A
well plate)
5x10° cells/well (12 dSaCas9—500 ng, 250 ng,
Figure 4.8C HEK293-EGFP N/A
well plate) 125ng. dSaCas9.KRAB — 500 ng
5x10° cells/well (12
Figure 4.8D-E  HEK293-EGFP 500 ng N/A
well plate)
Figure 4.9A, B, 5x10° cells/well (12
HEK293-EGFP 1.05x10™ copies N/A
CEG well plate)
8x10° cells/well (6
Figure 4.9D HEK293T 2000ng N/A

well plate)
1.375x105 cells/well
Figure 4.9H Y79 N/A 2.75x10°
(96 well plate)

8x10° cells/well (6

Figure 4.10A-C HEK293-EGFP 1pg, 2pug,2.5pg N/A
well plate)
1.6x10°cells/well (24
Figure 4.11B HEK293-EGFP 125 ng, 250 ng, 500 ng, 750 ng N/A
well plate)
1.6x10°cells/well (24
Figure 4.11C HEK293-EGFP 500 ng N/A
well plate)
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4.2.12 qPCR

RNA was extracted using the RNeasy Plus Mini Kit (Qiagen) and cDNA synthesis was performed using
the SuperScript Ill First-Strand Synthesis Kit (Invitrogen) with the modified protocol for gRNA (see
2.1.4). gPCR was conducted using Tagman probes (see 2.1.5). EGFP, SaCas9, dSaCas9, dSaCas9-KRAB,

and gRNA levels were expressed relative to human beta-actin levels.

4.2.13 TIDE analysis

DNA was extracted from cell pellets using the QlAamp DNA Mini Kit (Qiagen). The region of interest
was PCR amplified using KOD polymerase (Merck Millipore) and TIDE analysis conducted as described
in 2.1.2. The untransfected samples were PCR amplified and sequenced with the primer pairs for each
tested gRNA, then run through TIDE analysis. This provided a “background” measurement. Primers

are detailed in Appendix 9.1.3.

4.2.14 Mean grey value

Mean grey value is a measure of the brightness of an image in which the grey value of each pixel (0
indicates black, 1 indicates white) is averaged. To analyse the mean grey value of wells containing
HEK293-EGFP cells, the automated imaging programme in the EVOS FL Auto Cell Imaging Software
was used to image a proportion of the well (20 % of the well in a 6 well plate, 30 % of the well in a 12
well plate) at 4x magnification. The gain was set to ensure there was limited saturation of EGFP. This
programme takes overlapping images of each area of the well then produces a stitched image. The
stitched image was opened in Imagel. The Region of Interest was set to exclude regions outside of the
well, which therefore contain no cells (Figure 4.1), and the mean grey value of the region of interest

was measured.
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4.2.15 Fluorescence spectroscopy

10 g of protein was added to each well of a 96 well black microplate (Greiner Bio-one) and the volume
was made up to 300 ul with complete FIPA buffer (NaCl 150mM, Tris base 50mM, EDTA 2mM, 1%
TritonX-100; adjusted to pH7.4 with HCI). The outermost wells of the plate were not used. The Victor?
1420 Multilabel Plate Reader (Perkin Elmer) was used to assess the fluorescence (in Arbitrary
Fluorescence Units) with excitation at 485 nm, detection at 535 nm and a 1.0 s exposure time. A
technical average of each sample was calculated and the background control (containing only

complete FIPA buffer) was subtracted from each of these to get the fluorescence per sample.

4.2.16 Immunocytochemistry

Three 13 mm circular coverslips were placed inside each well of a 6-well cell culture plate, overlapping
as little as possible. The coverslips were moved using sterile disposable forceps. The plate was then
UV treated for 10 min. HEK293T cells were counted and seeded on top of these coverslips at 8x10°
cells/well (see 2.2.4). Cells were transfected 24 hours after seeding with 2 ug plasmid (see 2.2.5), then
processed for immunocytochemistry 48 hours after transfecting. The coverslips were removed and
placed into wells of a 24 well plate. All reagents were added into the wells on top of the coverslips.
Approximately 0.2-0.5 ml reagent used per step. To preserve fluorescence all incubation steps were

conducted in the dark. Between each incubation step, the coverslips were washed in 0.01 M PBS, 3

Figure 4.1 The region analysed for mean grey value of stitched fluorescence imaged (red line).
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times. Coverslips were fixed in 4 % paraformaldehyde for 15 min at 4 C, then permeabilised in 0.2 %
Triton-X 100 for 20 min. Coverslips were then blocked in 10 % BSA, 10 % donkey serum, 0.1 % Triton-
X 100 at room temperature for 1 hour. The coverslips were then incubated with the primary anti-
SaCas9 antibody (rabbit anti-SaCas9 abcam ab203933, diluted 1/250) in 1 % BSA, 1 % donkey serum,
0.1 % Triton-X 100 overnight at 4 C. The following day the coverslips were washed in 0.05 % Tween-
20, 0.01 M PBS for 5 min twice then incubated with the secondary antibody (Alexafluor488 donkey
anti-rabbit A21206, diluted 1/500) in 1 % BSA, 1 % donkey serum, 0.1 % Triton-X 100 at room
temperature for 2 hours. Coverslips were again washed in 0.05 % Tween-20, 0.01 M PBS for 5 min
twice, then washed in 0.01 M PBS for 5 min. To stain the nuclei, coverslips were incubated in Hoescht
stain diluted 1/1000 with 0.01 M PBS for 25 min at room temperature. Finally, the coverslips were
mounted onto glass slides using a drop of ProLong Diamond mounting medium and left to dry

overnight in the dark. Edges were sealed with nail varnish and allowed to dry before imaging.

4.2.17 Restriction digest

Restriction digest was conducted as described in 2.1.3 using Xmal.
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4.3 Results

4.3.1 Selection of EGFP-targeting gRNAs

The Nrl-EGFP mouse transgene was Sanger sequenced using ear notch DNA from a single mouse.
Sequencing revealed that of the 1740 bases of the Nrl promoter examined (out of a total of 2500),
there were 18 nucleotide substitutions and 4 nucleotide insertions compared to the predicted
sequence (Table 4.2). There was also a 130 bp insertion between the end of the Nrl promoter and the
start of EGFP. The EGFP gene had 100 % homology with the reference sequence. The full sequence is
given in Appendix 9.2. As only one mouse transgene was sequenced, it is unclear whether these

mutations in the Nrl promoter are consistent throughout the colony or are specific to this individual.

The confirmed Nrl-EGFP sequence was screened for potential SaCas9 gRNA sequences targeting EGFP.
18 potential gRNAs were generated (see Appendix 9.3). The bioinformatics screens produce two
scores, for specificity and efficiency. Higher scores indicate a higher predicted specificity and
efficiency, with a range of 0 to 100%°. Of these 18 potential gRNAs, 9 were selected for in vitro
screening (Table 4.3, Figure 4.2). These were chosen because they targeted the range of the EGFP

coding sequence and had specificity scores of over 60.0 %.

4.3.2 Characterising the HEK293-EGFP cell line

To allow quick and efficient screening of EGFP-targeting gRNAs, the CRISPR constructs were tested in
a HEK293-EGFP cell line. This commercially available cell line expresses EGFP constitutively from a
CMV promoter. Sanger sequencing of the EGFP gene in HEK293-EGFP cells revealed 8 nucleotide
substitutions compared to their reference sequence, which created 5 amino acid changes (Table 4.4).
While this did not affect EGFP functionality (as the cells are visibly expressing EGFP), the C>T mutation
at position +198 removes the PAM site from gRNA F11. This gRNA was subsequently used as a “no
PAM” control for in vitro screening in HEK293-EGFP cells and was expected to produce no disruption

of EGFP. The confirmed sequence is detailed in Appendix 9.4.
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Table 4.2 Discrepancies between the predicted Nrl-EGFP transgene and the confirmed Nrl-EGFP transgene

sequence.
+1 indicates the first nucleotide of the EGFP coding sequence.

Nucleotide
. Mutation type Nucleic acid change
position

-1231 Substitution TATCGTCACGGAACC > GGAACCATAGCAGTG

-1196 Insertion G

-1139 Substitution C>G

-825 Insertion G

-254 Insertion cT

-175 Substitution AA > CC

TGTTCTGAATACAGGGACGACACCAGCCCCTGCTCTATGGAGTATTTAGCC

-1 Insertion TCCAGGGAAGCTGTGCCTTTCTGGTTCTGACAGTGACTACGTCATCTCTGCC

ATTACATCGGATCCACCGGTCGCCACC

Table 4.3 EGFP targeting gRNAs selected for in vitro analysis.

+1 indicates the first nucleotide of the EGFP coding sequence. The gRNA sequence is homologous to the listed

DNA strand.
DNA Specificity  Efficiency
Name Position Sequenceb5' to 3' PAM

strand Score Score

Fo +26 Plus CAAGGGCGAGGAGCTGTTCAC  CGGGGT 86.5 15.3

F10 +138 Minus GCCGGTGGTGCAGATGAACTT CAGGGT 82.0 19.3

F11 (No PAM) +198 Minus  GAAGCACTGCACGCCGTAGGT  CAGGGT 97.2 21.2
F12 +417 Minus GTTGTACTCCAGCTTGTGCCC CAGGAT 79.4 159

F13 +510 Minus GCTGCCGTCCTCGATGTTGTG GCGGAT 92.5 18.1

F14 +680 Plus GCTGGAGTTCGTGACCGCCGC  CGGGAT 98.8 5.9

F15 +699 Minus CTTGTACAGCTCGTCCATGCC GAGAGT 91.8 9.8

Optimal CRISPRI region

Fo F14
F10 F11/ F12 F13 F15
No PAM

Figure 4.2 EGFP-targeting gRNAs selected for in vitro analysis.
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The HEK293-EGFP cell line was sent for karyotyping analysis to identify its chromosomal arrangement.
The analysis revealed a highly heterogeneous cell population. Of the 15 karyotyped cells, 14 had a
total chromosome number between 61 and 70, making the cells near-triploid (Figure 4.3A). The
remaining cell had 48 chromosomes. Individual chromosomes copy numbers varied between 0 and 5
per cell (Figure 4.3C). As expected there was no Y chromosome detected, as this cell line originates
from a female embryo’2. 6 common translocation events were detected in this cell line (Table 4.5,
Figure 4.3D). 22 less common translocation events were also identified, which is typical of the genomic

instability of the HEK293 cell line'’2,

Multicolour fluorescence in situ hybridisation (MFISH) analysis identified the integration sites of the
EGFP transgene in the HEK293-EGFP cell line. Integration site and number were inconsistent between
cells, suggesting that the cell line did not derive from a single transduced clone. Of the 50 cells
analysed, 44 % had one transgene integration site, 34 % had two transgene integration sites, 20 % had
three transgene integration sites and 2 % had four transgene integration sites. Five separate EGFP
integration sites were identified (named A-E), which created 14 different integration combinations in
the examined cells (Table 4.6). Some of the sites had a greater signal intensity than others, suggesting

that the number of integrated copies at each site may be variable (Figure 4.3B).

Table 4.4 Discrepancies between the EGFP transgene in the HEK293-EGFP cell line and the EGFP reference
sequence.
+1 indicates the first nucleotide of the EGFP coding sequence.

Nucleotide Position Mutation type Nucleic acid change Amino acid change
+193 Substitution C>T Leu > Phe
+195 Substitution G>C None
+217 Substitution A>G Ser > Ala
+218 Substitution G>C None
+450 Substitution C>G Asn > Lys
+461 Substitution T>C Met > Thr
+462 Substitution G>C None
+503 Substitution T>C lle > Thr
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Figure 4.3 The HEK293-EGFP cell line has a variable genetic profile.

A) Total chromosome number of 15 analysed cells. B) Stained chromosomes of a HEK293-EGFP cell showing a
potential single copy integration and multicopy integration of the EGFP transgene. C) Chromosomal copy
number of 15 analysed cells. D) Example karyotype of a cell containing the 6 most frequent translocation
events detailed in Table 4.6.
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Table 4.5 Common chromosomal translocations in HEK293-EGFP cells.
Frequency indicates proportion of cells carrying the translocation.

Translocated chromosomes Frequency %
9 and17 86
8 andX 80
land15 73
4 and 10 67
17 and 22 47
13 and 7 (Robertsonianchromosome 13) 33

Table 4.6 Frequency of EGFP transgene integration patterns in HEK293-EGFP cells.

Type of EGFP integration Frequency
A only 22%
C only 16 %

A+C 12%
A+B+C 12%
B+C 8%
A+B 6%
A+C+D 6%
A+D 4%
B only 4%

A+B+C+D 2%
B+D 2%
C+D 2%

D only 2%

A+C+E 2%



4.3.3 Creating an inactive dSaCas9 plasmid using site-directed mutagenesis

The all-in-one px601 CMV.SaCas9.bGHpA.U6.gRNA plasmid (henceforth called SaCas9) was a gift from
Feng Zhang (Addgene plasmid # 61591). Site-directed mutagenesis was used to introduce the D10A
and N580A mutations into this plasmid to remove its catalytic activity and convert it into dSaCas9
(Figure 4.4A-C). To confirm the plasmids drove SaCas9 and dSaCas9 expression in a dose dependent
manner, they were transfected into HEK293-EGFP cells at 1 pg, 1.5 ug, and 2 pg, and the cellular
protein was extracted. Three anti-SaCas9 antibodies, binding to the N-terminus, C-terminus, and
middle of the protein, were used to detect SaCas9 and dSaCas9 on a western blot. All three detected
Cas9 in the transfected samples, indicating the full-length protein was produced. SaCas9 and dSaCas9

band density increased as the amount of transfected plasmid increased (Figure 4.4D-F).

To assess the CRISPR activity of these constructs, EGFP-targeting gRNAs F10, F13, and the control no
PAM gRNA were cloned into the SaCas9 and dSaCas9 plasmids. The plasmids were transfected into
HEK293-EGFP cells and the knock down of EGFP was measured using multiple methods. Both
SaCas9.F10 and SaCas9.F13 significantly reduced the mean grey value of fluorescence images, by 19.8
% (p<0.0001) and 21.8 % (p<0.0001), respectively, and arbitrary fluorescence units of extracted
protein, by 29.6 % (p=0.0028) and 36.5 % (p=0.0004), respectively. With dSaCas9, however, only gRNA
F10 achieved significant knock down of 8.1 % when measured by mean grey value (p=0.0354), and
26.3 % (0.0071) when measured by fluorescence spectroscopy (Figure 4.5A-C). The No PAM gRNA did
not have significant knock down with either Cas9 by either measure. None of the gRNA/Cas9

combinations drove significant knock down when measured by gqPCR (Figure 4.5D).

TIDE analysis was used to measure the indels present in the EGFP sequence, which form following
DNA cleavage by Cas9. 13.8 % and 13.6 % of EGFP reads contained indels following treatment with
SaCas9.F10 and SaCas9.F13, respectively. Indel percentages detected with dSaCas9 were not
statistically significant from the untransfected cells, indicating that the newly created dSaCas9 has lost

the ability to cleave DNA (Figure 4.5E).
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Figure 4.4 Creating and testing SaCas9 and dSaCas9 plasmids.

A) Creation of the all-in-one dSaCas9 plasmid through site directed mutagenesis of the all-in-one SaCas9
plasmid. B) Sanger sequencing showing successful site directed mutagenesis introducing the D10A mutation
to SaCas9. C) Sanger sequencing showing successful site directed mutagenesis introducing the N580A to
SaCas9. D-F) Western blot of protein extracted from cells transfected with the SaCas9 or dSaCas9 plasmid, or
untransfected (untr) at 1 ug, 1.5 ug, and 2 ug with three different antibodies. SaCas9 and dSaCas9 are 124
kDa. Anti-actin antibody is used as a positive control; actin is 42 kDa D) Anti-SaCas9 antibody binding to the
N-terminus of SaCas9. E) Anti-SaCas9 antibody binding between amino acids 100 and 200 of SaCas9. F) Anti-
SaCas9 antibody binding at the C-terminus of SaCas9.
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Figure 4.5 dSaCas9 has lost cleavage activity and drives CRISPRI.

Cells were untransfected (untr) or transfected with plasmid containing SaCas9 or dSaCas9 and one of three
gRNAs, “No PAM”, F10 or F13, A) Representative spliced fluorescence microscopy images of transfected
HEK293-EGFP cells. Scale bar is 2.3 mm. B-D) Knockdown of EGFP as measured by different methods. One-way
ANOVA was conducted with multiple comparisons comparing the means to that of the Untr, n = 3. B) Mean
grey value of fluorescence cell images, F(6, 14) = 27.75, p<0.0001. Untr vs SaCas9.F10 p=0.0001, Untr vs
SaCas9.F13 p=0.0001, Untr vs dSaCas9.F10 p = 0.0354. C) Fluorescence spectroscopy of cell lysates. AFU stands
for arbitrary fluorescence units. F(6, 14) = 8.547, p = 0.0005. Untr vs SaCas9.F10 p = 0.0028, Untr vs SaCas9.F13
p =0.0004, Untr vs dSaCas9.F10 p = 0.0071. D) qPCR measuring EGFP expression normalised to human beta-
actin. F(6,14) =3.422, p = 0.0271. E) On-target editing efficiency measured by TIDE analysis. Two-way ANOVA
with factors of SaCas9 and gRNA. Effect of SaCas9 F(2, 18) = 257.6 p<0.0001, effect of gRNA F(2, 18) = 46.19
p<0.0001, effect of interaction F(4, 18) = 69.83 p<0.0001. Multiple comparison compared SaCas9, dSaCas9
and Untr indels for each gRNA site. SaCas9.F10 vs dSaCas9.F10 p<0.0001, SaCas9.F10 vs Untr (F10) p<0.0001,
SaCas9.F13 vs dSaCas9.F13 p<0.0001, SaCas9.F13 vs Untr (F13) p<0.0001.

87



4.3.4 Screening EGFP-targeting gRNAs with SaCas9 and dSaCas9

All EGFP-targeting gRNAs, along with a “scrambled” (scram) non-targeting gRNA and the No-PAM
gRNA were cloned into the SaCas9 and dSaCas9 plasmids and transfected into HEK293-EGFP cells. The
scram sequence has no targets in the human or mouse genome (identified by searching the sequence
in NCBI BLAST nucleotide alignment tool) and therefore functions as a negative control. The impact of
CRISPR/Cas9 gene disruption was measured by mean grey value of fluorescence images, fluorescence
spectroscopy, gPCR, and TIDE analysis. Each method of assessing CRISPR/Cas9-mediated gene
disruption measured different degrees of knock down. Measured by mean grey value, four EGFP-
targeting gRNAs had a significant reduction compared to scram. These were F9, F10, F14, and F15,
with 14.3 %, 12.4 %, 9.2 %, and 16.0 % reduction, respectively (p=0.0002, p=0.0010, p=0.0185,
p<0.0001, respectively) (Figure 4.6A-B). Fluorescence spectroscopy detected higher and more
consistent levels of knock down across all six EGFP-targeting gRNAs, with knock down ranging from
28.7 % to 36.7 % (p>0.0001 for all)(Figure 4.6C). When knock down was measured at an mRNA level
using qPCR, no gRNA provided significant knock down compared to scram, despite it measuring the
greatest knock down of the three techniques (Figure 4.6D). This is likely because qPCR produced the
most variable results, with the greatest data spread. All six EGFP-targeting gRNAs had detectable gene
disruption by TIDE analysis, ranging from 14.20 % with F9 to 18.54 % with F10 (Figure 4.6E). The No

PAM control had an indel rate of 1.48 %, which represents the baseline.

The same gRNAs were assessed for CRISPRi-mediated gene knock down with dSaCas9. Evaluation of
the gRNA efficiency with dSaCas9 did not include gPCR as this was non-significant in the prior
experiment (Figure 4.5), or TIDE analysis as dSaCas9 does not introduce indels into the target gene.
Compared to CRISPR/Cas9 gene disruption, fewer gRNAs had significant knock down and the knock
down measured was lower. Using dSaCas9, F10 was the only gRNA with significant reduction of mean
grey value compared to scram (Figure 4.7A-B). With SaCas9, F10 drove 12.4 % knock down, whereas

with dSaCas9 this was only 7.0 % (p=0.0003). gRNAs F10 and F14 significantly reduced fluorescence
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Figure 4.6 Testing EGFP-targeting gRNAs with SaCas9.

SaCas9 plasmids were transfected into HEK293-EGFP cells and knock down assessed by various methods.
Values normalised relative to the untransfected control. A) Representative fluorescence microscopy images of
transfected cells. Scale bar represents 2.3 mm. B-D) One-way ANOVA was conducted with multiple
comparisons comparing the means of the gRNAs to that of the scrambled gRNA (scram), n=5. B) Mean grey
value of fluorescence images. F(7,32)=12.19 p<0.0001. Scram vs F9 p=0.0002, Scram vs F10 p=0.0010, Scram
vs F14 p=0.0185, Scram vs F15 p<0.0001. C) Fluorescence spectroscopy. AFU stands for arbitrary fluorescence
units. F(7,32)=16.48 P<0.0001. Scram vs F9 p<0.0001, Scram vs F10 p<0.0001, Scram vs F12 p<0.0001, Scram
vs F13 p<0.0001, Scram vs F14 p<0.0001, Scram vs F15 p<0.0001. D) gPCR comparing normalised EGFP
expression relative to human beta actin F(7,32)=2.438 p=0.043. E) Gene disruption measured by TIDE analysis.
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compared to scram, with 7.7 % and 12.1 % knock down, respectively (p=0.0225 and p=0.0157,
respectively) (Figure 4.7C). Again, this was lower than the knock down measured with SaCas9, at 28.7

% with F10 and 29.9 % with F14.

Interestingly, both dSaCas9 control plasmids (dSaCas9.Scram and dSaCas9.NoPAM) have reduced

mean grey value relative to the untransfected control (at 0.91 relative to untransfected) but
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Figure 4.7 Testing EGFP-targeting gRNAs with dSaCas9.

dSaCas9 plasmids were transfected into HEK293-EGFP cells and knock down assessed by various methods.
Values normalised relative to the untransfected control (Untr). A) Representative fluorescence microscopy
images of transfected cells. Scale bar represents 2.3 mm. B-C) One-way ANOVA was conducted with multiple
comparisons comparing the means of the gRNAs to that of the scrambled gRNA (scram), n=5. B) Mean grey
value of fluorescence images. F(7,32)=5.539 p=0.0003. Scram vs F10 p=0.0110. C) Fluorescence spectroscopy.
AFU stands for arbitrary fluorescence units. F(7,32)=2.144 p=0.0670. Scram vs F10 p=0.0225, Scram vs F14
p=0.0157.
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comparable arbitrary fluorescence units (1.04 and 0.98 relative to untransfected, respectively). This
suggests that the dSaCas9 plasmids could be having a toxic effect on the cells, reducing the number
of cells present in the well, and therefore causing a reduction in mean grey value. Fluorescence
spectroscopy is normalised to total protein amount so it is unaffected by the number of viable cells.
This trend was not present with SaCas9: the control plasmids had a relative mean grey value and
arbitrary fluorescence units close to 1 (Mean grey value: SaCas9.Scram=0.96, SaCas9.NoPAM=1.01.

Arbitrary fluorescence units: SaCas9.Scram=1.02, SaCas9.noPAM=1.03).

4.3.5 Addition of the KRAB repressor increases CRISPRi knock down

Fusing a repressor domain to dCas9 has been shown to improve the level of CRISPRi gene repression
achieved®. The KRAB repressor from plasmid CMV.dSaCas9.KRAB (Addgene plasmid #106219) was
cloned into the dSaCas9 plasmid to create the all-in-one plasmid CMV.dSaCas9.KRAB.U6.gRNA
(henceforth referred to as dSaCas9.KRAB) (Figure 4.8A). This newly created construct codes for
dSaCas9.KRAB and gRNA, and is surrounded by ITRs. To ensure the KRAB repressor was correctly
incorporated into the dSaCas9 protein, dSaCas9 and dSaCas9.KRAB were transfected into HEK293-
EGFP cells and the protein extracted. A western blot was performed with an anti-SaCas9 antibody
binding to amino acids 100-200 of SaCas9 (see Figure 4.4E). In an initial western blot, the band from
dSaCas9 was significantly denser than the dSaCas9.KRAB band, making comparison difficult (Figure
4.8B). To overcome this, HEK293-EGFP cells were transfected with the dSaCas9 plasmid at 500 ng, 250
ng, and 125 ng, and the dSaCas9.KRAB plasmid at 500 ng. The addition of the KRAB repressor increased
the molecular weight of the dSaCas9 protein from 124 kDa to 134 kDa, which is visible on the western

blot when comparing the dSaCas9 125ng sample and the dSaCas9.KRAB 500ng sample (Figure 4.8C).

Three EGFP-targeting gRNAs (F10, F13, F15) and the “no PAM” control gRNA were cloned into both
the dSaCas9 plasmid and the dSaCas9.KRAB plasmid. These were transfected into HEK293-EGFP cells

and EGFP knock down was assessed by mean grey value of fluorescence images and fluorescence
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spectroscopy. The KRAB repressor had a significant effect on the mean grey value of the fluorescence

images (p=0.0009), with the knock down rate of F10 and F15 increased from 9.1 % to 12.5 % and from
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Figure 4.8 dSaCas9.KRAB has greater EGFP knock down than dSaCas9.

A) dSaCas9 and dSaCas9.KRAB plasmids. B-C) Western blots of protein extracted from cells transfected with
different quantities of dSaCas9 plasmid (-KRAB), dSaCas9.KRAB plasmid (+KRAB), or untransfected (untr). Anti-
SaCas9 detects dSaCas9 (124 kDa) and dSaCas9.KRAB (134 kDa) in corresponding samples, anti-actin antibody
is used as a positive control (42 kDa). B) Plasmids transfected at 500 ng. C) dSaCas9 plasmid transfected at
125 ng, 250 ng, and 500 ng, dSaCas9.KRAB plasmid transfected at 500 ng. D-E) Knock down of EGFP with
dSaCas9 compared to the dSaCas9.KRAB plasmid. Two-way ANOVA with factors of KRAB and gRNAs were
conducted with multiple comparisons comparing dSaCas9 and dSaCas9.KRAB for each gRNA, n = 5. D) Mean
grey value of fluorescence cell images. Effect of KRAB F(1, 32) = 13.31 p=0.0009, effect of gRNA F(3, 32) =
27.17 p=0.0009, effect of interaction F(3,32) = 2.99 p=0.0455. dSaCas9.F10 vs dSaCas9.KRAB.F10 = 0.0122,
dSaCas9.F15 vs dSaCas9.KRAB.F15 = 0.0195. E) Fluorescence spectroscopy of extracted protein. Effect of KRAB
F(1, 32) p=0.1609, effect of gRNA F(3, 32) = 10.17, p<0.0001, effect of interaction F(3, 32) = 4.102 p=0.0143.
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5.4 % to 8.6 %, respectively (p=0.0122 for gRNA.F10, p=0.0195 for gRNA.F15) (Figure 4.8D). When
measuring fluorescence spectroscopy there was no significant difference in the knock down of the
plasmids with or without KRAB, although there does appear to be a trend of greater knock down with

the KRAB repressor in the EGFP-targeting gRNAs (Figure 4.8E).

4.3.6 KRAB repressor causes reduction in Cas9 and gRNA expression in plasmid form

The western blot experiments with dSaCas9 and dSaCas9.KRAB revealed an unexpected phenomenon;
the dSaCas9.KRAB-transfected samples had a significantly sparser Cas9 band than the dSaCas9-
transfected samples, despite the actin band remaining consistent throughout samples (Figure 4.8B-
C). It was possible that the addition of the KRAB domain was affecting the ability of the dSaCas9
protein to dissolve fully in RIPA buffer (the buffer used to dissolve proteins prior to western blot).
HEK293-EGFP cells were transfected with SaCas9, dSaCas9, or dSaCas9.KRAB plasmids and the
subsequent cellular protein dissolved in either RIPA buffer or 5 % SDS, which is a stronger denaturing
agent. Although the 5 % SDS buffer appeared to increase the amount of Cas9 availability for the

antibody, the dSaCas9.KRAB bands were still sparser than the SaCas9 or dSaCas9 bands (Figure 4.9B).

During cloning, the KRAB domain was fused to the C-terminus of dSaCas9. For the initial western blots,
a monoclonal anti-SaCas9 antibody that binds to amino acids 100-200 was selected, as this is distal
from the KRAB domain, which begins at amino acid 1096. It was possible, however, that the KRAB
domain was blocking the reactive epitope of the antibody in the western blot. Inmunocytochemistry
uses antibodies to detect proteins within a sample of fixed cells. During immunocytochemistry, the
protein is in its native three-dimensional conformation, whereas on a western blot it is linearised.
Despite this change in conformation, immunocytochemistry with this antibody replicated the western
blot results; with significantly reduced antibody binding in the dSaCas9.KRAB-transfected cells (Figure

4.9D). Western blots with polyclonal N-terminus and C-terminus antibodies revealed the same pattern
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Figure 4.9 dSaCas9.KRAB plasmids have reduced transcription of Cas9 and gRNA, causing a reduced antibody

response.

A-C) Western blot of protein extracted from HEK293-EGFP cells transfected with SaCas9, dSaCas9, KRAB
plasmids, or untransfected (Untr). Proteins were dissolved in either RIPA buffer or 5% SDS. SaCas9 and dSaCas9
are 124 kDa, KRAB is 134 kDa. Anti-actin antibody is used as a positive control; actin is 42 kDa. A) Anti-SaCas9
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antibody binding to the N-terminus of SaCas9. B) Anti-SaCas9 antibody binding between amino acids 100 and
200 of SaCas9. C) Anti-SaCas9 antibody binding to the C-terminus of SaCas9. D) Imnmunocytochemistry staining
for SaCas9 in HEK293T cells transfected with SaCas9, KRAB, or Untr. Scale bar is 250 um. E) Number of viable
HEK293-EGFP cells following transfection with puromycin resistance plasmids containing SaCas9, dSaCas9,
KRAB or Untr, and subsequent puromycin treatment, n=3. One-way ANOVA was conducted with multiple
comparisons comparing the means to that of the KRAB plasmid F(4, 10)=40.91 p<0.0001. Untr vs KRAB
p<0.0001. F) SaCas9, dSaCas9, and KRAB plasmids digested with Xmal (+) or undigested (-), plus a no template
control (NTC). G) Cas9 and gRNA expression normalised to human beta-actin expression in cells transfected
with SaCas9, dSaCas9, or KRAB, n=3. Two-way ANOVA with factors of plasmid and transcript. Effect of plasmid
F(2, 12) = 79.45 p<0.0001, effect of transcript F(1, 12) = 415.6 p<0.0001, effect of interaction F(2, 12) = 1.637
p=0.2352. Multiple comparison compared transcript expression of SaCas9 and dSaCas9 to KRAB. Cas9 levels:
SaCas9 vs KRAB p<0.0001, dSaCas9 vs KRAB p<0.0001. gRNA levels: SaCas9 vs KRAB p<0.0001, dSaCas9 vs
KRAB p<0.0001. H) Cas9 and gRNA expression normalised to human beta-actin expression, in Y79 cells
transduced with PDE6Bp.SaCas9 (SaCas9) and PDE6Bp.dSaCas9.KRAB (KRAB) AAV.

as the monoclonal mid-protein antibody; the Cas9 band was sparser in the dSaCas9.KRAB samples and
proteins dissolved in 5 % SDS had a denser band than those dissolved in RIPA (Figure 4.9A, C). This
appeared to rule out epitope availability as the cause of the reduced band density in dSaCas9.KRAB-

transfected cells.

To investigate whether the dSaCas9.KRAB plasmids had reduced transfection efficiency, SaCas9,
dSaCas9, and dSaCas9.KRAB plasmids containing a puromycin resistance gene in the backbone were
acquired. Following transfection of these plasmids into HEK293-EGFP cells, they were puromycin
treated, and 3 days later the number of viable cells were counted using the Trypan Blue assay. 98.3 %
of untransfected cells were killed by the puromycin treatment, demonstrating that the number of
viable cells represents the number of successfully transfected cells. The number of viable cells in the
SaCas9, dSaCas9, and dSaCas9.KRAB-transfected samples were not significantly different from one

another; this suggested there are comparable transfection rates between plasmids (Figure 4.9E).

Sanger sequencing of the plasmids confirmed that the transgene sequence was as expected. Digestion
of the plasmids with Xmal, which cuts inside the ITRs, produced the two expected bands, confirming
the transgene and backbone regions were of the correct size and there were no large re-arrangements
of the plasmid (backbone band length 4037 bp, transgene band length 4758 bp for SaCas9 and
dSaCas9, and 4986 bp for dSaCas9.KRAB). The comparable size of the undigested plasmid bands also

suggests there had been no large re-arrangements (Figure 4.9F). Interestingly, an additional band was
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observed at roughly 9000 bp. This is the approximate length of the plasmids, and indicates the
plasmids have been cut once and linearised. The samples likely contain a mixed population of
plasmids, some of which have lost one ITR. This is a common occurrence when growing bacterial
cultures containing plasmids with ITRs as their homologous regions can result in mutations or
recombinations that remove an ITR. Unfortunately, due to the high 70.8 % GC content and repetitive

sequence of the ITRs, Sanger sequencing was not possible to identify which ITR was lost.

Finally, the Cas9 and gRNA transcript levels were assessed by gPCR following transfection with the
three plasmids, and puromycin treatment. The dSaCas9.KRAB-transfected cells had significantly lower
Cas9 and gRNA transcript levels than both the SaCas9- and dSaCas9-transfected cells (Figure 4.9G).
The dSaCas9-KRAB transcript was 7.9-fold and 6.6-fold lower than the SaCas9 and dSaCas9 transcript,
respectively (p<0.0001 for both), while the gRNA expression in the dSaCas9.KRAB-transfected cells
was 8.9-fold and 13.0-fold lower than in the SaCas9-transfected and dSaCas9-transfected cells,
respectively (p<0.0001 for both). Interestingly, in Chapter 6, the PDE6B promoter was used to drive
SaCas9 and dSaCas9.KRAB expression in AAV8(Y733F). When this was transduced in Y79 cells, the
levels of SaCas9 and gRNA transcript were no longer different between SaCas9 and dSaCas9.KRAB

(Figure 4.9H).

4.3.7 Optimising plasmid transfection

Initial gRNA-screening experiments were performed with 1 pg plasmid DNA per well (6 well plate)
(Figure 4.6, Figure 4.7). To try to improve the level of gene disruption achieved, the SaCas9.F13
plasmid was transfected into HEK293-EGFP cells at three concentrations in a 6-well plate: 1 pg, 2 ug,
2.5 ug. All three concentrations resulted in a significant reduction of mean grey value of fluorescence
images (Untr vs 1 ug p=0.0043, Untr vs 2 ug p=0.018, Untr vs 2.5 pug p=0.0014) and expression of EGFP
measured by gPCR (Untrvs 1 pg p=0.0324, Untr vs 2 pug p=0.0400, Untr vs 2.5 pg p=0.0274) compared

to the untransfected control (untr). However, there was no significant difference between the plasmid
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concentrations (Figure 4.10A, B). Despite this, gene disruption measured by TIDE analysis increased
with plasmid quantity, with 9.45 %, 16.25 %, and 21.55 % gene disruption seen with 1 pg, 2 ug, and
2.5 pg plasmid, respectively (Untr vs 1 ug p=0.0006, 1 ug vs 2 ug p=0.0016, 2 pg vs 2.5 pg p=0.0002)
(Figure 4.10C). Increasing plasmid dose may therefore improve CRISPR gene disruption in future in

vitro experiments.

4.3.8 Reversing the U6-gRNA does not affect gene disruption using plasmid DNA

The arrangements of promoters in a bi-cistronic construct can affect expression of the transgenes, and
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Figure 4.10 CRISPR/Cas9 gene disruption increases with transfected plasmid dose.

HEK293-EGFP cells were transfected with the SaCas9.F13 plasmid at 1 ug, 2 ug, and 2.5 ug plasmid or were
untransfected (Untr). One-way ANOVA was conducted, comparing the means of each category in all
combinations, n=2. A) Mean grey value of fluorescence images. F(3,4)=49.90, p=0.0013. Untrvs 1 ug p=0.0043,
Untr vs 2 ug p=0.0018, Untr vs 2.5 ug p=0.0014. B) gPCR measuring expression of EGFP normalised to human
beta actin. F(3,4)=10.80, p=0.0218, Untr vs 1 ug p=0.0324, Untr vs 2 ug p=0.0400, Untr vs 2.5 ug p=0.0274 C)
Gene disruption measured by TIDE analysis. F(3,4)=387.6, Untr vs 1 ug p=0.0006, Untr vs 2 ug p<0.0001, Untr
vs 2.5 ug p<0.0001, 1 ug vs 2 ug p=0.0016, 1 ug vs 2.5 ug p=0.0002, 2 ug vs 2.5 ug p=0.0042.

97



so an alternate arrangement of the promoters was tested to try to maximise editing rates. The SaCas9
plasmid has both the CMV and the U6 promoter on the sense strand (called the “Forward” plasmid).
The same plasmid was acquired that had the U6 promoter and the gRNA on the antisense strand

(called the “Reverse” plasmid) (Figure 4.11A).

Three gRNAs were cloned into the Forward plasmid and transfected into HEK293-EGFP cells at a range
of doses. Two of the gRNAs target RHO (RHO+28 and RHO+2300) and were selected because they bind
to RHO exons and have a high predicted on-target efficiency (50.0 for RHO+28 and 69.4 for
RHO+2300). The third gRNA targets VEGFA (VEGFA_val). This published gRNA demonstrated over 30
% VEGFA indels in vitro in a 2015 paper!’®. gRNA RHO+28 did not have any significant gene disruption
at any plasmid quantity. gRNA RHO+2300 and VEGFA _val had a dose-dependent response with gene

disruption increasing with transfected plasmid quantity. The highest recorded gene disruption was at
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Figure 4.11 Reversing the U6-gRNA structure in the SaCas9 plasmid does not influence CRISPR/Cas9 gene
disruption.

A) The SaCas9 plasmid with the U6-gRNA in the “Forward” and “Reverse” direction. B) Gene disruption
achieved with three gRNAs targeting clinically relevant genes in the Forward plasmid transfected at a range
of quantities into HEK293-EGFP cells, n=3. C) Forward and reverse plasmids have no significant difference in
gene disruption using the RHO+2300 or VEGFA_val gRNAs. Two-way ANOVA conducted with multiple
comparisons comparing Forward and Reverse for each gRNA, n=6. Effect of orientation F(1, 20)=0.03270
p=0.8583, effect of gRNA F(1, 20)=0.4881 p=0.4928, effect of interaction F(1, 20)=0.002432 p=0.9612. ns= not
significant.
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750 ng transfected plasmid (24 well plate of cells), with 56.2 % and 58.2 % gene disruption for gRNAs

RHO+2300 and VEGFA_val, respectively (Figure 4.11B).

gRNA RHO+2300 and VEGFA val were cloned into both the Forward and Reverse SaCas9 plasmid,
transfected at 500 ng, and gene disruption compared. There was no significant difference between
the gene disruption measured for the Forward and Reverse SaCas9 plasmid for either gRNA (Figure

4.110).
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4.4 Discussion

This chapter details the creation and testing of the all-in-one dSaCas9 and dSaCas9.KRAB plasmids,
using the SaCas9 plasmid as a template. These plasmids were then used to drive CRISPR/Cas9 and
CRISPRi knock down of EGFP in the HEK293-EGFP cell line. The introduction of the well-characterised
D10A and N580A mutations caused a complete loss of DNA cleavage activity in dSaCas9. Previous
studies have demonstrated that dCas9 retains its ability to bind to DNA through analysing protein:DNA
interactions using techniques such as electrophoretic mobility shift assays, or ChIP-Seq>*%°. Although
this was not employed here, the loss of indel formation alongside the reduction in target protein

expression indicates that CRISPRi is taking place.

4.4.1 HEK293-EGFP cell line

In vitro models allow large numbers of gRNAs to be screen and are therefore a useful tool for selection
of gRNAs before in vivo studies’. In vitro screening requires the gene of interest to be present and
transcriptionally active. The HEK293-EGFP cell line was created by GenTarget Inc by transforming
HEK293 cells with a lentivirus driving EGFP from a ubiquitous CMV promoter. Chromosomal analysis
revealed that these cells are highly heterogeneous, suggesting the cell line did not derive from an
isolated clone but rather a collection of transduced cells. As is typical with HEK293 cells, the HEK293-
EGFP cell line has a varied karyotype, with a near-triploid number of chromosomes (typically 61-70)72.
The number and location of transgene integration sites also varies between one and four, with some
integration sites possibly containing multiple copies of the transgene. This EGFP copy number
variation will influence the level of CRISPR gene editing achieved within each cell, even if each cell

receives the same number of CRISPR constructs.

The EGFP sequence in this cell line contains eight nucleotide substitutions compared to the reference

plasmid used in their creation. These mutations may have been present in the reference plasmid, in
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the lentiviral sequence, or have occurred upon integration. If the latter, it is possible that the EGFP
sequence could be slightly different at each integration site. Although there was no evidence of a
mixed population in the Sanger sequencing reads, it could be present in quantities below the

approximate 20 % limit of detection with this technique’4-%7¢,

The activity of each EGFP integration in the HEK293-EGFP cells is unknown. While lentiviruses favour
integration into transcriptionally active regions, integration into inactive regions is possible, and
reduces the expression of the viral transgene'”’. Transcriptionally inactive regions have also been
shown to have lower CRISPR/Cas9 editing rates'’®. This may contribute to the discrepancy between
indel rate (14.2 % to 18.54 %) and fluorescence reduction (28.7 % to 36.7 %) seen in these
experiments: If a cell contains EGFP transgenes that cannot produce EGFP proteins and cannot be
accessed by Cas9, they will dilute the estimated indel rate but have no impact on cell fluorescence. A
more appropriate EGFP-expressing cell line would be derived from an isolated clone with a known
number of EGFP integration sites, all of which were confirmed as active. Unfortunately, at the time
this was the only cell line available that expressed EGFP ubiquitously. Creating a stable clonal cell line

within the thesis was an option but due to time constraints, it was not pursued.

4.4.2 Methods of measuring CRISPR activity

The gene editing rates of CRISPR were measured by four different techniques: TIDE analysis, qPCR,
fluorescence spectroscopy, and mean grey value of fluorescence images, all of which produced varying
estimations of knock down. Both fluorescence spectroscopy and mean grey value measure
fluorescence and are therefore affected by the degradation rate of EGFP. The treated cells were
assessed 48 hours post-transfection, while EGFP has an estimated half-life of 26 hours’®. Even if there
were no new EGFP proteins produced following transfection, approximately 27.8 % of EGFP molecules
would remain after 48 hours. To overcome this issue, the in vitro assay could have been further

optimised to increase the time post-transfection. If harvested at 72 or 96 hours, only 14.3 % and 7.5

101



% of pre-transfection EGFP molecules would remain, respectively. While these in vitro experiments

may underestimate gene editing, prolonged in vivo experiments would not suffer from this limitation.

When measuring mean grey value, cells are imaged with a fluorescence microscope and the mean
grey value of the pixels in the image is calculated. While this method is time-efficient and produced
low variation between replicates, it measured lower EGFP knock down than fluorescence
spectroscopy. This underestimation is possibly due to cells growing on top of each other, masking the
CRISPR-driven reduction in fluorescence. Mean grey value also correlates with cell number, and
therefore cell death can be misinterpreted as EGFP knock down. This was seen with the dSaCas9
plasmids, as both negative control gRNAs measured a significant reduction in mean grey value
compared to the untransfected control, indicating plasmid toxicity. The cause of this toxicity are
unknown, and is unlikely to be linked to the plasmid prep, as this was consistent between SaCas9 and

dSaCas9 plasmid. To investigate this further, the toxicity should be confirmed with a cell viability assay.

Measuring indels by TIDE analysis offers the most direct measure of CRISPR/Cas9-mediated disruption
and is a relatively quick and cheap method®. The indel rates in this experiment were lower than the
measured fluorescence knock down. This was surprising, particularly as small insertions or deletions,
which contribute to the indel rate, may still be able to produce a fluorescing EGFP molecule!8184,
While this could be due to transgene integration in inactive sites, as discussed above, it could also be
due to an underestimation of indel rate. TIDE is known estimate gene disruption at 12-20 % lower
than with next generation sequencing®®. In Chapter 5, TIDE analysis was compared to subcloning

analysis (another method of measuring indels), and found to estimate 37.4 % lower editing rates for

one particular gRNA.

The chosen method of analysis for a given experiment is likely to depend on the target of CRISPR gene
editing. If therapeutic approaches rely on reducing the level of a mutant protein or toxic RNA, then a
measure of protein or mRNA function, respectively, should be included. In this chapter, gPCR

measured high levels of knock down in some experiments but it showed variability between replicates.
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It was often unable to produce a statistically significant result, despite a clear trend indicating reduced

EGFP mRNA following CRISPR treatment.

4.4.3 EGFP knock down

Across the gRNA screens, the highest level of EGFP knock down achieved with CRISPR/Cas9 and
CRISPRi was 36.7 % and 26.3 % using gRNAs F9, and F14, respectively. gRNAs F10 and F13 were tested
across three different experiments: with SaCas9 and dSaCas9 when assessing dSaCas9 inactivity, with
SaCas9 and dSaCas9 when screening gRNAs, and with dSaCas9 and dSaCas9.KRAB when assessing the
KRAB repressor. Although the knock down was measured relative to different controls, it was broadly
comparable between experiments. EGFP disruption measured by TIDE analysis differed by 1.22-4.74
%, mean grey value differed by 2.1-14.6 %, and fluorescence spectroscopy differed by 0.9-22.1 % for
gRNAs F10 and F13 between experiments. A 2019 paper used the same HEK293-EGFP cell line and
found comparable EGFP knock down rates of approximately 10-50 % using 4 of the gRNAs screened in

this chapter®,

The predicted on-target efficiency score of the screened EGFP-targeting gRNAs (except for F11, which
could not be used in this cell line) was between 5.9 and 19.3, and the indel rate achieved was 14.2 %
to 18.54 %. By contrast, the RHO-targeting gRNA RHO+2300 had a predicted on-target efficiency score
of 69.4 and achieved indel rates of 34.3% when transfected at a comparable plasmid dose. It’s possible
that the gRNAs screened here may have weak gRNA:DNA binding efficiencies, as predicted by the

gRNA software, which are limiting the CRISPR/Cas9-mediated gene disruption.

Increasing the plasmid dose significantly increased the level of CRISPR/Cas9-driven gene disruption
when targeting EGFP, VEGFA, and RHO. Surprisingly, the increasing indels did not correlate with
increasing EGFP mRNA or protein knock down. This result was unexpected but may be influenced by
transcript site integration, mRNA and protein half-life, indel types, or sensitivity of the assays, as

discussed above. The impact of dose on CRISPRi was not explored but it is possible that increasing the
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plasmid dose would have improved the EGFP knock down with this in vitro screening technique®®®.

Although CRISPRi can drive high gene knock down, it is generally weaker than CRISPR/Cas9 gene
disruption®®3, This is reflected in this chapter, with greater knock down seen with CRISPR/Cas9 than
CRISPRi using the same gRNAs. While both SaCas9 and dSaCas9 rely on sequence homology between
their gRNA and the DNA target in order to bind, dSaCas9-mediated gene knock down also depends on
the ability of that locus to effectively block transcription initiation or elongation®. This means the
knock down rate using CRISPRi is generally more locus-specific. Gene repression with CRISPRi is
typically most effective in the region -50 to +250 relative to the transcriptional start site, and in the
absence of a KRAB repressor is usually only effective with gRNAs homologous to the minus strand®®"
63185 Significant dSaCas9 CRISPRi was achieved with gRNAs F10 and F14. gRNA F10 binds within the
optimal region at +138. gRNA F14, however, binds outside the optimal region at +680 and is

homologous to the plus strand, but was still able to significantly reduce EGFP fluorescence.

The addition of the KRAB repressor to dCas9 was associated with only a mild increase in target gene
knock down. Analysis revealed that despite a comparable level of transfection, there were significantly
fewer Cas9 and gRNA transcripts in cells treated with dSaCas9.KRAB plasmid compared to the
equivalent SaCas9 and dSaCas9 plasmids. As only the KRAB repressor was tested, it is not known if this
effect is specific to the KRAB repressor or if it would occur following the introduction of any C-terminus
repressor. The reasons behind the reduced transcript levels are unknown and may explain the limited
improvement in knock down seen when adding the KRAB repressor. Hypothetically, the reduced
transcript level could be caused by increased transcript degradation but as the gRNA construct is
identical between plasmids, this is unlikely. It is also possible that the addition of the KRAB repressor
resulted in transcriptional interference between the CMV-driven Cas9 and the U6-driven gRNA. This
effect was absent in AAV constructs driven by the hPDE6B promoter: the Cas9 and gRNA transcripts

were comparable between SaCas9 and dSaCas9.KRAB.

The KRAB repressor increased EGFP knock down in two of the three tested gRNAs. Interestingly, gRNA
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F13 did not drive CRISPRi with dSaCas9, or with dSaCas9.KRAB, suggesting that binding at this locus
may always be ineffective at gene repression. Using dSaCas9, gRNA F15 had no impact on EGFP, but it
was able to cause significant repression with dSaCas9.KRAB. It is possible that re-screening all the
gRNAs following the addition of the KRAB repressor could have highlighted gRNAs that outperformed
F10 and F15. While the KRAB repressor is the most commonly used CRISPRi repressor, attempts have
been made to improve the level of CRISPRI. This led to the identification of a triple dCas9-KRAB-MeCP2
fusion protein in 2018. It drives greater knock down compared to dCas9-KRAB, but MeCP2 is 891 bp
long and is therefore too large for a single AAV strategy®. Recently, Alerasool et al. (2020) screened
57 human KRAB repressors revealing that the commonly used KOX1 KRAB repressor present in this
thesis is a relatively weak KRAB repressor. Substituting it for the KRAB repressor from the ZIM3 gene
significantly improved CRISPRi, outperforming the KRAB-MeCP2 fusion protein'®. At 300 bp in length,
itis 105 bp longer than the KOX1 KRAB repressor used in this thesis, but it could still be packaged into
a single CRISPRi AAV using the hPDE6B promoter identified in Chapter 3 (construct would total 4689

bp in length).

4.4.4 Potential transcriptional interference

Transcriptional interference is well documented in bi-cistronic constructs®®=2°, Data from this thesis
chapter was incorporated into a 2020 paper which investigated the impact of promoter orientation
on CRISPR construct transcription and editing rates'®”. The U6-gRNA element was placed in a
“forward” or “reverse” orientation relative to the CMV-SaCas9 element on SaCas9 and dSaCas9.KRAB
plasmids (dSaCas9.KRAB data unpublished). This had no impact on transcription or editing rate as a
plasmid. When converted to an AAV however, the “reverse” SaCas9 construct had significantly lower
transgene expression and gene disruption, suggesting transcriptional interference may be occurring

in this conformation.

As the “forward” transcript is associated with improved editing rates in AAV, plasmids in the forward
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orientation were used in subsequent experiments. Although the reduced transcript levels in the
dSaCas9.KRAB plasmids may cause an underestimation of gene repression in vitro, future in vivo work
will use an AAV driving dSaCas9.KRAB with the hPDE6B promoter. These AAV constructs have
comparable transgene expression between Cas9 species and therefore in vivo work will be unaffected

by the transcriptional interference observed in vitro.

4.4.5 Conclusion

This chapter described the creation and validation of the CRISPR/Cas9 and CRISPRi constructs that are
used throughout this thesis. Targeting EGFP in the HEK293-EGFP cell line demonstrated the constructs
could disrupt and repress an endogenous gene in vitro. While SaCas9-mediated gene disruption and
dSaCas9-mediated gene repression had been previously described, an all-in-one dSaCas9 plasmid was
not commercially available. Site-directed mutagenesis was used to introduce the D10A and N580A
mutations into the all-in-one SaCas9 plasmid, and TIDE analysis confirmed this dSaCas9 plasmid had
lost its DNA editing ability. The addition of the KRAB repressor improved CRISPRi gene repression but
was associated with transcriptional interference in plasmid form. The benefits of the KRAB repressor
had been previously reported with SpCas9 but had limited research with SaCas9 when conducting this

thesis.

Four different methods of measuring CRISPR gene editing were compared — to the authors knowledge
this was the first comparison of knock down across DNA, RNA, and protein analysis. Estimated knock
down varied between techniques, revealing their strengths and limitations. In particular, the genotype
of the target gene, and half-life of the protein of interest were highlighted as important factors for

selecting a method of measuring knock down.

Six EGFP-targeting gRNAs were screened: all drove CRISPR/Cas9 gene disruption, and two drove
CRISPRi gene repression with dSaCas9.KRAB. gRNA F10 will be used to target EGFP in vivo in Chapter

6 as this demonstrated significant EGFP knock down with both CRISPR/Cas9 and CRISPRi.
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5 Allele-specific RHO knock down by targeting non-

pathogenic single nucleotide polymorphisms

5.1 Introduction

Mutations in RHO are the most common cause of autosomal dominant retinitis pigmentosa,
contributing to an estimated 20-40 % of cases globally>3'*, RHO mutations typically result in either a
dominant-negative effect, interfering with the processing of wild type rhodopsin, or a toxic gain-of-
function. This ultimately results in the death of rod photoreceptors, and therefore loss of vision in

affected individuals?.

CRISPR/Cas9 gene disruption and CRISPRi gene repression can be used to reduce rhodopsin
expression, and have been shown to rescue the diseased phenotype in Rho models of adRP by
preventing photoreceptor degeneration3®394118_ Ag wild type rhodopsin is essential for the survival
of rod cells, successful treatments should target the mutant allele of RHO specifically, or involve a
knock down and replace strategy’. While knockdown and replace strategies have shown benefits in
vivo, over-expression of rhodopsin results in rod cell toxicity, and therefore dosing remains a

concern®®,

To discriminate between strands, the CRISPR system must be targeted to a novel region present
exclusively on the mutant RHO allele. Targeting the pathogenic mutation is possible, and has been
used successfully in vivo to drive allele-specific knock down of mutant Rho in an adRP mouse model®>.
However, as there are over 150 pathogenic mutations in RHO?, this would treat far fewer patients
than a mutation-independent approach. Single-Nucleotide Polymorphisms (SNPs) are DNA
nucleotides at a given position whose base can vary between individuals and between an individual’s
chromosomes. There are approximately 4-5 million SNPs in the human genome, making them one of

the most frequent sources of genetic variation®. If an individual with adRP is heterozygous for a non-
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pathogenic SNP occurring within RHO, this creates a discrepancy between the RHO strands, which may

S$334

be sufficient to allow allele-specific targeting. This was demonstrated in Rho>*** rats, where targeting

a non-pathogenic SNP on the mutant allele resulted in editing exclusively on the mutant strand*®.

If a SNP occurs in a gRNA-binding region, it creates a one bp mismatch between the gRNA and the wild
type DNA sequence. Depending on the CRISPR strategy, the gRNA sequence, the precise nucleotide
mismatch, and the position of the mismatch within the gRNA, a one bp mismatch may be sufficient to
prevent binding, leading to allele-specific knock down3®°354587475,191 = Ajternatively, the SNP may
generate a novel PAM site on mutant RHO. As this ensures Cas9 will bind exclusively to the mutant
strand, it is a more reliable strategy for allele-specificity, but it is only useful if the targetable SNP

occurs on the mutant strand®®*!%,

For this strategy to be a viable treatment for the prevention of retinal degeneration in adRP, multiple
targetable SNPs would need to be identified and assessed for allele-specific targeting. A patient with
an identified pathogenic mutation would require gene sequencing to identify heterozygous SNPs, then
determine which SNPs are associated with the pathogenic strand (e.g. through next-generation
sequencing, allele-specific PCR, or CRISPR-hapC*"1%%1%%) The CRISPR construct targeting their

pathogenic RHO strand would then be administered to drive allele-specific knock down.

This chapter explores the potential of a SNP-targeting strategy to knock down RHO. Firstly, common
RHO SNPs are identified which can be targeted with SaCas9. Secondly, CRISPR/Cas9-driven RHO
disruption identifies the SNPs with high levels of on-target editing in vitro. Finally, the allele-specificity

of the gRNAs is assessed using a luciferase assay.
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5.2 Materials and Methods

5.2.1 Screening for RHO target sites

The Eukaryotic Promoter Database was used to identify the transcriptional start site of RHO. The NCBI
SNP database was then used to find SNPs occurring at an MAF of 0.1 or higher within RHO or its
promoter (-1500 to -1 relative to the transcriptional start site). The chromosomal location searched
was 3:129527140-3:129535169 (assembly GRCh38.p12). As there were multiple MAFs listed, the MAF
from the 1000 genomes project was used. SaCas9 gRNAs in RHO were identified using the Benchling
CRISPR Design tool and the PAM NNGRRT. These results were cross-referenced with the list of SNPs
to identify SNPs that occurred in a gRNA binding region or PAM site. The PAM site SNPs were examined
to see if the SNP removed the PAM site. Then, to identify SNPs that created a novel PAM site, the SNPs
were introduced to the RHO sequence and re-screened for gRNA binding sites. Any new gRNAs were

noted. Probability of SNP heterozygosity was calculated using the Hardy-Weinberg Equilibrium.

5.2.2 Genotyping RHO SNPs in HEK293-EGFP cells

Cells were harvested by centrifugation and DNA extracted from the cell pellet using the QlAamp DNA
Mini Kit (Qiagen). All RHO SNPs except rs200054443 and rs2410 were PCR amplified using KOD
polymerase, PCR purified (QlAquick PCR purification kit) then Sanger Sequenced (Eurofins Genomics

Ltd). SNPs rs200054443 and rs2410 were analysed by subcloning. PCR primers are detailed in 9.1.1.

5.2.3 Subcloning analysis

The region surrounding the expected cut site was PCR amplified using GoTaq (as this polymerase
generates a 3’ A-tailed PCR fragment), ligated into the pGEM-T Easy Vector, then transformed into
XL10 cells and plated using IPTG and X-Gal for white-blue selection. Following culturing and miniprep

as described in 2.1.10, the plasmids were digested to determine the orientation of the insert relative
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to the vector. Because the SNPs and cut site can only be successfully Sanger sequenced from one side
of the PCR product (due to a repetitive region in the sequence), it is important to know the orientation
of the ligated insert. Restriction sites were identified which cut once inside the PCR product, and once
in the pGEM-T Easy Vector near the ligation site. For SNP rs200054443 (gRNA RHO+1841/RHO+1844)
this was BspMI and for SNP rs2410 (gRNA RHO+5317) this was Styl. The direction of insertion did not
need to be determined for SNP rs2855557 (gRNA RHO+4447) as the insert could be fully sequenced
from either direction. The restriction digest generates different products depending on the orientation
of the insert (Table 5.1). Once the orientation of the insert was confirmed, the plasmid was sent for
sequencing using the appropriate primer, ensuring the sequence trace went through the gRNA region

before the unsequenceable region.

When using subcloning analysis for genotyping, 20 clones were analysed. If only one allele was
present, the cell line was deemed homozygous for that SNP. If two alleles were present, the cell line

was deemed heterozygous.

When using subcloning analysis to determine the cutting efficiency, 24 clones per sample were
analysed, and 3 replicates were analysed per condition. Following sequencing, the sequence trace was

aligned with the unedited plasmid sequence and any discrepancies around the cut site were noted.

5.2.4 Cloning gRNAs into SaCas9, dSaCas9, dSaCas9.KRAB plasmids

gRNA cloning is described in 2.1.11.

Table 5.1 Subcloning sequencing for SNPs rs200054443 (RHO+1841/RH0O+1844) and rs2410 (RHO+5317).
Predicted restriction digestion products and subsequent sequencing primers for inserts cloned into the pGEM-
T Easy Vector in the forward or reverse direction.

Insert rs200054443 (RHO+1841/RHO+1844) rs2410 (RHO+5317)
AETEL Digestion products Sequencing primer  Digestion products Sequencing primer

Forward 117 bp, 3662 bp T7 promoter 224 bp, 3511 bp T7 promoter

Reverse 685 bp, 3094 bp M13 rev (-29) 538 bp, 3197 bp M13 rev (-29)
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5.2.5 Cloning gRNA targets into PsiCheck2 plasmids

The gRNA target region was cloned into the PsiCheck2 plasmid in between the SV40 promoter and the
renilla luciferase gene. The gRNA target region is a 50 bp region of DNA containing the gRNA binding
site at its centre (i.e. 25 bp upstream and downstream from the centre of the gRNA binding site,
Appendix 9.7). The insert was ordered as two separate oligonucleotides with Nhel restriction digest
overhangs. The forward oligonucleotide sequence was 5’- CTAGC-gRNA target-G’ and the reverse

oligonucleotide was 5’- CTAGC-reverse complement of gRNA target-G’.

25 pmol of the forward and reverse oligonucleotides were combined into a tube. They were
phosphorylated using the T4 PNK kit (New England Biolabs), then heated to 95 C for 4 min to denature
the oligonucleotides and melt any secondary structures. They were then gradually cooled to 4 Cin a
thermocycler with 47 cycles of 1 min incubations decreasing in temperature by 1.5 C each cycle. This

annealed the forward and reverse oligonucleotides together.

The PsiCheck2 (Promega) vector was digested with Nhel-HF (New England Biolabs) and

dephosphorylated with rSAP (New England Biolabs), then PCR purified (QlAquick PCR Purification Kit).

The digested plasmid and gRNA were ligated together with T4 ligase (New England Biolabs) at an
insert:backbone ratio of 20:1, then transformed into XL10 Gold Ultracompetent Cells (Stratagene).
Following bacterial culture and miniprep (Sigma-Aldrich), the successfully ligated plasmids were
identified by digestion with Nhel-HF: plasmids containing an insert will not digest with Nhel-HF
whereas SaCas9-plasmids that were never originally digested with Nhel-HF, and plasmids which have

religated onto themselves are linearised with Nhel-HF. For general cloning methods, see 2.1.10.

5.2.6 Cell line experiments
The general protocols for cell maintenance and transfection are given in sections 2.2.1 and 2.2.5,

respectively. The specific seeding densities and plasmid transfection quantities used in this chapter
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are given in Table 5.2.

5.2.7 Luciferase assay

HEK293T cells were seeded into a white, flat-bottomed, clear, 96 well plate (Corning catalogue 3610)
in phenol red-free media (seeding every well in the plate) and transfected with 50 ng of dSaCas9.KRAB
plasmid and 100 ng of luciferase plasmid 24 hours later. None of the outer wells were transfected as
an edge effect influences the luciferase readout. 48 hours after transfection, the renilla and firefly
luciferase expression were measured using the Dual-Glo Luciferase Assay (Promega). Luminescence

was measured using the FLUOstar Omega plate reader.

When assessing knock down and allele-specificity of gRNAs, the normalised renilla expression
achieved with each PsiCheck2/dSaCas9.KRAB combination was compared to the normalised renilla

expression for the same PsiCheck2 plasmid with dSaCas9.KRAB.scrambled.

5.2.8 Seeding Y79 cells onto coated plates
The general protocols for cell seeding are described in 2.2.4. In this chapter, Y79 cells were seeded

onto coated plates to improve adherence. 500 pl 1 mg/ml poly-D-lysine was added to each well of an

Table 5.2 The details of the cell transfection and transduction experiments performed in Chapter 5.

Figure Cell line Seeding density Plasmid quantity transfected

Figure 5.2 HEK293-EGFP 1.6x10° cells/well (24 well plate) 500 ng

25 ng dSaCas9.KRAB

Figure 5.3B,D, E HEK293T 4x10* cells/well (96 well plate) 50 ng PsiCheck2
Figure 5.4 Y79 5x10%cells/well (24 well plate) 500 ng
Figure 5.5A-B Y79 5x10°cells/well (24 well plate) 0-1500ng
Figure 5.5C-E Y79 5x10° cells/well (24 well plate) 500 ng of each plasmid
Figure 5.6A-B HEK293T 10° cells/well (24 well plate) 0-1500 ng of each plasmid
Figure 5.6C-E HEK293T 3x10° cells/well (24 well plate) 500 ng of each plasmid
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adherent 24 well plate and incubated at 37 C for 7 min. The poly-D-lysine was removed and the well
washed in molecular grade water. 500 pl 1 mg/ml human fibronectin was added to each well and
incubated at room temperature for 30 min. The human fibronectin was removed and the plate left in
a positive pressure ventilation hood for 2 hours, with the lid removed, to dry. The coated plates were

then kept in the fridge for up to 1 day before use.

5.2.9 Y79 cell transfection

For forward transfections, Y79 cells were transfected 24 hours after seeding in a poly-D-lysine and
human fibronectin-coated plate. For reverse transfections, the transfection reaction was added to the
coated plate and the cells added on top on the same day. Transfection was conducted with TransIT-
LT1 (MirusBio), FUGENE (Promega), Viafect (Promega), or Lipofectamine 3000 (ThermoFisher). In all

cases, Opti-MEM was used as transfection media.

5.2.10 Imaging DsRed expression in HEK293T cells

HEK293T cells were imaged as described in 2.2.7. In Figure 5.6, the same cells were imaged using a
“short” DsRed channel exposure and a “long” DsRed channel exposure. Cells were imaged on the
Invitrogen EVOS FL Auto 2 Cell Imaging System (ThermoFisher) at 10 x magnification. DsRed brightness

was set to 0.0001 for the “short” exposure and 0.2 for the “long” exposure.

5.2.11 qPCR
RNA was extracted using the RNeasy Plus Mini Kit (Qiagen) and cDNA synthesis was performed using
the SuperScript lll First-Strand Synthesis Kit (Invitrogen). qPCR was conducted using Tagman reagents

(ThermoFisher)(see 2.1.5 gPCR). RHO levels were expressed relative to human beta-actin levels.
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5.2.12 Western blot

Protein was extracted from the cell pellet by sonication (see 2.1.6), and quantified using the Peirce
BCA assay (see 2.1.7). Western blot was conducted as described in 2.1.8 using an anti-CRX, anti-Nrl,
and anti-RHO antibody to detect CRX, NRL, and RHO, respectively, and an anti-vinculin antibody as a

positive control (Table 2.2).

5.2.13 TIDE analysis
DNA was extracted from cell pellets using the QlAamp DNA mini kit. TIDE was conducted as described

in 2.1.2 TIDE analysis.
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5.3 Results

5.3.1 Identification of target sites

The RHO sequence and its promoter were screened for common SNPs with a minor allele frequency
(MAF) of 0.1 or over. This signifies that the less common variant is present in 10 % of global alleles.
Using the Hardy-Weinberg Equilibrium, this gives an estimated 0.18 probability that an individual will
be heterozygous for the SNP. 11 SNPs, and 3 deletion events were found (Appendix 9.5, 9.6). RHO was
then screened for SaCas9 target sites and the locations cross-referenced to find SNPs which occurred
in the gRNA binding region, or created or removed a PAM site. Seven SNPs and one 10 bp deletion

were targetable with 10 different gRNAs (Table 5.3).

The location of the SNP within the gRNA binding region is crucial to the tolerance of mismatches
between the gRNA and DNA, with PAM-proximal mismatches less tolerated. SNPs rs6803468 and
rs2855558 were therefore promising candidates for allele-specificity with the SNP 3 bp and 2 bp from
a PAM site in gRNAs RHO+2781 and RHO+5991, respectively. SNP rs200054443 is a 10 bp deletion that
removes the PAM site from gRNA RHO+1844 and deletes bases 7-16 of gRNA RHO+1841. With no PAM
site, Cas9 should be unable to bind to RHO containing the minor allele of this SNP. The deletion of half

the binding site for RHO+1841 also makes it unlikely Cas9 will bind successfully.

CRISPR/Cas9 gene disruption is most successful when targeted to the coding region of DNA, allowing
it to disrupt the protein sequence. No gRNAs occur in a coding region as gRNA RHO+50 in exon 1 is
before the start codon, and the gRNAs in exon 5 are in the 3’ untranslated region. CRISPRi, on the
other hand, can theoretically reduce gene transcription when bound anywhere within the gene,
though is most successful when it binds near the TSS to block transcription initiation. The only gRNA

in the “ideal” CRISPRi region is RHO+50.

115



Table 5.3 SNP-targeting gRNAs in rhodopsin that were tested in vitro.

Red text indicates the SNP. The position is relative to the transcriptional start site of RHO.

0c0

0s0

6€°0

050

0s’0

81°0

9¢'0

9¢0

050620

050

Auso3Azoislay

jo Aupgeqoud

170 9 J<1 65190954
870 C o<V 8G9G95G8 ¢S
L0 8 o<V OTvesd

8¥°0 14 1<v FASSNS TAY
87°0 6 1<V £SSSS8ES]
oT0 € 1<5 89£089s4

T¢-6T S3seq yNu3

ST0 €1 £Y¥YS0007S!

pue Nvd o 2@

9T/
ST0 ST9 £Y¥YS0007S!
saseq .Q_/_W_m 1012

(T0 6 V<9 9€/697C54
L1°0 0T V<) 55657975
AV INIVd Woly dNS

uopeINW dNs al dnNs

dNS  jo @duelsig

1£0¢

wvor

01

8¥'S

'8

SvL

90'8

8E'1S

ITT

454"

21005

fousyy Awoypeds

L[8EL

SO'18

68/,

568

S8'EL

8/°/8

vSvL

€S°08

18178

08°€9

21025

1955551

1995v9

1v9593

1vo5951

1vv599

1955519

1V95V1L

19VOVD

199911

1vv9S5D

NIvd

2099511VOVO1ID9OYOIVVYI

1VVIID119VVIID9VVOILIODD

OVYII95VVIIDDLIONIVIOIL

YVODOI1OVYIOOVOOVVOYD

J19VVYI2DVOOVYOVILOVYY

VVOO1122002991911VY1VID

1VOV2DII9101DVVOOVVOY

9999191VVIII1VIOIVVOVY

JLIVDO9VI9DLIDI99VIIID

VYO512I2DVII5VIVILIDOVYD

@iuanbas

puens

Guox3 009+
GuoX3  TE6S+
GuoX3 /TEGH

p Uonu|  ZSui+
b uonul  Lbvi+
zuonu| 8.7+
Tuonu| vp8T+
Tuonul  Ty8T+
T Uox3 Qs+

J=230woldd [/19-

uopisod

116



5.3.2 SaCas9 drives RHO disruption in HEK293-EGFP cells

Each RHO SNP in the HEK293-EGFP cell line was genotyped and found to be homozygous for the most
common variant in every case (Table 5.4). The gRNAs targeting these SNPs, along with RHO+2300 from
Chapter 4 (Figure 4.11) which will be called RHO_PTC for this chapter, were cloned into the all-in-one
SaCas9 plasmid and transfected into HEK293-EGFP cells. Indel rate was assessed by TIDE analysis for
most gRNAs. Unfortunately, SNPs rs200054443 and rs2410 are adjacent to highly repetitive nucleotide
regions that cannot be Sanger sequenced. This means gRNAs RHO+1841, RHO+1844, and RHO+5317
cannot be measured by TIDE analysis, and so instead the indels were assessed by subcloning (Figure
5.1). In this method, the region around the target site was PCR amplified and cloned into the pGEM-T
Easy Vector. The cloned plasmids were digested with an enzyme that cuts within the insert to
determine the orientation of the ligated insert. Based on this orientation, they were Sanger sequenced
with the primer that allows the sequencing reaction to pass through the predicted cut site before

encountering the unsequenceable region. Any indels present in the sequencing trace were noted.

TIDE analysis detected RHO disruption with all gRNAs, from 16.4 % with RHO+50 to 62.8 % with
RHO_PTC (Figure 5.2A). Subcloning analysis measured high and consistent disruption between 66.6 %

and 73.3 % (Figure 5.2B). These are all higher than the measured TIDE disruption using RHO_PTC,

Table 5.4 SNPs present in the HEK293-EGFP cell line

SNP ID Major allele  Minor allele gRNA HEK293-EGFP genotype
rs2625955 C A hRHO-677 C
rs2269736 G A hRHO+50 G
hRHO+1841

rs200054443 Ins Del Ins
hRHO+1844

rs6803468 G T hRHO+2781 G
hRHO+4447

rs2855557 A T A
hRHO+4452

rs2410 A G hRHO+5317 A
rs2855558 A G hRHO+5991 A
rs60645924 T C hRHO+6009 T
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which was selected as it had one of the highest predicted efficiencies in the entire RHO coding
sequence. To allow comparison between the two techniques, RHO+4447 was also measured by
subcloning analysis. TIDE analysis measured 30.2 % gene disruption with RHO+4447, but subcloning
measured 67.4 % gene disruption. This 37.4 % difference may be due to the indel detection limits of

TIDE analysis. By default, TIDE analysis searches for indels up to 10 bp long, but subcloning analysis

Cut
B Unsequenceable region gRNA site
w1 —a
h Analysis window -
C M13 rev (-29) D 17

GRRAG AT GA G 66 GRGGR G GRG G GEAEXEATESE GBY 6 BEFT G G GGAREGH G G GABTEEA GATEN A o GTEIT G o ¥ o GRY c YEEET

e Llinearisationpointand T.overhangs.
Figure 5.1 Workflow of subcloning analysis using gRNA RHO+5317 as an example.
A) Sequencing trace showing poly-T region that could not be sequenced. B) Diagram showing the region of
DNA for indel analysis between the predicted cut site and the unsequenceable region of DNA. C-D)
Sequencing primer used if the insert is cloned into the pGEM-T Easy Vector in the C) forward or D) reverse
orientation. E) Example of a diagnostic restriction digest with Styl. For and Rev indicate the expected bands if
the insert clones into the forward or reverse orientation, respectively. Well 1: Insert is in the reverse
direction, well 2: Insert is in the forward direction but has a 124 bp deletion causing the loss of the 224 bp
band, well 3: Insert is in the forward direction. F-H) Example of a sequencing trace with F) no indels, G) a 1
bp insertion, H) a 124 bp deletion. This is the sample from well 2 of E.
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revealed that indels over 10 bp long were responsible for an additional 29.3 % RHO disruption with

RHO+4447. These >10 bp indels were common across samples, accounting for 20.7-46.0 % of all edited

reads. The indel range of TIDE analysis can be increased to 50 bp but, surprisingly, when applied to

RHO+4447-treated samples this only increased the disruption by 0.1 %.

All DNA insertions of over 10 bp were analysed to identify their origin (Table 5.5). The insertions were

aligned to the SaCas9 plasmid, and if this was unsuccessful, it was aligned to the human genome using

BLAST (Basic Local Alignment Search Tool from NIH)*. All identified inserts came from the SaCas9

plasmid, with the largest being a 230 bp insertion of the SaCas9 coding sequence. Two of the inserts

>
g

62.8

=]
o
1

RHO disruption %
[ L=
T 9

o
|

A A ) ) ™ 2)

x x x x

gRNA

B [Jindel >10 bp

100 —

33.0

RHO disruption %

S

x

Figure 5.2 RHO disruption with different gRNAs.
A) TIDE analysis, n=6. B) Subcloning analysis, n=3.

Table 5.5 Insertions over 10 bp in length in RHO following SaCas9 disruption.

gRNA

hRHO+1841

hRHO+1844

hRHO+4447

hRHO+5317

Size of insert/bp
230
89
29
14
114
53
51
38
45

Insert description

SaCas9
ITR
Puromycinresistance gene
Unknown

Origin of replication
Origin of replication

ITR
Origin of replication

Unknown

[ Indel <10 bp

Insert origin

SaCas9 plasmid
SaCas9 plasmid
SaCas9 plasmid
Unknown
SaCas9 plasmid
SaCas9 plasmid
SaCas9 plasmid
SaCas9 plasmid

Unknown

119



could not be successfully aligned to either the SaCas9 plasmid or the human genome, so their origin

is unknown.

5.3.3 Allele-specificity of SNP-targeting RHO gRNAs

A luciferase assay was used to determine the allele-specificity of the SNP-targeting gRNAs (Figure
5.3A). The target sites for the SNPs were cloned into the PsiCheck2 plasmid between the SV40
promoter and the renilla luciferase gene that it regulates. PsiCheck2 also contains firefly luciferase
driven by the HSV-TK promoter. The gRNAs were cloned into the dSaCas9.KRAB plasmid and the two
plasmids co-transfected into HEK293T cells. If the gRNA successfully bound to the target,
dSaCas9.KRAB reduced transcription of renilla luciferase relative to firefly luciferase. The assay was
initially tested with both dSaCas9 and dSaCas9.KRAB using EGFP-targeting gRNA F11, which has been
previously validated in house. dSaCas9.F11 and dSaCas9.KRAB.F11 reduced renilla expression by 17.8
% and 47.9 % relative to dSaCas9.scram, respectively (p=0.0157 and p=0.0001, respectively)(Figure

5.3B). Therefore, dSaCas9.KRAB was used in the subsequent experiment.

Initially, each dSaCas9.KRAB plasmid (containing each of the different gRNAs) was co-transfected with
an unmodified PsiCheck2 plasmid. The normalised renilla expression did not vary with dSaCas9.KRAB
plasmid, confirming that the different dSaCas9.KRAB plasmids had no impact on renilla or firefly
expression from the PsiCheck2 plasmid (Figure 5.3D). Unfortunately, RHO+4447_A could not be

included in the analysis due to an experimental error.

To assess the allele-specificity of the gRNAs, the dSaCas9.KRAB plasmids were co-transfected with the
PsiCheck2 plasmid containing the target SNP of the gRNA or the non-target version of the SNP. If a
gRNA was allele-specific it would reduce the normalised renilla expression when co-transfected with

its target SNP but not its non-target SNP (Figure 5.3A).

All tested gRNAs had normalised renilla expression that was comparable to, or lower than, their
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corresponding scrambled control; no gRNAs had an increased renilla expression, indicating the assay
is producing relevant data (Figure 5.3E). 14 of the 19 tested gRNAs significantly knocked down their
target SNPs. 7 of these were previously screened by TIDE analysis in the HEK293-EGFP cells using
equivalent SaCas9 constructs (Figure 5.2). There was poor correlation between the measured CRISPR
activity between the techniques (Figure 5.3C, R? = 0.04140), and interestingly gRNAs RHO+50_G and
RHO+6009_T measured no knock down with the luciferase assay but significant CRISPR/Cas9-driven
RHO disruption in HEK293-EGFP cells. For RHO+50_G it is possible that poor gRNA:DNA binding
prevented detectable knock down in the luciferase assay, as only 16.4 % RHO disruption was measured
by TIDE analysis. RHO+6009_T however, produced 33.0 % RHO-disruption by TIDE analysis, indicating
that the binding efficiency is moderate in a genomic context. As well as having no detected knock
down of its target SNP, RHO+6009_T knocked down its non-target SNP (PsiCheck2RHO+6009_C) by
38.8 % (p<0.0001). This result was unexpected as a site with 100 % homology is anticipated to have
greater gRNA:DNA binding than a site with a mismatch 6 bp from the PAM site. The dSaCas9.KRAB
and PsiCheck2 plasmid dilutions used for transfection were sent for sequencing which confirmed there

had not been a mix up in the plasmids.

Of the 14 gRNAs with significant target SNP knock down, 9 of these were specific, with no knock down
of their non-target SNP. These included gRNAs RHO+1841_ins, RHO+1844_ins, RHO+2781_G/T and
RHO+5991_A, which were identified as strong candidates for allele-specificity due to the location of
the SNP within the gRNA binding region. The other specific gRNAs were RHO+4447_A, RHO+4452 T,
and RHO_5317_A/G with SNPs 9, 14, and 8 bp from the PAM site, respectively. Interestingly, specificity
was not always consistent between gRNAs targeting different versions of the same SNP: for example,
gRNA RHO+4447 A was allele-specific but gRNA RHO+4447_T knocked down both the target and non-

target SNP.

The most therapeutically useful strategy involves identification of multiple SNPs, both versions of

which can be targeted in an allele-specific manner. Provided a patient was heterozygous for a given
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Figure 5.3 Luciferase assay testing allele-specificity of SNP-targeting RHO gRNASs.
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A) Dual transfection of dSaCas9.KRAB and luciferase reporter plasmids to assay allele-specificity. gRNA
targeting SNP A is tested against the luciferase assay carrying the corresponding target SNP A and the
alternative target SNP B. B) Luciferase assay knock down is greater when transfected with the dSaCas9.KRAB
plasmid (+KRAB) than the dSaCas9 plasmid (-KRAB), n=3. One-way ANOVA with multiple comparisons
comparing the means of normalised renilla expression. F(2,6)=55.07, p=0.0001. Scram vs F11-KRAB p=0.0157,
Scram vs F11+KRAB p=0.0001, F11-KRAB vs F11+KRAB p=0.0017 C) Correlation between gene knock down
measured by the luciferase assay and gene disruption measured by TIDE analysis. Line indicates linear
regression. D) Co-transfection of unmodified PsiCheck2 plasmid with each dSaCas9.KRAB plasmid. One-way
ANOVA compared the normalised renilla expression between plasmids. F(17, 34)=1.873 p=0.0586 (not
significant). E) Measuring knock down with different combinations of gRNA and target sequence. Two-way
ANOVA with factors of PsiCheck2 plasmid and gRNA were conducted with multiple comparisons comparing
normalised renilla expression between test gRNA and scrambled gRNA, n = 5. Effect of PsiCheck2 plasmid F(37,
148)=66.44 p<0.0001, effect of gRNA F(1, 4)=148.6 p=0.0003, effect of interaction F(37, 148) p<0.0001.
Significant multiple comparison results are detailed in Table 5.6. gRNAs outlined in bold indicate the most
promising target sites. These loci can be targeted allele-specifically regardless of which SNP is present.

Table 5.6 Significant One-way ANOVA multiple comparison results of the luciferase assay experiment in Figure
5.3E.

gRNA PsiCheck2 plasmid p value
RHO-677 C RHO-677 C <0.0001
RHO-677 C RHO-677 A <0.0001
RHO-677_A RHO-677_A 0.0161
RHO-677 A RHO-677 C <0.0001
RHO+1841 ins RHO+1841 ins <0.0001
RHO+1844 ins RHO+1844 ins 0.0053
RHO+2781 G RHO+2781 G 0.0134
RHO+2781 T RHO+2781 T <0.0001
RHO+4447 A RHO+4447 A 0.0202
RHO+4447 T RHO+4447 T <0.0001
RHO+4447 T RHO+4447 A 0.0011
RHO+4452 A RHO+4452 A 0.0003
RHO+4452 A RHO+4452 T 0.0038
RHO+4452 T RHO+4452 T 0.0002
RHO+5317 A RHO+5317 A <0.0001
RHO+5317 G RHO+5317 G <0.0001
RHO+5991 A RHO+5991 A 0.0398
RHO+5991 G RHO+5991 G 0.0262
RHO+5991 G RHO+5991 A 0.0025
RHO+6009 T RHO+6009 C <0.0001
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SNP, the mutant RHO could then be targeted regardless of which SNP was present on the mutant
strand. Out of the 10 possible gRNAs, RHO+2781 and RHO+5317 fulfil this requirement as both SNP
variants at rs6803468 and rs2410 can be targeted allele-specifically, with gene knock down ranging

from 43.1 % to 65.8 % (Figure 5.3E, columns outlined in bold).

5.3.4 Transfection of CRX and Nrl transcription factors into Y79 and HEK293T cells does not induce
significant endogenous RHO expression
To measure the impact of these RHO-targeting gRNAs at a protein level, a cell line expressing the full-
length RHO gene from its native regulatory elements is required. There is conflicting information on
the RHO-expression in Y79 cells, with no expression, or low-level expression reported*?”**®, In Chapter
3, areporter construct containing a human RHO promoter was unable to drive expression of DsRed in
transfected Y79 cells. Transfection of Y79 cells with the transcription factor CRX has previously been
shown to activate endogenous RHO™®. Y79s have a low transfection efficiency so the transfection
protocol was first optimised with the CAG.DsRed plasmid (see Chapter 3). Reverse transfection had
greater efficiency than forward transfection, with more DsRed-positive cells (Figure 5.4A). Four
different transfection reagents were reverse transfected at a range of doses (Figure 5.4B). Viafect
(Promega) had the greatest level of transfection, with DsRed transgene expression increasing with
transfection reagent dose. Even at the highest transfection efficiency, the transfection rate is still
lower than other immortalised cell lines such as HEK293-derived lines. A dose of 6 pl Viafect per ug of

DNA was selected for subsequent experiments.

Y79 cells were reverse transfected with a ubiquitously expressing CRX plasmid (CMV.CRX) at a range
of doses. The cells natively express CRX and transfection with CRX plasmid did not increase their levels
of CRX protein, or the level of RHO expression, which remained extremely low (Figure 5.5A-B).
Rhodopsin protein was undetectable by western blot across all doses (Figure 5.5B). The cells were

then transfected with CMV.CRX and/or hRHOp.RHO (RHO expression driven by the RHO promoter)
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Figure 5.4 Optimising transfection of Y79 cells with CAG.DsRed.

A) Forward and reverse transfection of Y79 cells. B) Four different transfection reagents tested at different
volumes using reverse transfection. ul indicates the amount of transfection reagent added, ug indicates the
amount of DNA added. Scale bar is 250 um.
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Figure 5.5 Transfecting Y79 cells with CMV.CRX does not induce significant RHO expression.

A-B) Y79 cells reverse transfected with a range of CMV.CRX plasmid doses from 0 to 1500 ng detected no
increase in RHO expression. A) gPCR measuring RHO expression normalised to human beta-actin. n=2. One-
way ANOVA F(6, 7)=0.8753 p=0.5565. B) Western blots staining for vinculin (135 kDa), CRX (37 kDa), and RHO
(40 kDa). C-E) Y79 cells transfected with CMV.CRX (CRX), hRHOp.RHO (RHO), CMV.CRX & hRHOp.RHO,
CAG.DsRed or untransfected (Untr) and harvested at day 2, day 5, or day 10 post-transfection produced no
dectable increase in RHO expression. C) Microscopy images of CAG.DsRed-transfected cells at harvesting. Scale
bar is 250 um. D) gPCR measuring RHO expression normalised to human beta-actin in the samples harvested
10 days post-transfection. One-way ANOVA with multiple comparisons compared the means to that of Untr.
F(3, 4)=4.231, p=0.0986 E) Western blot staining for vinculin (135 kDa) and RHO (40 kDa).
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and harvested at 2 days (as before), 5 days, and 10 days post-transfection. The impact of prolonged
culture on transgene expression was assessed with the ubiquitously expressing CAG.DsRed plasmid,
which showed comparable levels of DsRed expression on all three days (Figure 5.5C). Rhodopsin
protein could not be detected under any of these conditions (Figure 5.5E) and there was no increase

in RHO mRNA levels on day 10 post-transfection (Figure 5.5D).

RHO expression has been previously induced in HEK293T cells following transgenic expression of CRX
and Nrl**’. CMV.CRX and CMV.NRL plasmids were transfected into HEK293T cells, both individually
and simultaneously, at 6 doses from 100 ng to 1500 ng. A dose-dependent increase in expression of
CRX and Nrl protein was observed (Figure 5.6B). Unfortunately, no significant expression of RHO could
be seen at an mRNA or protein level (Figure 5.6A-B). As with the Y79 cells, the time post-transfection
was increased to 2, 5, and 10 days to see if this impacted expression. Again, no RHO expression was
induced at an mRNA level at 10 days post-transfection or a protein level at any time point (Figure 5.6D-
E). Prolonged culture times was associated with a reduction in Nrl protein (Figure 5.6E). Due to low
protein yield, a western blot for CRX could not be conducted on these samples but it is possible that

the prolonged culture times tested are not beneficial for transgene expression in this cell line.

CRX- and Nrl-mediated activation of RHO in HEK293T cells was previously only detected using reporter
plasmids, and the impact on endogenous RHO was not investigated'®’'%8, Activation of RHO may
therefore be possible on an introduced plasmid. To investigate this, HEK293T cells were transfected
with hRHOp.DsRed (DsRed driven by the human RHO promoter, see Chapter 3) and hRHOp.RHO (RHO
driven by the human RHO promoter). hRHOp.DsRed alone did not express DsRed but when co-
transfected with CRX and NRL plasmids the HEK293T cells expressed low levels of DsRed that were
detectable with longer imaging exposure times (Figure 5.6C). Transfection of hRHOp.RHO did not
produce detectable RHO mRNA or protein either alone or when co-transfected with CRX and NRL

plasmids (Figure 5.6D-E).
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Figure 5.6 Transfecting HEK293T cells with CMV.CRX (CRX) and CMV.Nrl (NRL) drives low levels of expression
from the hRHO promoter.

A-B) Cells transfected with a range of CRX and NRL plasmid doses, separately and combined, from 0 ng to
1500 ng detected no RHO expression. A) gPCR measuring RHO expression normalised to human beta-actin,
n=2. One-way ANOVA with multiple comparisons comparing all sample means to the untransfected control.
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F(18, 14)=2.158, p=0.0747. B) Western blots staining for vinculin (135 kDa), CRX (37 kDa), RHO (40 kDa), and
Nrl (33 kDa). The triangle above the well indicates transfection with CRX or Nrl with increasing dose from left
to right. C-E) Cells were transfected with CRX, NRL, hRHOp.RHO (RHO), hRHOp.DsRed, or untransfected (Untr),
and harvested at 2, 5, and 10 days post-transfection. Scale bar is 150 um. C) DsRed expression is visible
following co-transfection of CMV.CRX, CMV.Nrl, and hRHOp.DsRed. Cells were imaged 10 days post-
transfection with a long and short DsRed exposure time. D) gPCR measuring RHO expression normalised to
human beta-actin in samples harvested 10 days post-transfection did not detect an increase in expression.
One-way ANOVA with multiple comparison comparing the means to Untr. F(3, 4)=4.231, p=0.0986. E) Western
blot staining for vinculin (135 kDa), RHO (40 kDa), and Nrl (33 kDa) detected no RHO protein in any condition.
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5.4 Discussion

5.4.1 Selection of SNPs

CRISPR gene therapy targeted to a RHO SNP could allow mutation-independent yet allele-specific
treatment of adRP. In order to create a strategy that could target a large number of patients, SNPs
were selected if they were relatively common, with a global MAF of over 0.1 (and could be targeted
with SaCas9). Seven SNPs and one deletion were identified. As SNPs are highly variable with human
population, the MAFs were taken from the 1000 genomes project, as this large-scale study sequenced
2504 genomes across 26 distinct human populations. Subsequent analysis on the data has determined
that it is highly accurate for variants with an MAF of over 0.01, but unfortunately some groups,
including Middle-Eastern populations, were absent from this study and are therefore not represented

in this data'®®2%2,

The variable distribution of SNPs means that some targets have greater clinical application in particular
human populations. One of the allele-specific gRNAs identified in this chapter targets SNP rs6803468,
which has a relatively low global MAF of 0.10 (17.8 % chance of heterozygosity). In African populations,
however the MAF is 0.21, giving a 33.2 % chance that a given individual will be heterozygous for this
mutation (ALFA Allele Frequency Aggregator accessed 10/02/2021). The frequency of pathogenic
mutations also varies with population due to founder effects. This means it is possible that certain
pathogenic mutations and SNPs will be linked by haplotypel?®-3 which will influence the chances that

an individual is heterozygous, and therefore targetable with a given gRNA.

RHO MAFs were taken from a dataset of unaffected individuals and as the SNPs investigated in this
chapter are common in the global population, they are not expected to be linked to adRP3. The variant
frequencies in this unaffected population are therefore expected to be approximately representative
of adRP individuals. Founder mutations are likely to influence the SNP distribution however, and so

SNP frequencies should be confirmed in the target patient population in the future.
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The HEK293-EGFP cell line was found to be homozygous for all 7 SNPs and 1 deletion examined. This
was unexpected, but is potentially influenced by two factors. The HEK293 cell line originated from
embryonic kidney cells harvested from a female foetus. Little is known about the origins of the foetus,
including the ethnicity; it is possible that it is from a human population in which the SNPs occur at low
rates!’?, The HEK293-EGFP cell line was karyotyped in Chapter 4 and found to be highly re-arranged
and heterogeneous. Chromosome 3, which contains the RHO gene had a chromosome number
between 2 and 5 copies per cell. It is possible that heterozygous SNPs could be diluted out of the

detection limit of Sanger sequencing following replication of one of the chromosomes!72174-176,

This SNP-targeting strategy relies on knowing the pathogenic RHO mutation of an adRP patient to
determine the target allele. For common mutations such as P23H this would be straightforward but
there are many rare RHO mutations which are not as well-studied. Non-pathogenic SNPs have
previously been mischaracterized as adRP-causing mutations, which could lead to the treatment of
the incorrect allele in this strategy®3. As well as treating adRP, this strategy may be able to treat some
recessive retinitis pigmentosa cases. RHO mutations E150K and M253I are believed to be mild gain-
of-function mutations that are only pathogenic when present on both alleles®33. Targeting a
heterozygous SNP on either allele could potentially slow disease progression in these patients, as a

single copy of these mutations are not pathogenic.

5.4.2 Measuring on-target activity

TIDE analysis and subcloning analysis were used to measure the on-target gene disruption of each
RHO gRNA with CRISPR/Cas9. Subcloning produced a higher estimation of gene disruption than TIDE
analysis. TIDE is known to report common indels accurately, with estimations comparable to those
achieved with next-generation sequencing. However, indels with a frequency of under 1-2 % are below
the limit of detection, which causes TIDE to underestimate the overall editing rate by approximately

10-20 %. TIDE is particularly poor at estimating the presence of indels over 10 bp long, which made up
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20.7-46.0 % of edited RHO reads according to the subcloning analysis conducted in this chapter. This
underestimation was not improved by increasing the indel detection range from 10 bp to 50 bp in the
software, suggesting this is the limitation of TIDE sensitivity. While subcloning allowed detection of all
indels, it may potentially be biased against insertion events as the PCR and ligation processes are more

efficient with smaller fragments18%-203-205,

Subcloning analysis is significantly more expensive and time-consuming than TIDE analysis: it relies on
over 20 sequencing reactions per replicate and takes 3 days, whereas TIDE uses one sequencing
reaction per replicate and can be completed within a single day. The main advantage of subcloning
analysis is it reveals the sequence of inserted DNA fragments. Large insertions into the cut site in this
experiment originated from the CRISPR plasmid, with integrations of the SaCas9 coding sequence, the
ITR, the bacterial origin of replication, and the puromycin resistance gene. These made up 4.12 % of
all edited reads. Integration of AAV genomes into CRISPR cut sites is well documented, with in vitro
rates estimated between 13.8-36.5 % in one study?®2%. In AAV, this integration is thought to be
dependent upon ITR loops but these secondary structures are absent from plasmids carrying ITR
sequences and the majority (5 out of 7) of the integration events did not involve the ITRs. To the
author’s knowledge, integration analysis of plasmid DNA into the cut site following CRISPR treatment

has not been previously investigated.

Contrary to the results in this chapter, Giannelli et al. (2018) found comparable rates of editing with
subcloning and TIDE analysis targeting Rho. They transduced both wild type, and Rho-P23H knock in
mouse embryonic fibroblast cells with a lentivirus carrying SpCas9-VQR and a P23H-targeting gRNA.
In the wild type cell line, they detected 6 % editing with TIDE analysis and no editing by subcloning,

while in the P23H cell line they detected 65 % and 66 % editing by TIDE and subcloning, respectively*'.

CRISPRi repression measured with the luciferase assay correlated poorly with endogenous
CRISPR/Cas9 disruption measured by TIDE analysis. While the luciferase assay is a more direct measure

of dCas9 binding to the target site, TIDE is influenced by additional factors, such as the gene
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accessibility, the SaCas9 cleavage rate after binding, and the error-rate of the NHEJ repair pathway!’®.

5.4.3 Allele-specificity of gRNAs

Allele-specificity of the gRNAs was assessed using a luciferase reporter assay. In the initial optimisation
of this assay, dSaCas9.KRAB improved the repression seen with dSaCas9 alone. This effect has been
seen previously, with reporter plasmid knock down used to compare different CRISPRi repressors®3.
As the KRAB plasmid alters the histone state of the gene, this suggests the transfected plasmids are

interacting with histone molecules, which was previously proposed by Mladenova et al. in 20092%,

The tolerance of Cas9 for mismatches between the gRNA and DNA target are known to be variable
with position and nucleotide change of the mismatch. Broadly speaking, the closer to the PAM site
the mismatch is, the less it will be tolerated®*’>77®, Based on this, seven promising gRNA candidates
were identified which either had a SNP 2-3 bp from the PAM or included a large deletion of the gRNA
binding region or PAM site. Of these seven gRNAs, five were allele-specific. An additional four gRNAs
were allele-specific with mismatches 8 bp, 9 bp, and 14 bp from the PAM site. In 2013, a screen was
conducted to identify which gRNA:DNA mismatches were tolerated’. Unfortunately, this was
conducted with SpCas9 and the results do not appear to translate to SaCas9 well: in this experiment

they do not explain the specificity of the gRNA:DNA mismatch combinations (Figure 5.7).

Out of ten gRNAs initially screened, two were able to drive allele-specific targeting for both SNP
variants. These screens used both the native SaCas9 coding sequence, and gRNAs 21 bp long, which
have been shown to be the most optimal for SaCas9, producing the greatest knock down'”®. Some
studies have demonstrated that reducing the gRNA length for the Streptococcus pyogenes CRISPR
system from 20 bp to 17 bp was associated with a decreased tolerance for mismatches’®. Li et al (2018)
targeted RHO in the mouse retina using SpCas9 and a gRNA that spanned the P23H mutation in Rho*.
The P23H mutation caused a single nucleotide mismatch between the gRNA and wild type strand, four

bases from the PAM site. A 20 bp gRNA was unable to discriminate between the strands, knocking
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down both wild type and mutant Rho. When the gRNA was truncated to 17 bp in length, it drove 28
% Rho cleavage in homozygous P23H knock in mice and no editing in wild type mice. It is possible that
truncating the SaCas9 gRNA may also improve specificity but in the initial study optimising SaCas9

gRNA length, lengths of 17 bp were associated with near-complete ablation of editing’°.

In the luciferase assay, gRNA RHO+6009_T produced an unexpected result: it was unable to knock
down its target SNP but repressed its non-target SNP by 67.0 %. This was particularly surprising as it
caused 33.0 % CRISPR/Cas9 mediated disruption of its target SNP in endogenous RHO. All other gRNAs
with CRISPR/Cas9 gene disruption of over 20 % were able to drive significant gene repression with the
luciferase assay. Plasmid sequencing confirmed there was no mix up in plasmids during transfection.
A screen with unmodified luciferase plasmids confirmed that the gRNA RHO+6009_T plasmid does not
influence baseline luciferase expression. This suggests the issue could be with the luciferase
RHO+6009_T plasmid. This plasmid could not be repressed using either the gRNA RHO+6009_T or

RHO+6009_C. It is possible that secondary structure in the luciferase plasmid prevents gRNA or Cas9
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Figure 5.7 gRNA specificity in this chapter is not explained by the gRNA:DNA mismatch rules identified by Hsu
etal. (2013).

Heat map taken from Hsu et al (2013)7* describes the relative SpCas9 cleavage efficiency for each gRNA:DNA
mismatch at 15 screened targets. A whiter square indicates less editing and therefore a less tolerated
mismatch. Outlines are drawn around the gRNA mismatches tested in Chapter 5. There is no obvious difference
in the SpCas9 cleavage efficiency for the gRNAs identified in this chapter as being allele-specific (green outline)
or not allele-specific (red outline).
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binding but this was not investigated.

5.4.4 Therapeutic application of target sites

Both variants of SNPs rs6803468 and rs2410 can be targeted allele-specifically. All 4 gRNAs drove
strong CRISPR/Cas9 gene disruption and CRISPRi but the subsequent impact on rhodopsin protein
levels was not assessed, as rhodopsin is not natively expressed in the Y79 and HEK293T cell
lines'?/1%6.209  Attempts were made to activate expression of RHO in these cell lines by transfecting
them with CRX and Nrl, transcription factors required for rod cell development. CRX is a transcription
factor involved in the expression of photoreceptor specific genes. It is expressed in a range of retinal
tissue so the endogenous expression of CRX in Y79 cells was expected?!3>-137.1%_CRX activation of RHO
in Y79 cells has been confirmed via multiple mechanisms: expression of a luciferase plasmid driven by
the human RHO promoter, induction of active chromosome loops on the RHO gene indicating
transcriptional activation, and presence of endogenous RHO mRNAX®210211 Experiments in this
chapter were unable to replicate these results, with no RHO mRNA or protein detected. Peng et al.
(2007), reported 30-50 % transfection efficiency of Y79 cells, much higher than the efficiencies
achieved in this experiment which could be a limiting factor!®®. The Y79 cell line used here was found
to be sensitive to changes in handling, with plate type, transfection protocol, and time since passaging
all influencing their transfection rate. It is also possible that the western blot protocol was not
optimised for detection of RHO protein as RHO was undetectable throughout experimental conditions

and there was no positive control.

Endogenous activation of RHO has not been reported in HEK293T cells, but activation of a luciferase
reporter plasmid driven by a bovine proximal RHO promoter has been reported®”**8, Transfection of
HEK293Ts with CRX and NRL in this chapter was able to drive a hRHOp reporter construct at low levels
but again, this was not sufficient to detect RHO mRNA or protein. The promoters present on these

reporter constructs are the proximal RHO promoters, beginning at position -225 and -796 relative to
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the transcriptional start site of bovine and human RHO, respectively?!2. The human RHO gene has an
enhancer at -2155 to -2027 that is absent from these proximal promoters, and may be preventing
activation of genomic RHO. The octamer-binding protein NonO/p54™ binds to the RHO enhancer in

the presence of CRX and Nrl and significantly increases RHO expression?3

. While NonO is expressed
in all adult tissue, retinal cells express a unique, alternatively spliced form of NonO%'4, It is possible this
isoformis absent in the transfected HEK293T cell line, preventing strong transcription of genomic RHO.
Validation of these RHO target sites will require a cell line expressing RHO, preferably in the native
genomic context. Creating transgenic lines of Y79 or HEK293T cells with strong CRX or NRL expression

may be sufficient to activate endogenous RHO levels and avoid the issue of low transfection

efficiencies.

SNP rs6803468 is in intron 2, and SNP rs2410 is after the stop codon in exon 5. Indels at these sites
are unlikely to impact rhodopsin protein levels as they are outside the coding sequence. Small indels
in introns are usually lost from the mRNA sequence during splicing, and indels in the final exon do not
trigger the nonsense-mediated mRNA decay pathway*®. dSaCas9.KRAB binding at these sites,
however, may block transcriptional elongation and reduce the level of RHO mRNA and protein that is
produced. Although the sites are outside the ideal CRISPRi region, repression at sites distal from the
transcriptional start site is possible®®°%6263 Notably, Chung et al. (2019) targeted a site in Fabp4 over
2600 bp downstream of the transcriptional start site and achieved 60 % gene silencing in vitro®. RHO
has a high number of gain-of-function mutations and few loss-of-function mutations, suggesting that
mutations in RHO are likely to negatively affect protein function®. As sites of variability, SNPs only
become common in a population if they are not associated with a damaging phenotype. This may

explain why there were no common SNPs (MAF over 0.1) in the RHO coding sequence.

The gRNAs tested in this chapter used the most efficient PAM site for SaCas9, NNGRRT. SaCas9 has
exhibited some flexibility of the final base of its PAM site; PAM NNGRRN can be used but is associated

with lower levels of editing®. Screening with this PAM site dramatically increases the number of gRNAs
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targeting RHO, some of which have predicted efficiencies rivalling NNGRRT PAM sites. The most ideally
placed SNPs were rs2269736 and rs7984, which are both in exon 1 at +50 and +73 relative to the
transcriptional start site, respectively. With the NNGRRT PAM, one gRNA (hRHO+50) targeted
rs2269736 but had low in vitro editing, and there were no gRNAs available to target rs7984. With the
NNGRRN PAM site, there are an additional five gRNAs capable of targeting rs2269736 and two gRNAs

targeting rs7984.

The SNPs explored in this chapter are present in the RHO gene or promoter (up to 1500 bp upstream
of the transcriptional start site). CRISPRi is most effective when blocking regulatory regions of the
gene. RHO has an enhancer region at -2155 to -2027 relative to the transcriptional start site. Screening
this site identified one “common” SNP in this region with an MAF of 0.13 (rs58508862). This SNP was
targetable with one NNGRRT gRNA and four NNGRRN gRNAs, which could be explored for CRISPRi

repression of RHO in the future.

5.4.5 Conclusion

This chapter used bioinformatics screens to identify SaCas9 gRNAs in RHO that targeted non-
pathogenic SNPs. In vitro analysis demonstrated high levels of CRISPR/Cas9 gene disruption and
CRISPRi gene repression. Using a luciferase assay, two promising gRNAs were identified which drove
allele-specific repression of RHO when targeting both the major and minor SNP variant. The impact of
indels or dSaCas9.KRAB binding on the level of RHO protein at these sites needs to be investigated to
determine whether they have potential therapeutic benefit to treat adRP patients. Utilising a wider
NNGRRN PAM requirement of SaCas9, and targeting distal enhancer elements will increase the
available gRNAs in regions likely to drive strong gene knock down. The distribution of any chosen SNPs

would need to be compared to the adRP population to confirm similarity with global frequencies.
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6 CRISPR/Cas9 gene disruption of rod cell-specific EGFP in

Vivo

6.1 Introduction

In vivo assessment of AAV vectors is a crucial step in the development of gene therapies to treat retinal
diseases. While in vitro experiments allow optimisation of the construct — in this thesis in vitro
assessment optimised construct configuration and screened gRNAs — in vivo studies provide the
opportunity to study the therapy within the context of the target organ and a living organism. Mouse
eyes have key structural differences compared to human eyes?'>2!¢, They do not have a fovea, and
instead their cone cells are distributed throughout the retina. Their optic disc is also located centrally.
Despite this, mice remain a useful model, with murine retinal layers broadly mimicking human retinal
layers. In vivo experiments also allow issues such as delivery methods and immune reactions to be

investigated.

The Nrl-EGFP mouse contains three copies of a transgene in which EGFP is driven by a 2.5 kB Nrl
promoter!?!, As Nrlis rod cell-specific, EGFP is expressed exclusively in the rod cells of these mice from
embryonic day 12. Knocking down EGFP in this mouse line acts as a proof of concept for targeting rod
cell-specific genes, such as RHO. This mouse line has been used for previous CRISPR adRP research, in
which protocols and constructs were first optimised targeting EGFP before disrupting the clinically

relevant gene Nrf*°.

In this chapter, the 154 bp rod cell-specific hPDE6B promoter identified in Chapter 3 will be used to
drive expression of SaCas9 or dSaCas9.KRAB in a single AAV gene therapy construct. The EGFP-
targeting gRNA F10 identified in Chapter 4 is able to drive EGFP knock down in vitro using both
CRISPR/Cas9 and CRISPRIi, and will be used to target EGFP in the Nrl-EGFP mice. Following subretinal

injection of the CRISPR/Cas9 or CRISPRi AAV, EGFP knock down will be measured with TIDE analysis,
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gPCR, and mean grey value of fluorescence confocal scanning laser ophthalmoscopy (cSLO) images.
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6.2 Materials and methods

6.2.1 Cloning hPDE6Bp.SaCas9 and hPDE6Bp.dSaCas9.KRAB plasmids

The general details of molecular cloning are given in 2.1.10. Cloning of gRNAs into the plasmids are
detailed in 2.1.11. The short version of hPDE6Bp (shorthPDE6Bp, described in Chapter 3) was PCR
amplified from HEK293-EGFP DNA using KOD polymerase. To ensure the sequence between the ITR
and the start of the promoter is the same in this plasmid as in the SaCas9 plasmids validated in Chapter
4, the forward primer contains a 19 bp overhang consisting of an Xbal overhang and a 12 bp sequence
of the region between the ITR and CMV promoter in SaCas9. The reverse primer contains a Nco/
restriction site on the 5’ overhang. Primer sequences are given in Appendix 9.1.1. The PCR product
was run through a PCR purification kit (QIAGEN) and sent for Sanger sequencing. The SaCas9 and
dSaCas9.KRAB plasmids contain the CMV promoter flanked by a Nco/ and Xbal restriction site. The
plasmids and the hPDE6Bp PCR product were digested with Nco/ and Xbal. The plasmid products were
run on an agarose gel and the backbone (not containing the CMV promoter) was gel extracted

(QIAGEN). The backbone and digested hPDE6Bp were then ligated together.

6.2.2 AAV production
The production and SDS PAGE of AAV are detailed in 2.3.1 and 2.3.2, respectively. The details of the

AAV capsids and contents are detailed in Table 2.6.

6.2.3 Cell line transfection and transduction
The general protocols for cell maintenance, transfection, and transduction are given in sections 2.2.1,
2.2.5, and 2.2.6, respectively. The specific seeding densities and plasmid transfection quantities used

in this chapter are given in Table 6.1.
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6.2.4 Subretinal injections

The subretinal injections were conducted as described in 2.4.2. Nrl-EGFP mice were injected at 5-6
weeks old with 1.5 pl of diluted virus. The AAV conditions were split as evenly as possible between
male and female mice and within litters to control for inter-mouse variables. In the pilot experiment
and the dose response experiment, one eye was injected with an F10 construct and the other eye was
injected with its corresponding scram control. Statistical analyses were done as paired analyses,
comparing the knock down or gene expression between the left and right eye (and therefore between
gRNAs F10 and scram) of each mouse. In mice with only one acceptable injection, that eye was used
for sectioning and IHC analysis. Any eyes with subretinal bleeding, AAV reflux, or moderate bleeding

elsewhere (such as epiretinally), were excluded from analysis.

6.2.5 Retinal imaging with cSLO and OCT

The mice were anaesthetised as described in 2.4.1. 1 % Tropicamide and 2.5 % phenylephrine
hydrochloride were applied to the eyes as drops in succession to dilute the pupils, and they were left
on for 3 min each. The required eye was treated with a drop of 0.3 % hypromellose solution and a
contact lens (3.2 mm diameter, 1.7 mm back optic zone radius, 0.4 mm central thickness and plano
refractive power) was applied. The other eye was treated with a carbomer gel to prevent corneal
drying. The mouse was placed on a custom platform on the chin rest of the Spectralis ophthalmic
imaging platform (Heidelberg Engineering, 55° camera lens) and angled to ensure the pupil aligned
with the camera. The automatic real-time functionality was used when acquiring images. This function

takes and collates multiple images while tracking the eye, creating an average composite to

Table 6.1 Details of cell transduction experiments conducted in Chapter 6.

Plasmid copy Viral particles
Figure Cell line Seeding density
number transfected transduced
Figure 6.2 HEK293T 5x10° cells/well (12 well plate) 1.05x10 N/A
Figure 6.3B Y79 1.375x10° cells/well (96 well plate) N/A 2.75x10°
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compensate for any movement, such as those caused by the mouse breathing. The camera was
focused on the retina, setting the focal depth at the point with the highest near infrared reflectance
(believed to indicate the retinal pigment epithelial layer is in focus). The angle was adjusted to ensure
the infrared reflectance brightness was consistent across the retina, indicating the camera is viewing
the retina centrally. Images were captured using the near-infrared reflectance channel, the blue auto
fluorescence channel, and the indocyanine green angiography channel for 790 nm autofluorescence.
The blue auto fluorescence channels images EGFP expression using a 486 nm blue diode excitation
laser and a 500 nm barrier filter, and the indocyanine green angiography channel uses a 790 nm diode
laser. The images were taken at a range of brightness settings to ensure the same setting could be
used consistently between samples without having image overexposure. The indocyanine green
angiography channel was set to the highest exposure. OCT images were taken across the width of the

retina at eight equally spaced radially oriented scans centred on the optic disc.

6.2.6 Mean grey value of cSLO images

To quantify EGFP expression in the retina, the mean grey value of the blue auto fluorescence channel
image was calculated in the superior of the retina and the inferior of the retina. The image was opened
in Imagel and a macro was run which was developed within the research group. Firstly, the images
are processed with a Gaussian blur to smooth the pixels, then a superior and inferior region of interest
are selected which are semi-circle shapes avoiding the optic nerve (Figure 6.1). Then the mean grey
value of the regions of interest are calculated. The macro is given in Appendix 9.8, and was provided

by Dr Lewis Fry, a fellow DPhil student member of my research group.

6.2.7 Calculating photoreceptor layer thickness using OCT images
The photoreceptor layer thickness was measured using the callipers in the Spectralis software. The

photoreceptor layer was measured from the top of the outer plexiform layer to the bottom of the
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outer photoreceptor segment layer (Figure 6.8B-C). The photoreceptor layer thickness was measured
2500 um from the optic nerve both superiorly and inferiorly. For each eye, three scans were measured:

the scan that passes through the site of the subretinal injection bleb, and the scan either side of this.

6.2.8 Retinal sectioning

Where unspecified, retinas were harvested and fixed for sectioning as described in 2.4.3 and 2.5.1,
respectively. In the “5 min fixation” samples, the incubation in 4 % formaldehyde was reduced from
30 min to 4 min. This 4 % formaldehyde step was skipped when the samples were required unfixed. If
the samples were treated with superglue, the eyes were placed on a petri dish with the lens facing
down. A pipette tip was used to transfer 2 ul superglue to the sclera and to spread it evenly. It was

left for 2 min to dry then dissected as usual?’.

6.2.9 Immunohistochemistry (IHC)

Where unspecified, IHC was conducted as described in 2.5.2. Heat-mediated antigen retrieval was
performed after the slides were initially washed in PBS. Tris-EDTA was heated to either 60 C or 100 C
in a slide container and placed inside a water bath set to the same temperature. The slides were added
and incubated for 20 min (at 100 C) or overnight (at 60 C). Following this, the cells were washed in PBS
for 5 min 3 times then the IHC protocol continued from the permeabilisation in 0.2 % triton-X 100

step. Following IHC the slides were imaged by confocal microscopy as described in 2.5.3.

Superior region of analysis Inferior region of analysis

Figure 6.1 The superior and inferior regions of the cSLO images analysed for mean grey value calculations.
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6.2.10 Extraction of DNA, RNA, small RNA and protein from a single sample using a modified Allprep
extraction kit

DNA, RNA, small RNAs (RNAs between 18-200 bp), and protein were extracted from a sample using

the Qiagen AllPrep kit with a modified protocol to allow extraction of small RNA molecules under 200

bp. The small RNA extraction procedure was taken from the Qiagen supplementary protocol RY38, but

used the RNeasy spin columns in place of the RNeasy MinElute spin columns. This modified allprep

protocol was used when extraction of gRNAs was required. DNA and RNA were extracted following

the kit’s instructions. Small RNAs were then extracted from the flow-through as follows:

1. Centrifuge the flow-through from the RNA extraction at full speed for 10 min.

2. Transfer the supernatant to a new tube. Discard the tube containing the pellet.

3. Add 1 volume of 100% ethanol. Pipette mix.

4. Transfer up to 700 pl of sample to the RNeasy spin column used for RNA extraction. Centrifuge
at 8000g for 15 s.

5. Transfer the flow through to a new 2 ml collection tube. Set this aside for protein extraction.

6. Repeat steps 4 and 5 until all the solution has passed through the column

7. Place the spin column in a new 2 ml collection tube. 500 ul RPE added to the column.
Centrifuge at 8000g for 15 s.

8. Discard flow through. 500 ul 80% ethanol added to the spin column. Centrifuged at 8000g for
2 min.

9. Discard flow through. Transfer the spin column to a new collection tube. Centrifuge at full
speed for 5 min with the lid open.

10. Transfer the spin column to a 1.5 ml collection tube. Add 14 pl RNase-free water to the
column. Centrifuge at full speed for 1 min.

11. Reapply the flow-through to the column. Centrifuge at full speed for 1 min. Store at -20 C.

Protein extraction was then conducted following the kit’s instructions using the flow through from
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step 5.5 % SDS was used as a final protein buffer instead of buffer ALO.

6.2.11 Protein extraction from mouse retina

The neural retina was thawed on ice. 50 pl RIPA buffer (Thermo) was added to the retina, it was lysed
using a hand-held homogeniser, and then the samples were incubated on ice for 30 min. Samples were
centrifuged at 10 000 G at 4 C for 20 min then the protein-containing supernatant was transferred to

a new tube.

6.2.12 TIDE analysis

TIDE analysis was conducted as described in 2.1.2 with the primers listed in Appendix 9.1.3.

6.2.13 Subcloning analysis

Subcloning analysis was conducted as described in 5.2.3, with the primers detailed in Appendix 9.1.3.
As the amplified region could be sequenced by Sanger sequencing from either direction, the
orientation of the insert was not determined by digestion prior to sequencing. The “T7 promoter”

primer was used for sequencing in every case.

6.2.14 qPCR

RNA was extracted from Y79 cells and retinas using a modified version of the AllPrep extraction kit
(detailed in 6.2.10), or using the RNeasy Mini Kit (Qiagen), and cDNA synthesis was performed using
the SuperScript Ill First-Strand Synthesis Kit (Invitrogen) with the modified protocol for gRNA (see
2.1.4). gqPCR was conducted using Tagman probes (see 2.1.5). EGFP, SaCas9, dSaCas9, dSaCas9-KRAB

and gRNA levels were expressed relative to human or mouse beta-actin levels.
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6.2.15 Western blot

Protein was extracted from samples using either the Allprep extraction kit detailed in 6.2.10, or
following the protocol described in 6.2.11. Western blot was conducted as described in 2.1.8 with the
anti-SaCas9 antibody and an anti-mouse beta actin antibody (see Table 2.2). For positive control
samples and untransfected samples, protein from HEK293-EGFP cells previously transfected with

CMV.dSaCas9.KRAB or CMV.SaCas9.F10, or untransfected from Figure 4.7 were used.
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6.3 Results

6.3.1 PDE6B promoter drives SaCas9 and dSaCas9.KRAB AAV constructs in the retina

In order to assess construct functionality and EGFP knock down, in vivo studies required extraction of
mMRNA, gRNA, and protein to confirm construct transgene expression and measure knock down, and
DNA to perform TIDE analysis. To reduce the number of mice used, a protocol was created to allow
extraction of all molecules from a single retina. The AllPrep DNA/RNA/Protein kit (Qiagen) extracts
DNA, RNA, and protein from a single sample, but RNAs under 200 bp in length, which includes gRNAs,
cannot be captured and are lost. An additional small RNA extraction step was modified from a Qiagen
supplementary protocol and added to the Allprep protocol. To confirm gRNAs were successfully
captured, the modified allprep extraction was first performed on HEK293T cells transfected with the
ubiquitously expressing SaCas9 and dSaCas9.KRAB plasmids (see Chapter 4). qPCR confirmed the
presence of Cas9 and gRNA transcripts in the Cas9-transfected samples and not the untransfected
samples (Figure 6.2). As seen in Chapter 4, Cas9 and gRNA transcript levels were higher in SaCas9-

transfected cells than dSaCas9.KRAB-transfected cells (see 4.3.6).

The PDE6B promoter identified in Chapter 3 was cloned into the SaCas9 and dSaCas9.KRAB plasmids,

28 b T [ SaCas9
26 I dSaCas9.KRAB
- 1 Untransfected

*kEE

EhkE

Expression relative to
housekeeping gene

CasH gRNA
Transcript

Figure 6.2 Modified Allprep extraction protocol allows extraction of both mRNA and gRNA.

gPCR detects successfully-extracted Cas9 and gRNA transcripts in HEK293T cells transfected with Cas9
plasmids. mRNA and small RNAs were extracted using the modified Allprep extraction protocol, n=3. Two-way
ANVOA conducted with factors of gene and plasmid (SaCas9, dSaCas9.KRAB, or untransfected). Effect of gene
F(1, 12)=48.23 p<0.0001, effect of plasmid F(2, 12)=243.7 p<0.0001, effect of interaction F(2, 12)=1060,
p=0.3768. Multiple comparisons compared expression between SaCas9 or dSaCas9.KRAB with the
untransfected control for each gene. SaCas9 Cas9 vs Untransfected Cas9 p<0.0001, dSaCas9.KRAB Cas9 vs
Untransfected Cas9 p<0.0001, SaCas9 gRNA vs Untransfected gRNA p<0.0001, dSaCas9.KRAB gRNA vs
Untransfected gRNA p<0.0001.
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driving Cas9 expression. The scrambled gRNA (known henceforth as scram) was driven by the U6
promoter as in previous experiments (see 4.2.7 for gRNA description). These plasmids were used to
produce AAV2/8(Y733F) (named AAV.SaCas9.scram and AAV.dSaCas9.KRAB.scram). SDS-PAGE
showed the viral preps contained all three expected viral capsid proteins VP1, VP2, and VP3, at 87 kDa,
73 kDa, and 62 kDa, respectively in the concentrated AAV sample (Figure 6.3A). The wash sample of
AAV.dSaCas9.KRAB.scram contained faint viral protein bands but these could not be seen in the wash
sample of AAV.SaCas9.scram. There were no additional contaminating bands. Following transduction
into Y79 cells (which express PDE6B, see Chapter 3), Cas9 and gRNA transcripts were detected,
confirming the AAVs are functional (Figure 6.3B). Protein extraction was performed but there was

insufficient protein for a western blot.

AAV.SaCas9.scram, AAV.dSaCas9.KRAB.scram, and AAV8.hPDE6Bp.DsRed (see Chapter 3) were
subretinally injected into Nrl-EGFP mice at 10° genome copies per eye and the retinas harvested 4
weeks post-injection. Cas9 transcripts were detected only in retinas transduced with
AAV.SaCas9.scram and AAV.dSaCas9.KRAB.scram, and DsRed transcripts were only detected in retinas
transduced with AAV8.hPDE6Bp.DsRed (p<0.0001 for all) (Figure 6.4A). Unexpectedly, gRNA
transcripts were detected in retinas treated with all three AAV, although there was significantly more
gRNA present in the AAV.SaCas9.scram and AAV.dSaCas9.KRAB.scram conditions (p<0.0001 for all).

This suggests that the gRNA tagman probes may be binding non-specifically to some transcripts

A SaCas9 dSaCas9.KRAB B
AAV  Wash AAV  Wash . 16+ SaCas9
100 T2 8- B dSaCas9.KRAB
>
2 %
[ — VPl B - 1 Untransduced
. e £
75 c &
3w
o 3
63 S o
VP3 5 <

Cas9 gRNA

Figure 6.3 Production of scrambled AAV.

A) SDS-PAGE of AAV.SaCas9.scram (SaCas9) and AAV.dSaCas9.KRAB.scram (dSaCas9.KRAB) viruses showing
the three viral capsid proteins VP1, VP2, and VP3. B) qPCR detecting Cas9 and gRNA transcripts in Y79 cells
transduced with AAV.SaCas9.scram or AAV.dSaCas9.KRAB.scram. Expression is relative to human beta-actin.
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present in mice, or to the introduced AAV8.hPDE6Bp.DsRed sequence. There were high levels of
contamination in this gPCR, with Ct values of 30-35 detected for all three genes in the qPCR no
template control. To confirm significant expression of the genes, the statistics were compared to the
gPCR no template control as there was no sham-injected condition in this experiment. Despite
significant expression of Cas9 transcript, no Cas9 protein could be detected in an

AAV.dSaCas9.KRAB.scram sample by western blot (Figure 6.4B).

Transduced retinas were sectioned, and stained using an anti-SaCas9 antibody that has previously
been used to detect SaCas9 and dSaCas9.KRAB by western blot and immunocytochemistry (see Figure
4.4, Figure 4.8, Figure 4.9). The secondary antibody was tested at a range of dilutions, from 1/250 to
1/1000 but no expression of SaCas9 was detected (Figure 6.5A). The antibody information sheet
recommended performing a heat mediated antigen retrieval step prior to staining, as fixation of tissue
with formalin can mask the antibody’s epitope and prevent successful staining. Heat mediated antigen
retrieval was tested at both 100 C for 20 min and at 60 C overnight, incubating the slides in Tris-EDTA.
This caused severe damage to the retinal sections, with the majority of them lost from the slides
(Figure 6.5B). The remaining sections lost their retinal pigment epithelial layer and the neural retina
was highly folded. The heat treatment caused loss of the native EGFP expression, and SaCas9 remained
undetectable. To remove the requirement for heat mediated antigen retrieval, retinas were then
processed unfixed or with a fixation time reduced to 5 min. Native EGFP expression was again
undetectable in these samples. With no fixation, or reduced fixation, the retinas struggled to hold
their shape during sectioning and as a result, the layers of the retina were indistinct from one another,
and there was widespread loss of cells. Applying superglue around the outside of an unfixed retina
partially improved the sectioning, with DAPI staining showing a more layered-like structure. In this
AAV.dSaCas9.KRAB.scram-treated retinal sample, dSaCas9.KRAB was detected with the anti-SaCas9
antibody but the loss of retinal structure made it difficult to understand the level or localisation of

expression.
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Figure 6.4 Transgene expression following delivery of AAV.SaCas9.scram (SaCas9), AAV.dSaCas9.KRAB.scram
(dSaCas9.KRAB) or hPDE6Bp.DsRed (DsRed).

A) Cas9, gRNA, and DsRed transcripts are detected in transduced retinas. Ct values using Cas9, gRNA, and
DsRed probes, n=3 (a lower Ct value indicates greater presence of gene transcripts). NTC is the gPCR no
template control. Two-way ANOVA conducted with factors Gene and AAV. Effect of Gene F(2, 22)=56.07
p<0.0001, effect of AAV F(3, 22)=333.4 p<0.0001, effect of interaction F(6, 22)=162.4 p<0.0001. Multiple
comparisons compared Ct values for each gene. SaCas9 Cas9 vs gPCR NTC Cas9 p<0.0001, dSaCas9.KRAB Cas9
vs gPCR NTC Cas9 p<0.0001, SaCas9 gRNA vs gPCR NTC gRNA p<0.0001, dSaCas9.KRAB gRNA vs qgPCR NTC
gRNA p<0.0001, DsRed gRNA vs qPCR NTC gRNA p<0.0001, SaCas9 gRNA vs DsRed gRNA p<0.0001,
dSaCas9.KRAB gRNA vs DsRed gRNA p<0.0001, DsRed DsRed vs gPCR NTC DsRed p<0.001. B) Western blot
failed to detect SaCas9 (124 kDa) in transduced retinas. Human beta-actin (also binds to mouse beta-actin)(42
kDa) is a loading control. Protein samples from dSaCas9.KRAB-injected retinas and CMV.dSaCas9.KRAB
plasmids-transfected cells loaded at 9 ug and 14.5 ug total protein. C) SaCas9 is detected in SaCas9-transduced
retinas with IHC using an anti-HA tag antibody that is absent from the dSaCas9.KRAB and hPDE6Bp.DsRed
AAV. Scale bar is 50 um.
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Figure 6.5 IHC optimisation of an anti-SaCas9 antibody.

A) SaCas9-transduced retinal sections stained with a range of secondary antibody dilutions from 1/250 to
1/1000. B) Testing different methods of retinal tissue fixation and heat mediated antigen retrieval (HMAR)
protocols. Scale bars represent 50 um.
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The SaCas9 sequence contains a HA-tag that can be targeted with an anti-HA-tag antibody. Fixed
sections stained with the anti-HA-tag antibody detected the presence of SaCas9 in the photoreceptor
layer, with strong expression in the nucleus of the cells (Figure 6.4C). Unfortunately, this HA tag was
inadvertently removed from the dSaCas9.KRAB sequence during cloning so this antibody did not bind

in dSaCas9.KRAB or hPDE6Bp.DsRed transduced retinas.

Whole-retina images revealed extensive loss of photoreceptor cells in the AAV.SaCas9.scram and
AAV.dSaCas9.KRAB.scram-injected eyes (2 eyes of each were examined). This can be seen in both the
brightfield images, with loss of the photoreceptor layer emanating from the injection site, and in the
EGFP channel, where the loss of rod cells is clear (Figure 6.6A). Later experiments using OCT visually
confirmed that the thinning is limited to the photoreceptor layer (Figure 6.8C). SaCas9-expression was
detected by immunohistochemistry (using the anti-HA tag antibody) around the area of photoreceptor
loss, in a gradient diffusing away from the injection site as expected (Figure 6.6B). In the
hPDE6Bp.DsRed-injected retinas there was thinning of the photoreceptor layer near the injection site,
but the loss of cells was not as extreme (Figure 6.6A). This implied that the Cas9 AAV may be toxic at

this dose, but more replicates were required to understand this effect.

6.3.2 SaCas9 disrupts EGFP in the retina

SaCas9 and dSaCas9.KRAB AAV were generated carrying either the scrambled gRNA or the EGFP-
targeting gRNA F10 described in Chapter 4 (referred to henceforth as AAV.SaCas9.F10 and
AAV.dSaCas9.KRAB.F10) (Figure 6.7), and using hPDE6Bp to drive Cas9 expression. Mice were
subretinally injected with a scram construct in one eye and the F10 construct in the opposite eye for
paired analysis, at 10° viral genomes per eye. The retinas were harvested at 2 weeks, 3 weeks, and 4
weeks post-injection. Only 1-3 samples were taken for each AAV at week 4 so these were not included

in the statistical analysis.
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Figure 6.6 Whole retinal images of Nrl-EGFP mice subretinally injected with Cas9 AAV carrying scrambled
gRNA.

A) AAV.SaCas9.scram (SaCas9) and AAV.dSaCas9.KRAB.scram (dSaCas9.KRAB)-injected eyes have widespread
loss of photoreceptors, while hPDE6Bp.DsRed injected eyes have thinning of the photoreceptor layer near the
injection site. B) AAV.SaCas9.scram-injected retina stained for the HA tag present on SaCas9. Scale bars in red
represent 500 um. The approximate site of injection is indicated with an arrow.
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To investigate photoreceptor loss, the thickness of the photoreceptor layer was measured at each
time point using optical coherence tomography (OCT) at both the superior of the eye, where the
injection took place, and the inferior of the eye which is the furthest from the injection site (Figure
6.8). The superior photoreceptor layer thickness was significantly reduced (compared to the inferior
retinal thickness) by week 2 with AAV.SaCas9.F10 and by week 3 with AAV.SaCas9.scram and
AAV.dSaCas9.KRAB.scram (p=0.0104, p<0.0001, p=0.0017). AAV.dSaCas9.KRAB.F10 on the other hand
had no significant reduction in superior photoreceptor layer thickness. The photoreceptor loss was
not consistent between AAV, with greater loss in both scram AAV. The scram-injected eyes may
therefore have fewer EGFP-expressing cells than their F10-injected counterparts, which may mask
EGFP knock down. The superior photoreceptor layer thickness decreased between weeks 2 and 3 for
AAV.SaCas9.scram and AAV.SaCas9.F10. As degeneration worsens with time since injection and the
response is inconsistent between AAV, it was possible that the loss of the photoreceptor layer was
due to batch AAV toxicity (possibly caused by the AAV purity varying between batches). Figure 6.8A
highlights in orange the samples harvested at week 3 (which were imaged at week 2 and week 3).
Although the samples were randomly allocated to their harvesting date, in the AAV.SaCas9.scram
condition 5 of the 6 most degenerate retinas from week 2 were harvested at week 3, which may be
skewing the week 3 data. If the AAV batch were the sole cause of the photoreceptor degeneration,
cell loss would be expected to be more consistent within AAV treatments. Photoreceptor loss within
the AAV.SaCas9.scram-, AAV.SaCas9.F10-, and AAV.dSaCas9.KRAB.scram-treated groups ranged from

SaCas9 dSaCas9.KRAB
AAV  Wash AAV Wash

‘ ) -

48

Figure 6.7 Production of F10 AAV.
SDS-PAGE of AAV.SaCas9.F10 and AAV.dSaCas9.KRAB.F10 showing the three viral capsid proteins, VP1, VP2,
and VP3.
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no degeneration to over 70 % loss of photoreceptor layer thickness.

Following allprep extraction of the neural retinas, Cas9 mRNA was detected across all samples by
gPCR, but the Cas9 levels were consistent across the time points examined (Figure 6.9C). There was a
significant effect of Cas9 type (p=0.0111) and the interaction between Cas9 and gRNA (p=0.0119) on
the level of Cas9 expression, with higher Cas9 visible in the SaCas9.F10-treated retinas than the other

retinas. As the initial western blot for SaCas9 in the previous experiment did not produce a band
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Figure 6.8 Photoreceptor layer degeneration in AAV.Cas9-injected eyes.

A) Superior photoreceptor layer thickness relative to inferior photoreceptor layer thickness, measured by OCT.
Black circles indicate samples imaged and harvested at week 2, orange circles indicate samples imaged at
week 2 and 3, and harvested at week 3, red circles indicate samples imaged at week 2, 3, and week 4 and
harvested at week 4. Two-way ANOVA compared the superior and inferior photoreceptor layer thickness at
the harvesting time point with factors of treatment condition and retinal area. Effect of treatment condition
F(1, 110)=82.76 p<0.0001, effect of retinal area F(7, 110)=9.976 p<0.0001, effect of interaction F(7,
110)=4.144 p=0.0004. SaCas9.scram week 3 superior vs inferior p<0.0001, SaCas9.F10 week 3 superior vs
inferior p=0.0104, SaCas9.F10 week 3 superior vs inferior p=0.0093, dSaCas9.scram week 3 superior vs inferior
p=0.0017. Two-way ANOVA compared the relative superior photoreceptor layer thickness between week 2
and 3 for the samples harvested at week 3 and week 4, with factors of week and AAV. The repeat measures
for each retina were paired. Effect of week F(1, 25)=15.52 p=0.0006, effect of AAV F(3, 25)-9.142 p=0.0003,
effect of interaction F(3, 25)=7.344 p=0.0011. SaCas9.scram week 2 vs week 3 p=0.0001, SaCas9.F10 week 2
vs week 3 p=0.0451. B-C) Example OCT images of injected retinas. Red line indicates the photoreceptor layer
measured. B) Retina without superior degeneration. C) Retina with high superior degeneration.
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Figure 6.9 SaCas9 expression in transduced retinas.

A-B) Western blot staining detects SaCas9 and dSaCas9.KRAB (124 kDa for SaCas9, 134 kDa for dSaCas9.KRAB,
anti-SaCas9 antibody) in some retinal samples. Human beta actin (42 kDa, also reacts with mouse beta actin)
is a loading control. Protein extracted from retinas transduced with AAV.SaCas9 (Sa), AAV.dSaCas9.KRAB (dSa)
with the scram (sc) gRNA or F10 gRNA. Positive control (PTC) is protein extracted from HEK293-EGFP cells
transfected with SaCas9.F10 plasmid and untransfected (Untr) is protein extracted from untransfected
HEK293-EGFP cells. A) 10 ug total protein loaded. B) 100 ug total protein loaded. C) Cas9 expression
normalised to mouse beta-actin, detected by qPCR, n=4. Three-way ANOVA conducted with samples from
week 2 and week 3 with factors of Cas9, week, and gRNA. Eyes from the same mouse were paired. Effects of
Cas9 (F(1, 12)=8.982 p=0.0111, effect of week F(1, 12)=1.772 p=0.2079, effect of gRNA F(1, 12)=1.829
p=0.2012, effect of Cas9 x week F(1, 12)=0.8459 p=0.3758, effect of Cas9 x gRNA F(1, 12)=8.773 p=0.0119,
effect of gRNA x week F(1, 12)=2.812 p=0.1194, effect of Cas9 x gRNA x week F(1, 12)=0.1417 p=0.7312.
Multiple comparisons compared the Cas9 expression between weeks 2 and 3 for each AAV. D) The relative
superior photoreceptor layer thickness of the retinas at the date of harvest was comparable between samples
with detectable SaCas9 protein using IHC or western blot and samples with undetectable SaCas9 protein, n=6.
Unpaired t-test t(10)=1.013 p=0.3347. E) AAV.5aCas9.F10 and AAV.SaCas9.scram-transduced retinal sections
stained with anti-HA tag antibody (binds to SaCas9), and DAPI (stains the nuclei). Scale bar represents 50 um.

Week 3
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(Figure 6.4B), one retina from each condition underwent protein extraction exclusively (rather than
Allprep extraction) to harvest as much protein as possible. A western blot was conducted for Cas9
using 10 pg and 100 pg total protein (Figure 6.9A, and Figure 6.9B, respectively). Faint Cas9 bands
were detected inconsistently, with a band seen in both the SaCas9.F10 samples, and
AAV.dSaCas9.KRAB.scram week 3 sample. Detection of Cas9 within the retinal tissue was also
inconsistent across samples (Figure 6.9E). Strong retinal expression was seen with AAV.SaCas9.F10 in
a week 2 sample, but none was present in the examined week 3 sample. With AAV.SaCas9.scram,
weak expression was seen at week 3 but none at week 2. The samples were then classified by Cas9
protein detectability to see if stronger Cas9 expression was linked to photoreceptor degradation.
Samples with detectable Cas9 protein by western blot or IHC have comparable photoreceptor layer

thickness to samples with no detectable Cas9 protein by these methods (Figure 6.9D).

Disruption of the EGFP DNA sequence was detected by TIDE analysis in the samples treated with
AAV.SaCas9.F10 and harvested 3 weeks post-injection (Figure 6.10C). This disruption was low,
measuring only 4.1 % compared to 1.8 % with AAV.SaCas9.scram (p=0.0084), and there was no
significant disruption 2 weeks post-injection. The impact of this editing was assessed at an mRNA level
with qPCR and at a protein level, comparing the mean grey value of retinal confocal scanning laser
ophthalmoscopy (cSLO) images. qPCR detected a significant 55.3 % reduction in EGFP mRNA at week
2 and week 3 with AAV.SaCas9.F10 (p=0.0303 and p=0.0322, respectively) but no significant reduction
with AAV.dSaCas9.KRAB.F10 (Figure 6.10B). The cSLO retinal images were taken using a 486 nm laser
which excites and detects EGFP expression. Mean grey value of cSLO images detected no reduction in
EGFP at any of the time points (Figure 6.10A, D). AAV.dSaCas9.KRAB.F10 showed high variability
between replicates, with a 46.8 % reduction in mean grey value and a 176.9 % increase in mean grey

value measured within the week 3 replicates (n=4).
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Figure 6.10 EGFP knock down following subretinal injection of SaCas9 and dSaCas9.KRAB AAV with scram or
F10 gRNA.

A) Mean grey value of fluorescence cSLO retinal images is unaffected, n=4. Three-way ANOVA conducted with
factors of Cas9, week, and gRNA. Eyes from the same mouse were paired. Effect of Cas9 F(1, 10)=6.574
p=0.0185, effect of week F(1, 20)=18.86 p=0.0003, effect of gRNA F(1, 20)=1.704 p=0.2066, effect of Cas9 x
week F(1, 20)=2.428 p=0.1349, effect of Cas9 x gRNA F(1, 20)=1.328 p=0.2627, effect of gRNA x week F(1,
20)=2.987 p=0.0994, effect of Cas9 x week x gRNA F(1, 20)=0.4010 p=0.5337. Multiple comparisons compared
gRNA scram and F10 for each condition. B) EGFP transcript level is reduced in AAV.SaCas9.F10-treated retinas
at 2 weeks and 3 weeks post-injection (detected by qPCR), n=4. Three-way ANOVA conducted with factors of
Cas9, week, and gRNA. Eyes from the same mouse were paired. Effects of Cas9 (F(1, 12)=10.11 p=0.0079,
effect of week F9, 12)=0.9292 p=0.3541, effect of gRNA F(1, 12)=0.01203 p=0.9145, effect of Cas9 x week F(1,
12)=37.89 p<0.0001, effect of Cas9 x gRNA (f1, 12)=0.007917 p=0.9306, effect of gRNA x week F(1, 12)=3.532
p=0.0847, effect of Cas9 x gRNA x week F(1, 12)=65.03 p<0.0001. Multiple comparisons compared gRNA scram
and F10 for each condition. SaCas9 week 2 scram vs SaCas9 week 2 F10 p=0.0303, SaCas9 week 3 scram vs
SaCas9 week 3 F10 p=0.0322. C) TIDE analysis measured disruption of the EGFP gene with AAV.SaCas9.F10
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and 3 weeks post injection, n=4. Eyes from the same mouse were paired. One-way ANOVA compared the
disruption between SaCas9.scram and SaCas9.F10 at each time point, with factors of time point and virus.
Effect of time point F(1, 12)=4.405 p=0.0577, effect of virus F(1, 12)=7.988 p=0.0153, effect of interaction F(1,
12)=4.643 p=0.0522. SaCas9.scram week 3 vs SaCas9.F10 week 3 p=0.0084. D) Example cSLO image taken
with the fluorescence channel used for mean grey value analysis.

6.3.3 SaCas9 AAV dose response

Retinal sections and OCT measurements of photoreceptor layer thickness highlighted that injection of
the CRISPR constructs is associated with loss of the photoreceptor layer of the retina, which could be
due to toxicity of the AAV. To investigate this further, AAV.SaCas9.scram and AAV.SaCas9.F10 were
contra-laterally injected into Nrl-EGFP mice at three doses: 102, 5x108 or 10° viral genomes per retina.
Before injection, each virus was independently titred three times and an average taken to increase
the accuracy of the estimated titres. This changed the estimated titre of the AAV, from 1.10x10*? to
2.29x10? genome copies per ml for AAV.SaCas9.scram and from 1.47x10* to 7.81x10'? genome

copies per ml for AAV.SaCas9.F10.

Following subretinal injection there was no difference in photoreceptor layer thickness between the
AAV or doses (Figure 6.11A). In all conditions, the majority of the replicates had a relative superior
photoreceptor layer thickness of over 0.7, with one or two samples associated with higher levels of
photoreceptor layer loss. There was no strong correlation in photoreceptor layer thickness between
the left and right eye of each mouse, suggesting the photoreceptor loss is not due to mouse-specific
factors, such as pre-existing immunity to Cas9 (Figure 6.11B). Injection quality also did not determine
the loss of photoreceptors, as both injections with no blood, and those with mild blood, had
comparable photoreceptor layer thicknesses (Figure 6.11C). Injections causing blood were only
accepted for analysis if the blood did not occur subretinally, and the blood introduction was deemed
mild. During cSLO imaging, an image was acquired using the indocyanine green angiography channel,
which uses a 790 nm laser that is believed to excite melanolipofuscin molecules in the retinal pigment
epithelium. The 790 nm autofluorescence damage was qualitatively characterised as no damage, mild

damage, moderate damage, or high damage (Figure 6.11E). Photoreceptor layer thickness decreased
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Figure 6.11 Photoreceptor damage following AAV dose response.
Superior photoreceptor layer thickness is expressed relative to the inferior photoreceptor layer thickness. A)
Superior photoreceptor thickness is consistent following subretinal injection of AAV.SaCas9.scram (Scram) or
AAV.SaCas9.F10 (F10) at 108 5x10% or 10° genome copies per eye. One-way ANOVA conducted F(5,
53)=0.6057 p=0.6958. n=9-11. B) There is poor correlation between the superior photoreceptor thickness of
the left and right eye of each mouse. Simple linear regression R?=0.1391 p=0.0606. C) Superior photoreceptor
thickness is not associated with the presence of subretinal blood. T-test compared the relative superior
photoreceptor layer thickness between eyes with no blood and mild blood following subretinal injection, n=54
for no blood, n=5 for mild blood. F=2.367, p=0.9908, ns indicates not significant. D) 790 nm autofluorescence
images were qualitatively categorized into levels of damage (mod stands for moderate) and the superior
photoreceptor thickness compared with a one-way ANOVA F(3, 54)=60.44 p<0.0001, n=28, 18, 8, 4 for
conditions none, mild, mod, and high, respectively. E) Example 790 nm autofluorescence images of each
categorized level of damage.
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as the 790 nm autofluorescence damage classification increased (p<0.0001) (Figure 6.11D).

Increasing dose was associated with an increase in Cas9 expression detected by qPCR (p=0.0143), with
a 4.4-fold increase in Cas9 mRNA between AAV.SaCas9.scram at 108 and 10° viral genomes per retina
(p=0.0283) (Figure 6.12A). This pattern can also be seen in retinal sections, with the fewest SaCas9-
positive cells seen at 108 and the most SaCas9-positive cells seen at 10° genome copies per eye for
both AAV (Figure 6.13). SaCas9 could not be detected by western blot when 20 pug of total protein was

loaded (Figure 6.12B).

Contrary to the previous experiment, there was no detectable disruption of the EGFP gene by TIDE
analysis at any dose, and no detectable knock down of EGFP by gqPCR (Figure 6.12F, E). Subcloning was
attempted on two AAV.SaCas9.F10 10° injected retinas but due to a low cloning efficiency, few
colonies were usable. Interestingly, 2/4 clones for one retina showed editing, with a 1 bp mismatch,
and a 3 bp insertion present at the predicted cut site (Figure 6.12G). The other retina had no edited
reads in the 8 clones examined. Despite the low incidence of editing detected, the gRNA (i.e. scram or
F10) had a significant effect on superior retinal fluorescence (measured by mean grey value of
fluorescence cSLO images, Two-way ANOVA p=0.0025), with a 36.5% reduction in superior retinal
fluorescence between AAV.SaCas9.scram and AAV.SaCas9.F10 at 5x108 viral genomes per retina

(p=0.0248, Figure 6.12C-D).
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Figure 6.12 Cas9 expression and EGFP knock down following AAV dose response.

Eyes were subretinally injected with AAV.SaCas9.scram (Scram) or AAV.SaCas9.F10 (F10) at 10°, 5x10%, or 10°
genome copies per eye, n=11 for 5x10%, n=10 for 10° and 10°. A) Cas9 expression increased with AAV dose.
gPCR detecting Cas9 expression normalised to mouse beta-actin. Two-way ANOVA with factors of gRNA and
dose. Effect of gRNA F(1, 38)=1.100 p=0.3008, effect of dose F(2, 38)=4.757 p=0.0143, effect of gRNA x dose
F(2, 38)=0.4876 p=0.6179. Multiple comparisons compared Cas9 expression at each dose for each AAV. Scram
108 vs scram 10° p=0.0283. B) Western blot is unable to detect SaCas9 (124 kDa) in transduced retinal samples.
Human beta-actin (also binds to mouse beta-actin, 42 kDa) is a loading control. Positive control (PTC) is protein
extracted from HEK293-EGFP cells transfected with SaCas9.F10 plasmid and untransfected (Untr) is protein
extracted from untransfected HEK293-EGFP cells. 20 ug total protein loaded. C) Relative superior mean grey
value of retinal EGFP image is significantly reduced in F10-treated retinas compared to scram-treated retinas
at 5x10%. Two-way ANOVA with factors of gRNA and dose. Effect of gRNA F(1, 22)=11.68 p=0.0025, effect of
dose F(2, 22)=0.0491, effect of gRNA x dose F(2, 22)=0.7709 p=0.4747. Multiple comparisons compared scram
and F10 for each dose, Scram 5x10° vs F10 5x10° p=0.0248. D) Example cSLO images of paired eyes injected
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with 5x10% AAV particles showing superior EGFP loss in the F10 and not the scram eyes. Neither eye had
significant superior photoreceptor loss. E) gPCR does not detect EGFP knock down. Expression normalised to
mouse beta-actin. Two-way ANOVA with factors of gRNA and dose. Effect of gRNA F(1, 19)=1.615 p=0.2191,
effect of dose F(2, 19)=1.507 p=0.2466, effect of gRNA x dose F(2, 19)=0.5768 p=0.5712. Multiple comparisons
compared scram and F10 for each dose. F) TIDE analysis measured no disruption of the EGFP gene. One-way
ANOVA compared the disruption between Scram and F10 at each dose, with factors of dose and gRNA. Effect
of gRNA F(1, 38)=0.5862 p=0.4486, effect of dose F(2, 38)=1.745 p=0.1883, effect of gRNA x dose F(2.38)=1.704
p=0.1955. G) Sanger sequencing traces following subcloning analysis show DNA editing in a retina injected
with F10 at 10°.

SaCas9.scram SaCas9.F10
DAPI SaCas9 DAPI

SaCas9

Figure 6.13 Retinal SaCas9 staining increases with AAV dose.
Anti-HA tag antibody binds to SaCas9, and DAPI stains cell nuclei. Scale bar represents 50 um.

108

5x108

10°
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6.4 Discussion

This chapter assessed the ability of the single AAV CRISPR/Cas9 and CRISPRi constructs developed
throughout this thesis to suppress expression of a rod cell-specific gene in vivo. CRISPR/Cas9 induced
indels into the EGFP sequence, resulting in significant knock down of EGFP mRNA and fluorescence.
CRISPRI, on the other hand, was unable to significantly repress EGFP, despite comparable transgene
expression. These experiments revealed how the single CRISPR/Cas9 and CRISPRi systems performed

within a retina and revealed some challenges associated with these techniques.

6.4.1 Expression of CRISPR transgene

Following subretinal injection of SaCas9 or dSaCas9.KRAB AAVs, the two CRISPR components — Cas9
and gRNA — were detected in the retinal samples, indicating successful transduction. The development
of the Allprep extraction protocol allowed TIDE analysis, subcloning, gPCR, and western blot to be
conducted on the same retinal sample. Although co-extraction of some molecules, such as DNA and
mMRNA are possible with the commercial kit, extraction of all four from a single retina has not been
previously described. Extraction of multiple molecules typically relies on harvesting separate samples,

and therefore the development of this Allprep protocol significantly reduces the number of animals

used 165,206,218

Transcriptional interference between the Cas9 and gRNA components has been highlighted as a
potential issue with the dSaCas9.KRAB plasmid construct in Chapter 4. While the level of expression
was consistent between SaCas9 and dSaCas9.KRAB AAV, comparisons between the expression levels
achieved in vitro and in vivo were not possible due to contamination of the SaCas9 and gRNA tagman
primers in the in vivo experiments. This artificially inflates the transcript level relative to the
uncontaminated actin control. There was also detection of gRNA in the retinas injected with the

control DsRed AAV, suggesting there is non-specific binding of the gRNA primers either in the DsRed
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AAV transgene or in the mouse genome. Given both the non-specific binding of the gRNA primers and

the primer contamination, future experiments should optimise new gPCR primers.

Detection of SaCas9 protein by western blot had limited success, producing faint bands. Western blots
detecting transgenes following AAV subretinal injection have been demonstrated in a range of gene
augmentation studies?!?2!, These studies used both cell specific and ubiquitous promoters, and a
range of doses from 2.7x10%° to 1.44x10'* genome copies per eye, which are all greater than the
highest 10° dose used in this experiment. Some show strong bands while in others the bands are faint,
as seen in this chapter. AAV-driven Cas9 expression in the retina is typically confirmed by IHC or FACS
analysis, and to the authors knowledge, retinal Cas9 expression has not been previously confirmed by
western blot3®#1110218  Comparison of IHC images between studies is difficult as there are many
factors influencing the brightness of a fluorophore in a given image (including sectioning thickness,
image depth, and staining protocol among others). The transgene levels are also directly influenced
by the strength of the promoter as well as the efficiency of viral infection. Despite this, similar
expression was seen in a 2017 paper by Yu et al, who injected the Nrl-EGFP mice with SpCas9 AAV

driven by a photoreceptor-specific promoter®®, and saw 11.95% EGFP disruption.

Unfortunately, dSaCas9.KRAB does not contain the HA tags used to detect SaCas9 by IHC. Attempts
were made to detect dSaCas9.KRAB with an anti-SaCas9 antibody. This detected low levels of
dSaCas9.KRAB if the retinas were processed unfixed but the lack of fixation resulted in poor retinal
morphology, and loss of the native EGFP signal due to leakage out the cell membrane???, Therefore,
the in situ expression profile of dSaCas9.KRAB could not be determined. Levels of Cas9 and gRNA
transcript were comparable between the SaCas9 and dSaCas9.KRAB AAV, and dSaCas9.KRAB protein
was detected in one sample by western blot, so it is likely that the dSaCas9.KRAB and SaCas9 protein

levels are similar but this is unconfirmed.

SaCas9 expression increased with AAV dose: antibody response increased with dose, and a 10-fold

increase in dose produced a 4-fold increase in SaCas9 mRNA. It is not surprising that the AAV dose and

165



SaCas9 transcript levels do not increase linearly, as there are multiple factors influencing the levels of
SaCas9 transcript. For example, every AAV is unlikely to transduce a cell successfully, each SaCas9 gene
will not be associated with a single SaCas9 transcript, and multiple AAV may enter a single cell, causing
the transcriptional machinery to be overwhelmed, and therefore creating a ceiling effect. Analysis of
the number of AAV transgenes in the retinal cells was not conducted and this analysis would have
provided more insight into the relationship between dose, transduction, and transgene
expression!®>218_|n the initial in vivo experiment, detection of SaCas9 by western blot and IHC was
more successful in SaCas9.F10-injected eyes than other eyes. gPCR revealed these retinas had higher
levels of SaCas9 mRNA. The SaCas9.F10 and SaCas9.scram AAV were subsequently re-titred, and
estimated to be 5.3-fold, and 2.1-fold more concentrated than initially believed. If accurate, this may
explain why SaCas9.F10 had greater levels of SaCas9 mRNA and protein, as it was initially injected at
5.3x10° genome copies per eye (whereas SaCas9.scram was injected at 2.1x10° genome copies per

eye).

6.4.2 Retinal damage

Severe loss of the photoreceptor layer following subretinal injection of AAV.SaCas9 or
AAV.dSaCas9.KRAB constructs has been seen throughout this chapter. It was detectable at 2 weeks
post injection, increasing by week 3 post injection. Some retinal thinning was observed at the injection
site in eyes treated with the control DsRed AAV but this was in line with expected damage following
subretinal injection??*?2*, The severe photoreceptor cell loss was associated with increased
autofluorescence using a 790 nm diode laser. Light at this wavelength is thought to excite
melanolipofuscin granules that accumulate in the retinal pigment epithelial layer. In healthy retinas,
melanolipofuscin is generated from retinal pigment epithelial cells phagocytosing photoreceptor
outer segments. If the photoreceptors were damaged due to the subretinal injection it is possible this

triggered phagocytosis by the retinal pigment epithelium, resulting in increased melanolipofuscin

166



accumulation, and therefore increasing autofluorescence in these retinas??%:225-227,

The photoreceptor loss was initially suspected to be caused by toxicity linked to the AAV, although a
previous study subretinally injected Nrl-EGFP mice with 5x10° genome copies of an AAV carrying
SpCas9 and saw no impact on retinal responses by electroretinogram. A 2019 study also injected up
to 10%° genome copies of a single SaCas9 AAV into the HUCEP290 mouse and did not report any
toxicity?%8. Despite the four AAV having similar sequences (differing only by the presence of the KRAB
repressor, or the gRNA sequence), there were inconsistencies in cell death when initially injected at
10° genome copies per retina. If 10° genome copies per retina was close to the toxicity limit of the
construct, it is possible that variable AAV titre accuracies may have resulted in some AAV being
injected at a toxic dose, and some AAV being injected at a tolerable dose, accounting for the
inconsistencies. Following re-titering in triplicate, AAV.SaCas9.scram and AAV.SaCas9.F10 were
determined to be 2.1-fold and 5.3-fold more concentrated than initially believed. Following a series of
dose response injections between 10% and 10° genome copies per retina using this new estimated
titre, the photoreceptor loss was consistent between doses, accounting for 9.7-22.2 % of injected
retinas. If the second titre is taken as accurate, this indicates that AAV.SaCas9.scram and
AAV.SaCas9.F10 were initially injected at 2.1x10° and 5.3x10° genome copies per retina. While an
increase from 10° to 5.3x10° genome copies per eye may confer the difference between a tolerable
and toxic dose, such a dramatic change in toxicity between 10° and 2.1x10° genome copies per eye
for AAV.SaCas9.scram would not be expected. There was also no difference in cell death between
samples with detectable and undetectable Cas9 protein levels. Together, these results suggest

transgene or AAV toxicity does not fully explain the photoreceptor death seen in this experiment.

Staphylococcus aureus is a common pathogen of humans, and a mouse-adapted strain has been
identified that is reported to colonise up to 21 % of specified-pathogen-free laboratory mice sold by

229

commercial vendors*®. As a result, colonized mice have antibodies against a range of Staphylococcus

aureus proteins (SaCas9 was not investigated in this study). It is possible that anti-SaCas9 antibodies
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could be recruited into the retina following AAV injection, potentially resulting in the destruction of
cells expressing SaCas9. While the blood-ocular barrier reduces immune cell recruitment into the
retina, barrier breakdown can occur, and post-operative inflammation has been reported following
subretinal injection in humans®-1%, The photoreceptor loss between the left and right eye of each
mouse was compared to see if some mice were more susceptible to photoreceptor loss following the
Cas9 injection, therefore introducing the possibility that the systemic immune system could be
involved. No correlation was identified but it is possible that blood-ocular barrier breakdown, and
therefore immune cell introduction, is not consistent between eyes. Due to concerns surrounding
adaptive immune responses to Cas9 proteins from common human pathogens, some Cas9 proteins
from bacteria that do not colonise human cells have been explored, such as GeoCas9 from Geobacillus

stearothermophilus.

The introduction of blood into the subretinal space is associated with toxicity and loss of
photoreceptors®°. Any retinas with subretinal blood visible immediately following injection were
excluded from the study and no bleeds were observed in the days following treatment. Some
injections produced mild ocular bleeds that were included in analysis. These were also determined to
be unrelated to the loss of photoreceptors seen in some of the eyes. It is possible, however, that
unobserved subretinal bleeds occurred after the mouse was removed from the microscope. These
would not be expected to be common, and could account for the random nature of the cell death in
the dose response study. If injection quality was related to the photoreceptor layer death, improving
operator skill may explain the inconsistencies between experiments as the later experiments (when

repetition likely improved injection skill) have fewer eyes with damage.

Unfortunately, aside from the first round of injections with AAV.SaCas9.scram and
AAV.dSaCas9.KRAB.scram, subsequent experiments did not include any non-Cas9 control AAV, which
would have been useful in determining the likely cause of the photoreceptor death. Inclusion of an

uninjected, PBS-injected, and AAV8.hPDE6Bp.DsRed at a range of matching doses would have allowed
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the impact of injection, transgene toxicity, and AAV particle toxicity to be investigated more
thoroughly. Future work should also aim to include higher doses of AAV to identify doses of definitive

toxicity.

6.4.3 In vivo knock down compared to other studies

The single CRISPR/Cas9 AAV was able to significantly knock down EGFP, producing 4.1 % indels, and
55.3 % and 36.5 % reduction in EGFP mRNA and fluorescence, respectively, in various experiments in
this chapter. CRISPR/Cas9 has driven significant retinal gene disruption in a number of studies with
varying methodologies3®3941.70.188,218,228,231 T\ studies have delivered an all-in-one AAV.SaCas9 in the
retina with contrasting success. Chung et al. (2020) delivered SaCas9 as a single AAV and SpCas9 as a
dual AAV targeting VEGFA into wild type mice. Both constructs had similar transduction efficiencies,
with Cas9 detected in all layers of the retina. Despite this, they measured 2.1 % gene editing and no
protein knock down with SaCas9, but 22.5 % editing, and 27 % protein knock down with SpCas92:8,
Maeder et al (2019) also used a single AAV strategy in the Leber Congenital Amaurosis mouse model
HuCEP290%2%, delivering SaCas9 and two gRNAs targeting the pathogenic mutation in CEP290. They
achieved up to 94 % editing?®>. There are important methodological differences between the
experiments presented in this thesis and these two key papers (Table 6.2). Both this thesis and Maeder
et al (2019), targeted photoreceptors and detected CRISPR editing, with Maeder et al (2019) using a
photoreceptor-specific promoter but aiming to edit cone cells. Chung et al. (2020) on the other hand,
unsuccessfully targeted the retinal pigment epithelium. The method of measuring knock down has
been shown to influence the estimated knock down rate throughout this thesis (See 7.2.2), and this
varied between studies. Maeder et al. (2019) analysed only the successfully transduced cells, resulting
in a high editing rate, whereas in this thesis, the entire neural retina was analysed. As most of these
cells do not express Cas9 (either because the AAV did not transduce the cells or the hPDE6Bp is not

active in them), this dilutes the estimated editing rate.
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Table 6.2 Key experimental features of studies using a single AAV to deliver SaCas9 CRISPR/Cas9 gene editing

in the retina.
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CRISPR/Cas9-mediated EGFP disruption in this Nrl-EGFP mouse line was previously demonstrated in a
2017 study®. Yu et al. subretinally injected two AAV into 2-week-old Nrl-EGFP mice: the first AAV
expressed SpCas9, and the second AAV expressed the reporter gene TdTomato and an EGFP-targeting
gRNA. Both SpCas9 and TdTomato were driven by the human rhodopsin kinase promoter, limiting
expression to the photoreceptors. 2.5 months after subretinal injection, 11.95 % indel formation and
30 % reduction in EGFP-expressing cells were measured in the TdTomato-positive cell population. They

calculated high levels of overall transduction, with 66.6 % of cells expressing TdTomato.

CRISPRi using AAV.dSaCas9.KRAB was unsuccessful in vivo and was unable to knock down EGFP in this
chapter. CRISPRi EGFP knock down in this mouse line has previously been achieved by Moreno et al.
(2018)*88, They subretinally injected a dual AAV delivering split Streptococcus pyogenes Cas9 and a
gRNA targeting the Nrl promoter, into the Nrl-EGFP mouse line. This reduced Nrl expression by 50 %,
which was associated with reduced EGFP in the treated areas on sectioned retinas. AAV.dSaCas9.KRAB
has been used successfully in vivo in other research. Thakore et al (2018) delivered dSaCas9.KRAB and
Pcsk9-targeting gRNA in separate AAVs and injected them into the tail vein of a wild type mouse®. 6
weeks post-injection, a roughly 50 % reduction in Pcsk9 mRNA in the liver and an 80 % reduction in

Pcsk9 serum protein levels were recorded.

6.4.4 Measuring EGFP knock down

Significant in vivo CRISPR/Cas9-driven EGFP disruption was measured by TIDE analysis, subcloning,
gPCR, and fluorescence SLO but the outcome was inconsistent between experiments and between
techniques. As found by previous studies, the knock down in vivo was lower than that the knock down
in vitrol®>18:233 |n the initial EGFP-targeting experiment, TIDE analysis detected EGFP disruption of 4.1
% at week 3 but none at week 2. Despite this, a 55.3 % reduction in EGFP transcript was detected by
gPCR at both week 2 and week 3 post injection. In the dose response experiment, no samples had

significant EGFP disruption by TIDE analysis but there was a significant reduction in retinal

171



fluorescence using AAV.SaCas9.F10 at 5x10® genome copies per retina. While EGFP expression is
produced exclusively in the target rod cells, the EGFP gene is present in all cells in the retina, and
therefore EGFP disruption measured by TIDE analysis would be expected to be lower than measures
of EGFP knock down. Interestingly, subcloning analysis identified edited reads in 2 out of 12 analysed
clones (from two retinas) injected at 10° genome copies per retina despite TIDE detecting no editing.
Inconsistency of editing rates and knock down between techniques has been documented in other
retinal CRISPR experiments*234, Following plasmid electroporation, Giannelli et al (2018) measured
28 %, 77 %, and 88 % editing rates in transduced cells using the T7E1 assay, TIDE analysis, and
subcloning, respectively*!. Following dual AAV transduction in the Nrl-EGFP mouse line, Yu et al. (2017)
measured indels at 12 % but a 30 % reduction in EGFP-expressing cells*. In vivo CRISPRi studies have
also reported discrepancies between knock down techniques. Thakore et al. (2018) targeted Psck9 in
the liver using a dual AAV-delivered dSaCas9.KRAB. They recorded a 50 % reduction in mRNA levels

but 80 % reduction in protein levels®,

The techniques used to measure EGFP expression were qPCR and mean grey value of fluorescence
cSLO images. Both these measurements are reduced if the number of total rod cells are reduced. The
photoreceptor loss seen in these experiments can therefore appear as EGFP knock down. This is a
particular issue when measuring fluorescence by cSLO images as removal of the rod cells removes the
fluorescence. The inconsistency of the photoreceptor loss throughout the replicates in the initial
cohort, and the high levels of cell death in the AAV.SaCas9.scram condition may explain why there
was significant knock down by gPCR but not by mean grey value of fluorescence cSLO images.
Furthermore, accurate retinal imaging is a complex process which requires development of high levels
of skill. The fluorescence is influenced by the angle of the camera relative to the retina, and the pupil
area among other factors??’. As the superior retinal mean grey value is normalised relative to the
inferior retina, this controls for many eye-specific factors, such as the pupil area. The angle of the
camera, however, can influence the measured fluorescence in different regions of the retina, even if

they have comparable levels of EGFP activity. While attempts were made to ensure correct imaging
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of the retina, variations in imaging quality between samples may mask a treatment effect.

Given the significant knock down measured by gPCR and fluorescence cSLO, the low levels of EGFP
disruption by TIDE analysis were surprising. AAV-driven retinal gene disruption with CRISPR/Cas9 has
been used to target a range of genes, with in vivo disruption rates frequently measuring 10-40
%3%110218 1n most retinal CRISPR studies, a selection method is used to ensure only the transduced
cells are analysed. This is typically fluorescence-activated cell sorting, selecting cells expressing a
transgenic marker or reporter gene. The effectiveness of cell selection was highlighted by Giannelli et
al*. They intravitreally-injected mice with two AAV: one containing SpCas9, and the other containing
gRNA and a GFP reporter. Even with selection of GFP-expressing cells, they only detected 9.6 % editing,

but when selecting cells expressing high levels of GFP, the editing rate increased to 48.9 %.

6.4.5 Improving EGFP knock down - future research

DNA editing and gene knock down were detected in these in vivo experiments, and multiple strategies
can be explored to try to improve the CRISPR editing rates. As the photoreceptor cell death observed
here does not appear to be related to dose, higher doses may improve the CRISPR/Cas9 gene
disruption and CRISPRi gene repression. Both published retinal studies using a single SaCas9 AAV
tested higher doses than were explored in this thesis but did not see significant improvements. Chung
et al. (2020) injected 4x10'! genome copies per eye (400 times more than the highest dose used in
this chapter) of AAV.SaCas9, but saw no editing?®®. Maeder et al. (2019) tested doses of 10° and 10%°

AAV particles per eye and found they had comparable editing rates of approximately 20 %%,

Later time points may be associated with greater editing and knock down. AAV transgene expression
following subretinal injection, and CRISPR/Cas9 gene disruption of exogenous genes, have been
reported to increase over 4 weeks post injection'3*2%, Following these studies, the latest time point
analysed in this chapter was 4 weeks. Significant knock down in this mouse model has been

documented at 2.5 months and 23 days post injection using CRISPR/Cas9 and CRISPRi,
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respectively®>18  Maeder et al. (2019) measured the indel rate for 9 months following subretinal
injection of a single SaCas9 AAV into a mouse model of Leber Congenital Amaurosis??. At 10° viral
genomes per eye the editing rate peaked at approximately 2 weeks post injection, but with 10° viral
genomes per eye (the highest dose used in this thesis), editing rates did not peak until approximately

6 weeks post injection.

Most CRISPR/Cas9 gene editing studies in the retina have focused on using the most common Cas9
species, SpCas9. A key difference between the SaCas9 and SpCas9 strategies is the single vs dual AAV.
A single AAV strategy is often preferred as it requires fewer AAV particles and therefore may reduce
any potential AAV-related toxicity or immune reactions. Plasmid transcriptional interference has
previously been highlighted in this thesis as a limiting factor for CRISPR rates (see Chapter 4).
Expressing the SaCas9 and gRNA constructs from separate AAV may reduce transcriptional
interference, and allow higher expression of both transgenes. Only two studies using SaCas9 in vivo
have used a single AAV strategy, with most using a dual AAV strategy instead®%:16>218228.233 Fytyre work
should explore the differences in transgene expression and EGFP knock down between a single and

dual SaCas9 AAV strategy in vivo.

This chapter explored a single gRNA, F10. This gRNA was selected as it demonstrated knock down with
both CRISPR/Cas9 and CRISPRIi in vitro, but despite this, the editing rates in the retina were low. As
the target-binding regions are the optimal 21 bp length for SaCas9 activity, there are currently no
known gRNA modifications to improve CRISPR activity®®. Other promising gRNAs, such as F15 could be
assessed, either individually or in combination with gRNA F10, to increase the likelihood of identifying

successful gRNAs candidates in vivo.

Finally, introducing a method of analysing transduced regions would improve the estimation of gene
editing efficiency. Although there is not sufficient space to include a selection marker within this single
AAV strategy, the neural retina could be physically separated into superior and inferior fragments.

These could then be processed individually to allow comparison between the more efficiently
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transduced superior retina and the less efficiently transduced inferior retina. Magnetic activated cell
sorting with CD73 has been shown to enrich rod cells in a neural retinal cell population?3¢-238, By sorting
the neural retina, this would reduce the proportion of cells in the analysed population that are unable
to express SaCas9, and therefore reduce the dilution effect when measuring DNA editing.
Alternatively, EGFP expression in retinal sections could be compared between highly- and poorly-

transduced regions®.

6.4.6 Conclusions

AAV.SaCas9 and AAV.dSaCas9.KRAB were associated with loss of photoreceptors in vivo. The causes
are currently unknown and therefore further experiments are required to determine this and identify
an optimal dose. Subretinally injected AAV.SaCas9 drives in vivo EGFP disruption. The DNA editing
rates measured are low, but are associated with moderate levels of EGFP knock down. Unfortunately,
AAV.dSaCas9.KRAB was unable to drive detectable CRISPRi repression of EGFP in vivo. There are many
avenues to be explored to increase the level of measured knock down, including assessing only
transduced regions, screening additional gRNAs, testing higher AAV doses, testing later harvesting

dates, and exploring a dual AAV delivery strategy.
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7 Discussion

CRISPR/Cas9 gene disruption and CRISPRi gene repression were first described in 2012 and 2013,
respectively. Since its discovery, CRISPR gene editing has revolutionised the field of biology, with
applications in the creation of models, the study of gene and protein function, and as potential gene
therapies for the treatment of dominant diseases®*%%?3°, Toxic gain-of-function mutations in RHO are
the most common cause of autosomal dominant retinitis pigmentosa (RHO-adRP), and removal of the
mutant RHO protein has been shown to prevent photoreceptor degradation324-243  This thesis
developed a single AAV CRISPR/Cas9 vector that was capable of driving rod cell-specific CRISPR gene
disruption in vivo, and explored the possibility of targeting non-pathogenic RHO SNPs for a mutation-

independent, allele-specific knock down of RHO.

176



7.1 hPDE6Bp — a short rod cell-specific promoter

Expressing an AAV gene therapy exclusively in the target cell population increases the safety profile
of the treatment, confining the transgene expression and any off-target effects to the diseased
cells?®11 For a single AAV CRISPR/Cas9 or CRISPRi treatment using SaCas9, a rod cell-specific
promoter under 270 bp was required. A shortened 154 bp section of the human PDE6B promoter was

isolated and screened with reporter constructs.

This promoter was active in the human retinoblastoma cell line Y79, in human retinal tissue cultured
ex vivo, and was rod cell-specific when subretinally injected in mice. It was able to drive strong SaCas9
and dSaCas9.KRAB expression when packaged in a single AAV8(Y733F) construct, resulting in

significant CRISPR/Cas9 gene disruption of the rod cell specific EGFP gene in the Nrl-EGFP mouse line.

All known DNA regulatory elements of the hPDE6B gene are included in this shortened promoter so it
is expected to retain its native rod cell-specificity in human tissue. Confirming this experimentally
would further increase the safety profile of these constructs!!’124, Retinal specificity could be explored
in retinal organoids, which contain rod-like cells which express PDE6B, or in human retinal tissue

cultured ex vivol34152-154,

The short size of this promoter makes it of interest to other AAV-based strategies targeting rod cells,
particularly due to the limited carrying capacity of AAV. Autosomal recessive and X-linked forms of
retinitis pigmentosa are candidates for gene augmentation, and replacement gene expression
cassettes are typically driven with rod cell-specific promoters3%244245 Qther strategies to treat
retinitis pigmentosa involve delivering protective factors to the retina which have shown promise in
vivo, reducing photoreceptor apoptosis?*2#. These are often driven by ubiquitous promoter in pre-
clinical studies but using a rod cell-specific promoter would limit expression to the target cell type.
The shortened hPDE6EB promoter has potential application in these therapies, and others targeting

rod cells.
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7.2 CRISPR gene editing rates

7.2.1 On-target activity

High levels of CRISPR/Cas9 gene disruption and CRISPRi gene repression were measured throughout
this thesis. CRISPR/Cas9 gene disruption of endogenous EGFP, VEGFA, and RHO was demonstrated in
vitro, with up to 73 % disruption (measured by subcloning) using a RHO-targeting gRNA. CRISPRi was
also successful in vitro, repressing luciferase expression by 71 % using a RHO-targeting gRNA.
Endogenous EGFP was also targeted with CRISPRi but this was less successful: the greatest reduction

in EGFP fluorescence was 26 % in vitro.

In vivo, the single CRISPR/Cas9 AAV was able to knock down EGFP mRNA levels by 53.0 % but the
single CRISPRi AAV did not significantly repress EGFP in this experiment. The reasons behind this lack
of CRISPRi repression are currently unknown but should be explored in future research. When the
mouse EGFP sequence was originally screened for gRNAs, none were predicted to have high binding
efficiency, which is likely a limiting factor for CRISPRi rates. This was confirmed by low in vitro knock
down of endogenous EGFP compared to CRISPR/Cas9 gene disruption. Throughout this thesis, the
most optimal PAM site for SaCas9 — NNGRRT — was used, but significant SaCas9 activity has also been
seen using the less stringent PAM NNGRRN®. Screening gRNAs with this PAM site may have identified
candidates with higher rates of CRISPRi. Other transcriptional repressors have been identified which
outperform the KRAB repressor but these are too large for a single AAV strategy. Swapping the KRAB
repressor from KOX1 (used in this thesis) for the KRAB repressor from the ZIM3 gene may offer a
simple method of improving the CRISPRi knock down, as this ZIM3 KRAB repressor has been shown to
outperform the KOX1 KRAB repressor, and could still be packaged in a single AAV*®, Inclusion of a
previously validated endogenous control gRNA would clarify whether target site selection, or the

construct design, was responsible for the low CRISPRi rates.

As discussed in section 6.4.5, there are many avenues of further research that can be explored for

improving the CRISPR/Cas9 and CRISPRi gene editing rates in vivo. Other research using SaCas9 in the
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retina have explored higher doses of AAV and later harvesting time points, without seeing any
detrimental effects of toxicity?!®2%8, Screening additional gRNAs with higher in vitro efficiencies would
reveal the potential editing range with these constructs. Introducing methods for selection of
transduced regions of the retina, or enrichment of the target rod cell population, would also improve

the accuracy of the measured DNA editing.

7.2.2 Measuring CRISPR editing

Throughout this thesis the impact of CRISPR editing was measured at multiple levels. This was made
possible in vivo due to the development of the modified allprep extraction protocol in Chapter 6,
allowing gRNA, mRNA, DNA, and protein extraction from a single retina. Analyses revealed that knock
down rates were not consistent between measurements, and highlighted the importance of selecting
appropriate analyses. When CRISPR/Cas9 was used to disrupt EGFP, the indel rate was lower than the
MRNA reduction and fluorescence reduction both in vitro and in vivo. TIDE is known to underestimate
indel rate at roughly 10-20 %', This accounts for the difference between measures of knock down in
vitro but not in vivo, in which 4.1 % indels by TIDE analysis were associated with 55.3 % reduction in
EGFP transcripts. In the Nrl-EGFP mice, the EGFP transgene is present in all retinal cells but it is only
active in rod cells'?l, Due to the hPDE6B promoter, SaCas9 is only transcribed in rod cells. As all the
neural retina cells were analysed collectively, the unedited EGFP copies in all non-rod cells may be

diluting the estimated editing rate, accounting for the difference between indels and knock down.

Measuring the reduction in protein activity is dependent upon the half-life of the protein of interest.
As the half-life of EGFP is approximately 26 hours, EGFP molecules present in the HEK293-EGFP cells
before transfection were still contributing to fluorescence at the 48 hour harvesting time point'’®. This
issue was absent from the in vivo study as imaging was conducted 2-4 weeks post injection. In vitro,
the fluorescence was measured by both fluorescence spectroscopy of extracted protein, and mean

grey value of fluorescence images. Despite both measuring fluorescence, the knock down measured
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by fluorescence spectroscopy was over 15 % greater than with mean grey value. Although cells were
grown as a monolayer, they had begun to overlap considerably by the time of harvest. Setting the
laser power or exposure time too high can also result in overexposure. Both of these factors can mask

fluorescence knock down using mean grey value.

CRISPR/Cas9 activity at a DNA level was measured by TIDE analysis or subcloning analysis at different
points throughout this thesis. In vitro comparison revealed that TIDE estimates approximately 37 %
lower editing than subcloning. This discrepancy was also present in vivo. In a dose response
experiment, TIDE analysis detected no significant editing at any dose, despite a 36.5 % reduction in
fluorescence using the medium dose. Two high dose samples were sent for subcloning analysis and,
although this analysis could not be fully completed, indels were detected in 2 out of 12 total clones.
To better estimate CRISPR/Cas9 editing rates in retinal DNA, selection for the target cell population or
successfully transduced cells should be conducted, and subcloning analysis or deep sequencing should

be used.
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7.3 Targeting RHO for adRP

Knocking down the mutant rhodopsin protein is a commonly explored strategy for the treatment of
RHO-adRP*. RHO-targeting strategies are either non-discriminatory, knocking down wild type and
mutant RHO then introducing a treatment-resistant RHO, or they are allele-specific, selectively
targeting the mutant RHO. Both strategies have demonstrated success, with clinical trials currently
ongoing for both an allele-specific antisense oligonucleotide therapy (ClinicalTrials.gov:
NCT04123626), and a short interfering RNA knock down and replace therapy*?>***. Knock down and
replace strategies can treat more patients as they are independent of the pathogenic mutation, but
they must control cellular RHO protein as levels under 50 % and over 200 % are toxic to the retina3®%,
A CRISPR/Cas9 system developed by EDITAS limits this risk by expressing RHO-targeting gRNAs and
the RHO replacement gene in the same AAV, and Cas9 in another AAV#’. This ensures RHO disruption
only occurs in the cells that also express the replacement RHO. Overexpression remains a potential
issue, however, as the replacement RHO can be expressed in cells that have not undergone CRISPR

editing.

This thesis demonstrated that targeting non-pathogenic SNPs or indels in RHO was a viable strategy
for achieving allele-specificity with CRISPRi. 14 candidate SNPs or indels were identified in RHO, 8
occurred in an SaCas9 gRNA binding region or PAM site, and 2 could be targeted allele-specifically.
This strategy is more likely to be feasible with CRISPRi than CRISPR/Cas9 for two reasons. Firstly,
CRISPR/Cas9 has greater tolerance of single base pair mismatches than CRISPRi and therefore the
gRNAs identified with the CRISPRi luciferase assay may not be allele-specific with CRISPR/Cas9*. An
enhanced-fidelity version of SaCas9 named efSaCas9 was created in 2020 with a single N260D amino
acid change?*. This species has 2- to 93- fold fewer off-target effects than SaCas9, and may therefore
be more effective at discriminating between RHO alleles. Unfortunately, defSaCas9 had no greater
specificity than dSaCas9, so it does not offer improvements with CRISPRi. Secondly, RHO is a highly

conserved gene and as a result, the common, non-pathogenic SNPs and indels all occurred outside the
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coding sequence?. Other than a SNP in exon one, these regions are unlikely to drive any reduction in
rhodopsin protein with CRISPR/Cas9, as indels in introns will typically be lost during splicing®. CRISPR;,

however, has driven gene repression targeting regulatory regions and introns2°%2%1,

Complete removal of mutant RHO is not required for the treatment of adRP, and therapeutic benefits
have been achieved in vivo with lower editing levels. One study treated retinas of the P23H rat model
of RHO-adRP with an allele-specific antisense oligonucleotide targeting the mutant Rho transgene.
They detected a 40 % reduction in mutant Rho which was associated with an 18 % increase in outer
nuclear layer thickness and improved ERG responses?>?. Another study treated the S334ter-3 rat
model of RHO-adRP with a subretinal injection and electroporation of CRISPR plasmids targeting the
mutant Rho®. 33 days after treatment there was 33-36 % disruption of mutant Rho, and the treated

regions of the retina had a significant increase in the number of photoreceptor layers from 1 to 8.

This thesis was able to achieve a 53 % reduction in rod cell-expressed EGFP mRNA following treatment
with an all-in-one CRISPR/Cas9 AAV. If similar knock down rates could be achieved with mutant Rho,
it is likely this would drive some phenotypic rescue of a RHO-adRP model, as seen in other papers342°2,
Targeting RHO SNPs with the allele-specific gRNAs in vitro produced high levels of CRISPR/Cas9
disruption and CRISPRi repression, between 38.5-73.2 % and 43.1-65.8 %, respectively. Unfortunately,
the impacts of these edits on RHO protein could not be assessed, and as the target sites are intronic,
they are unlikely to be effective with CRISPR/Cas9. The all-in-one CRISPRi AAV was unable to drive
EGFP repression in vivo but the reason for this is unknown and requires further investigation (see

7.2.1).

As this strategy targets common SNPs in the human RHO sequence and regulatory regions, a suitable
in vivo model would require the full-length human RHO sequence, driven by the RHO promoter. The
transgenic P23H and NHR mice developed by Olsson et al (1992) may be suitable?*3. These contain a
large transgenic insertion of either the mutant or wild type RHO allele (including its upstream and

downstream regulatory elements) from a patient with RHO-adRP caused by the P23H mutation. The
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wild type NHR mice have a normal retinal structure and electroretinogram responses, while the
mutant P23H mice have loss of photoreceptors over time and diminished electroretinogram responses

- replicating adRP human symptoms.
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7.4 Considerations for clinical application

7.4.1 Off-target effects

Off-target effects with CRISPR/Cas9 and CRISPRi occur when Cas9 binds at unintended sites in the
genome, which are partially homogenous to the gRNA target sequence®. They are a concern in
translational research as disruption of critical genes can theoretically lead to cell dysfunction or the
development of cancer®»?°42%, CRISPRi typically has greater specificity than CRISPR/Cas9 but off-
target effects with CRISPRi have been reported, and therefore remain a concern®®>8, Off-target effects
were not investigated in this thesis. This is not essential for the experiments targeting EGFP as they
have no clinical application and instead serve as a proof-of-concept for targeting rod cell-specific genes
in vivo. For the gRNAs targeting RHO, off-target effects will determine whether these are feasible
treatments for adRP. In early CRISPR research, off-target sites were predicted by screening for
genomic regions with sequence similarity to the gRNA binding site®?>’. However, it was subsequently
discovered that these screens fail to identify many off-target effects, and so next-generation
sequencing techniques were developed to search for off-target activity in an unbiased way*%, These
include Digenome-seq, BLESS, and DISCOVER-seq, which search for indels, double-stranded breaks, or
recruitment of DNA repair machinery in the genome, respectively®®?5%26° As CRISPRi does not
introduce breaks into the genome, off-target effects are investigated either with ChIP-seq, identifying
areas of the genome where dCas9 binds (subsequent RNA analysis is then required at these sites), or
by RNA-seq, identifying changes in the cells transcriptome relative to a reference database®%81.88261,
These techniques can be used to identify off-target effects of RHO-targeting gRNAs with CRISPR/Cas9
and CRISPRI. Off-target effects can vary between cell types so to best mimic the potential off-target
effects in human rod cells, screening should be conducted in human retinal cells: either an
immortalised retinal cell line such as Y79 cells, retinal organoids, or in human retinal tissue cultured
ex vivo®134152 |f off-target effects of RHO targeting gRNAs are a concern, the use of the enhanced-

fidelity version of SaCas9, efSaCas9 may improve off-target effects with CRISPR/Cas9, but will not
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improve CRISPRi off-target effects?*,

7.4.2 Unintended consequences

As well as off-target effects from CRISPR activity in unintended sites of the genome, there are
additional side effects of CRISPR gene editing that are potential hurdles for clinical application.
CRISPR/Cas9 gene editing causes a double stranded break in the genome, which triggers cellular repair
mechanisms. This causes indels to be incorporated into the genome, the exact sequence of which is
uncontrollable. Concerns have been raised that this could lead to the production of a toxic protein,
causing cellular stress or death. Giannelli et al. (2018) investigated the impact of indels in the RHO
coding sequence*’. They identified the two most common indels following in vivo SaCas9-driven RHO
disruption, and expressed them in the P19 mouse cell line. Encouragingly, neither sequence produced
a protein or were toxic to the cell. Other papers have identified that exonic indels can cause the
mutated exon to be skipped during splicing, leading to the formation of a truncated protein?2253,
Truncated RHO proteins are known to be toxic, and three of the targetable RHO SNPs are in exons 1
and 5, which could result in truncated proteins if skipped®?%42>, Finally, integration of the AAV
genome into the cut site has been repeatedly documented?’®207.265 |n this thesis, integration of
plasmid components into the RHO sequence following CRISPR/Cas9 gene disruption in vitro occurred
in 4.1 % of edits. This was not investigated in vivo but would be a useful avenue of further research.
To progress RHO-targeting CRISPR/Cas9 therapies to the clinic, the impacts of CRISPR/Cas9 gene
editing should be investigated thoroughly. Next generation sequencing of the target site would reveal
common indels and AAV integrations, which could then be investigated for cellular toxicity. RNA-
sequencing and western blot analysis would highlight any exon skipping and protein truncations. As
with off-target effects, this analysis should be conducted in human retinal cells to mimic the target
cells of the therapy. As CRISPRi does not induce double stranded breaks, unpredictable integrations

are not a concern, making this therapy simpler, and potentially safer.
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Following subretinal injection of both the CRISPR/Cas9 and CRISPRi AAV in this thesis, there was severe
loss of photoreceptors in some mouse eyes. This result was unexpected and was not consistent
between different AAV, experiments, or eyes of the same mouse. The photoreceptor loss was
unrelated to the dose of CRISPR/Cas9 AAV so it is not likely to be a response to the gene therapy vector
but due to a lack of sham injection controls, this could not be ruled out entirely. It should be noted,
however, that there is a wealth of data from similar experiments using subretinal AAV in similar doses

in mice which do not show any obvious toxic effect®’.

In order to understand potential detrimental effects of CRISPR gene therapy in pre-clinical studies,
appropriate controls are essential. Throughout this thesis, a “scrambled” gRNA was used as a CRISPR
negative control. Other than the gRNA coding sequence, these constructs were identical to the EGFP,
or RHO-targeting constructs, and therefore controlled for the introduction of Cas9, gRNA, the plasmid
or AAV presence, and the gene introduction methods. The scrambled gRNA sequence originates from
the unmodified px601 plasmid. This plasmid contains ubiquitous SaCas9 and gRNA expression
cassettes. In the unmodified version, the scrambled gRNA is composed of Bsal restriction sites that
are used to clone in target-specific gRNA sequences. The scrambled gRNA has no targets in the mouse
or human genome with 100 % homology but, as discussed previously, CRISPR editing can occur in
regions with partial homology. This gRNA was used in multiple experimental approaches — targeting
endogenous genes in vitro, targeting luciferase assay reporters in vitro, targeting endogenous genes
in vivo — and there were no unexpected differences between the scrambled or target gRNAs in any
assays (e.g. housekeeping gene expression levels were comparable, cell morphology was comparable,
etc.). Screening scrambled-treated cells for CRISPR/Cas9 and CRISPRi activity would allow a deeper
understand of the limits of this gRNA as a negative control. In the majority of studies, the genome-
wide impacts of control gRNAs are not investigated?®”-?’1, The introduction of a double stranded DNA
break has a mildly toxic effect on the cell, so some CRISPR screens recommend using a gRNA with a
single “safe” binding site, expected to have no impact on phenotype, rather than a non-targeting

gRNA272’273.
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7.5 Progress in retinal gene therapy

The eye is an organ that is ideal for gene therapy, and this is reflected in the remarkable progress in
gene therapy treatments into inherited retinal diseases in recent years. In 2017, the gene therapy
treatment Luxturna became the first gene therapy to gain US Food and Drug Administration approval,
quickly followed by European Medicines Agency approval in 2018. This gene augmentation therapy
uses AAV2 to deliver a working copy of the RPE65 gene to patients with Leber Congenital Amaurosis
type 2. While this is currently the only approved gene therapy treatment for retinal diseases, there
are clinical trials underway for other types of Leber Congenital Amaurosis, choroideremia, retinitis
pigmentosa, age-related macular degeneration, and diabetic retinopathy?’%. Two of these trials target
mutant rhodopsin to treat RHO-adRP. ION357 is an antisense oligonucleotide developed by lonis
Pharmaceuticals that binds exclusively to the P23H mutation in mutant RHO mRNA. In vivo mouse and
rat models demonstrated a 40 % reduction in mutant RHO exclusively, which increased outer nuclear
layer thickness and the number of photoreceptors**#4. The phase 1/2 human clinical trial began in
October 2019 and is expected to be complete by October 2021. The second trial, developed by IVERIC
Bio, treats RHO-adRP using a knock down and replace strategy. This mutation independent strategy
delivers an AAV2 drug called IC-100 which contains a short-interfering RNA molecule which targets
RHO mRNA, alongside a resistant copy of the RHO coding sequence **?7>, In vivo studies in a dog model
of RHO-adRP reduced native RHO by 97 %, and produced resistant RHO protein at 30 % normal levels.
In mouse RHO-adRP models this delayed photoreceptor loss and improved electroretinogram
responses. This trial aims to start recruiting patients at the start of 202127, In a similar mechanism to
RNAi strategies (see 1.4 CRISPR), antisense oligonucleotides and short-interfering RNA molecules bind
to target mRNA through sequence homology (in this case RHO mRNA), and reduce transcription of the

mRNA through blocking protein access, or triggering degradation of the mRNA transcript?’®.

The first in-human clinical trial using CRISPR/Cas9 is currently underway to treat the recessive retinal

disease Leber Congenital Amaurosis 10 caused by the 1VS26 mutation (Clinical trial number
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NCT03872479)%277, This mutation generates a cryptic splice site in an intron of CEP290, which
produces a non-functional mRNA. The trial uses a single AAV5 to deliver SaCas9 driven by the
rhodopsin kinase promoter, and two gRNAs driven by a U6 promoter. The gRNAs are targeted to either
side of the pathogenic splice site mutation 1VS26, removing the mutation and restoring normal
splicing. Pre-clinical experiments were performed in both a knock-in mouse model of Leber congenital
amaurosis 10 and wild type non-human primates??. Their constructs drove strong photoreceptor
transduction in both organisms, transducing approximately 30 % of the murine retina. At their highest
tested dose, they were able to achieve approximately 75-90 % editing in the mouse model, following
selection of transduced cells. No phenotypic analysis was done to see the impact of these mutations
on the retinal morphology, retinal response, or visual acuity, but editing in over 10 % of cones is
believed to produce a clinical benefit in patients. The estimation completion date of the study is 2024,
and the results are highly anticipated, as they will provide details on CRISPR efficiency rates and

tolerability in the human retina.
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7.6 Conclusion

When this DPhil project originated, CRISPR/Cas9 was a relatively new molecular system and
throughout the duration of the project, research progressed rapidly. This thesis has contributed to this
field by developing CRISPR/Cas9 and CRISPRi AAV vectors for rod cell-specific gene therapies. A novel,
small, 154 bp rod cell-specific promoter was created and characterised. It drove transgene expression
in multiple AAV, producing high SaCas9 and dSaCas9.KRAB expression in murine rod cells in vivo.
CRISPR/Cas9 demonstrated strong disruption of rod cell-specific EGFP in the Nrl-EGFP mouse line.
CRISPRi, however, was unable to significantly reduce EGFP expression in the same time frame. In vitro
analysis with CRISPRi revealed that targeting non-pathogenic SNPs in RHO can drive allele-specific
targeting and is a potentially useful strategy for a mutation-independent treatment of RHO-adRP. The
generation of rod cell-specific, single transgene CRISPR/Cas9 and CRISPRi AAV vectors was a critical
achievement and will enable further research in the rapidly advancing field of genome editing for the

treatment of inherited retinal diseases.
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9 Appendix

9.1 Primers

9.1.1 PCR primers
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9.1.2 Sequencing primers

DNA to be
Chapter
sequenced
DsRed
hPDE6Bp
reporter
validation
plasmids
Materials
AAV Helper
and
Plasmid
methods

Primer name

dsRed(hRHOp1)FW
DsRed2SEQFW3
PolyA(DsRed2)FW
pDsRed SEQ FW f(RC)
rhodsred_R1
pscAAVMCS SEQFW7
pscAAVMCS SEQFW3
px601_F11
px601_F12
px601_F14
pAD_F1
pAD_F2
pAD_F3
pAD_F4
pAD_F5
pAD_F5a
pAD_F6a
pAD_F7
pAD_F8
pAD_F9
pAD_F10
pAD_F11
pAD_F12
pAD_F13
pAD_F14
pAD_F15
pAD_F16
pAD_F17
pAD_F18
pAD_F19
pAD_F20
pAD_F21
pAD_F22
pAD_F23

Primer sequence

TCCACCGCCATGGCCTCCTCCGA
CCAAGAAGCCCGTGCAGC

GTTCCTGTAGGACCTGCGCTGATCAGCCTCG

CGTCGGAGGGGAAGTTCAC
GGCTGTGAGGTTGTGGAGAC
TGCAGCTGGCACGACAGGT
GGCCCGCATGCGTCGACA
CCGCTCATGAGACAATAACCC
TCTGACAACGATCGGAGGAC
GAGCGCAGATACCAAATACTGT
GCGCATTCAGCAGGCCG
GACGCTCAAGTCAGAG
CTGACGCTCAGTGGAAC
CTCCGATCGTTGTC
GACAGCTTATCATCG
TTCGCTACTTGGAGCCACT
CTTGGTTATGCCGGTACTGC
TGACCGAGGAGCTGT
TACAATGGCCGGACT
ATGACACTACGACCA
CAGTTACTGTGCTGA
TCTTGGGCAATGTATG
TAGGAACCATAGCCTTG
GTACTGCTATCGGTG
GCAAGGAGGTGCTGCTG
CAAGCGAGGAGCTCAC
GATCGCAGAGACCTG
GTCTGACACCTCTTCG
AGACCGTCACCGCTCA
ATCTCCGGGTCAGCA
TGGGCTCGCATGTGCCGT
CGGATGAGGCGGCGTATC
CAGAGGTGACCTACAAGC
CGACTTCAAGATATC
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Construct

design

AAVS(Y733F)

RepCap

SaCas9,
dSaCas9,
dSaCas9.KRAB

plasmids

Nrl-EGFP

transgene

pAD_F24
pAD_F25
pAD_R
pAD_Ra
Cap2 FW1
Cap8 FW1
Cap8 FW2
Cap8 FW3
Cap8 FW4
Cap8 FW5
Cap8 RC1
Rep2 Fwl
Rep2 Fw2
Rep2 FW3
Rep2 RC1
Rep2 RC2
RepCap FW1
RepCap FW2
RepCap FW3
RepCap FW4
RepCap FW5
RepCap RC1
px601_F1
px601_F2
px601_F4
px601_F6
px601_F7
px601_F8
px601_R2
px601_R4
px601_R7
px601_R9
Nrl-EGFP-F2
Nrl-EGFP-F11
Nrl-EGFP-F17
Nrl-EGFP-F18
Nrl-EGFP-R5
Nrl-EGFP-R6

GCTACGGCGCAGGAGTG
CGGCATCACCTGGATGTC
ACAGTCAGCCTTACCAGTA
TCAAACATGTCTGCGGGT
ATGGCTGCCGATGGTTA
TGGCTGCCGATGGTTATCT
TTCCAGACCCTCAACCTCTCG
ACGGCTACCTAACACTCA
ATCCTGGCATCGCTATGGCA
ACTACAAATCTACAAGTGTGGA
CAGGTTTCAGCGCCCACCAC
AGAAGCTGCAGCGCGA
TGCGGCCTCCAACTCGCGGT
GCCGTCTGGATCATGACT
CTCCCATTCCTTCTC
ACGTGCATGTGGAAGTA
CGTCTATCAGGGCGAT
ACCTGTCGTGCCAGCTGC
ACTATCGTCTTGAGTCCA
ATCTGGCCCCAGTGCTGCA
AGGATCTTACCGCTGTTGA
TGTGATGGATATCTGCAGAAT
CCAAGTCTCCACCCCATTGA
TGAAGAAAGACGGCGAAGTG
GGACGCCCAGAAAATGATCA
AAGCTGCTGATGTACCACCA
TGAACAACGACCTGCTGAAC
GTAGGTGTCATTCTATTCTGGGG
CCATAAGGTCATGTACTGGGC
TTGTGCACGCCTCTTCTCTT
CCCTTGGCCAGATTCAGGAT
GCCTGGTTGCTGATCTTCTTC
ATGATGGGACCAACTGCTCA
GAGAAGGAGGGATGGAGGGA
CAAAGACCCCAACGAGAAGC
CCAACAAGCTGGCTGAGGAT
CTTGTACAGCTCGTCCATGC
GGCGGATCTTGAAGTTCACC
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HEK293-EGFP

transgene

RHO

Sequencing
pGEM-T Easy

Vector for

Targeting
subcloning
RHO

Sequencing
gRNA target
inserted into

PsiCheck2

Nrl-EGFP-R13
Nrl-EGFP-R15
Nrl-EGFP-R17
Nrl-EGFP-R18
Nrl-EGFP-R22
EGFP_F2
EGFP_F4
EGFP_R2
Nrl-EGFP-R6

GGCTGTCAGTATGAATTGGCC
GGTATTCCCTGCCTGTTGG
CCTCAGCTTCCTCTCACCTT
GCATCCTCACATTTCAGCCC

TGGTGTCGTCCCTGTATTCA
CACATGAAGCAGCACGACTT
GAGCAAAGACCCCAACGAGA

GAAGCACTGCACGCCGTAG
GGCGGATCTTGAAGTTCACC

SNP genotyping done using TIDE primers and subcloning

T7 promoter

M13 rev (-29)

PCseqRV2

TAATACGACTCACTATAGGG

CAGGAAACAGCTATGACC

GTGCTTCTCGGAATCATAG
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9.1.3 TIDE and subcloning primers

gRNA

F9

F10

F11/No PAM

F12

F13

F14

F15

hRHO+28

hRHO+2300

VEGFA_val

hRHO-677

hRHO+50

hRHO+1841

hRHO+1844

hRHO+2781

hRHO+4447
+4452

hRHO+5317

Primer

CMV_F3
EGFP_R2
CMV_F4

Nrl-EGFP-R4
EGFP_F1
EGFP_R1
EGFP_F2
EGFP_R3
EGFP_F1
EGFP_R1
EGFP_F1
EGFP_R3
EGFP_F1
EGFP_R3
hRHO_F5

hRHO+466R
hRHO+2097F
hRHO+2699R
VEGFA_F1
VEGFA_R1
hRHO-1268F
hRHO-559R
hRHO-244F
hRHO+466R
hRHO_F17
hRHO+2226R
hRHO_F17
hRHO+2226R
hRHO+2524F
hRHO+3194R
hRHO+4169F
hRHO+4882R
hRHO+5038F
hRHO+5730R

Primer sequence

TCATATGCCAAGTACGCCCC
GAAGCACTGCACGCCGTAG
CCATGGTGATGCGGTTTTGG
GTCTTGTAGTTGCCGTCGTC
CGAGGAGCTGTTCACCGG
GTCCATGCCGAGAGTGATCC
CACATGAAGCAGCACGACTT
GCAGCGTATCCACATAGCGT
CGAGGAGCTGTTCACCGG
GTCCATGCCGAGAGTGATCC
CGAGGAGCTGTTCACCGG
GCAGCGTATCCACATAGCGT
CGAGGAGCTGTTCACCGG
GCAGCGTATCCACATAGCGT
TTAGGCCCTCAGTTTCTGCA

GGAGAAGGGAGAAGGCCTCT

CTTAGGCAGTGGGGTCTGTG
GAGTGGGACCCAGTTCCAAG
GGCTCCAACAGGTCCTCTTC
CACCAAGGTTCACAGCCTGA
TTTTCCCCCAGTCATCTGCC
GAAACGGAAGCTGCAGGTTG
CTTGGCCCCTCTTAGAAGCC

GGAGAAGGGAGAAGGCCTCT
TGTCCCTTTCACTGTTAGGAATG

CGAAGCGGAAGTTGCTCATG

TGTCCCTTTCACTGTTAGGAATG

CGAAGCGGAAGTTGCTCATG
TCCTGAGCCCCATGTCAAAC
CCCTCAGGCTCTGCATTTGA
CAGTCTTGGGTCAGCAGTCC

TTCCGGAACTGGAAGGCAAG
GTCTCCCATCCCCTACACCT
CCCCATCATCTGAATGCCCA

Annealing

temperature

65C

65C

65C

65C

65C

65C

65C

60C

60C

60C

60C

60C

60C

60C

65C

60C

60C

Sequencing

primer

EGFP_R2

Nrl-EGFP-R4

EGFP_F1

EGFP_F2

EGFP_R1

EGFP_R3

EGFP_R3

hRHO_F5

hRHO+2097F

VEGFA_R1

hRHO-559R

hRHO-244F

N/A

N/A

hRHO+2524F

hRHO+4169F

N/A
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hRHO+5991 hRHO+5730F TGGGCATTCAGATGATGGGG

+6009 hRHO+6454R CAACAAAACCCACCACCGTT 6s¢ hRHO+5730F
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9.1.4 Site-directed mutagenesis primers

Chapter DNA product DNA template
PDE6Bp  hRHOp.BamHI.
hRHOp.DsRed
validation DsRed
CMV.SaCas9.
CMV.SaCas9.
D10A.bGHpA.
bGHpA.U6.gRNA
U6.gRNA
Construct
design
CMV.dSaCas9.
CMV.SaCas9.D10A.
bGHpA.

bGHpA.U6.gRNA
U6.gRNA

Primer name

PDE6bSDM_F1

PDE6bSDM_R1

dSaCas9SDM1_F1

dSaCas9SDM1_R1

dSaCas9SDM2_F1

dSaCas9SDM2_R1

Primer sequence

GGTCAGAACCCAGAGG
GATCCACCGCCATGGC
GCCATGGCGGTGGATC
CCTCTGGGTTCTGACC
ATCCTGGGCCTGG
CCATCGGCATCACC
GGTGATGCCGATG
GCCAGGCCCAGGAT
GGTGCTCGTGAAG
CAGGAAGAAGCCA
GCAAGAAGGG
CCCTTCTTGCTGGCT
TCTTCCTGCTTCACG
AGCACC

Extension

time

4 min

42's

7 min

24 s

7 min

24 s
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9.2 Nrl-EGFP transgene

Transgene present in Nrl-EGFP mice. Grey highlighted sequence is the Nrl promoter, Green highlighted

sequence in the EGFP gene

ATGATGGGACCAACTGCTCACTGGCTAGGCTCTCCAAGGCAGCAAACCAAAGCAAAGCGCTTTCCGATTAAGT
CAATTACTTCAGGTATGTATTGGAGCAATTATGTTAGTGTTAGTCGGTTTTTGTTATTGTGACAAAGTGCCCGA
GAAAGATCAAAGGAGGGGAGCCTTCTTTGGGCTAATGGCTTCAGTTTCAGCTGATGGTTGTGGGTGTCCTATT
GCTTTGGTCCAAAATCTAACATCACGATGGAAAATGTATAGTGAAGAAGTAAAGAGAGAAAAGAGAGAGGA
AGAGGGGGAAGTGGAGGTGGGGGAGAAGGAGGGATGGAGGGACACAGACAAAATGCACCAATGAACTAA
GGAGAAGATACACCATTCAAACGCATGTTTTTTCTAGTTAGGCCAATTCATACTGACAGCCAATTCAGTATGGA
TTCTTCAGCTGGTTAGTTATGGATAAGTTTAACCTCTAATAATATCTCAGTGAAAACTAGCTTTTAAAATATACC
GGAACCATAGCAGTGATAGAAAACTAATGTAGGGTGGACACACACACACACACACACACACAAACACACACT
TTGAGACTGGGTTGAAGGTAGGCATCTGTGGACCAGTGGGTCTCAAACATTAGTGTGTTTCAGAGCTGTTGG
AAGGGTTTATTAAACAGCAGCTGTCTATAACCTACTTACTGAGTTTCTGGTTCTGTGAGTTTGAGGTAAAGCAA
AAGAATTTGTTTCTTCAAGTTCCCAAGGGGTGATTTCTTAAGACTGTGGAAGCCATTGTTCCAACAGGCAGGG
AATACCCTTTAACTTCTGGAGTTTCTTTTATCACAGCACCTATTTAAACAGCTTCAGGCAGGTTTAAACATCTCC
TTGGCTAAGTCCTACTATCCCTGCTTCGGCCCCTACTAGGGGGTGACAGCTCTAAGAGGCGTTAGGCGATTAG
GCTGAAAATGTAGGTCACACCCCAGCCGTCTGGGAATGAGCGAGAGAGGAGAAGAGGGACTGAGACACCGC
ACGGKGAAAAGGTGAGAGGAAGCTGAGGGCTCATGAGGGCATTCACAGAAGTGTGGTGGTGATTGGATTTC
AGCTTCTTTTAGTCTCCAGATGAAAGACCAGAGTTGGGATCTCCGCTTTTTCTATCTCTTCTCTCCAGCTGGGCT
GCTTGTCTTCGGGATGGGCTATTAAGAGCGAGTTTCTTCATGGAAGCTCATGGCTTATCTTTCTAATACAGTGA
CTCTGTGAGGAATAAGACGAGTCAGGGTGAAGGTAGGGCAGGGGCTGAAATGTGAGGATGCTTGAAAAGA
AGCAGCAGCCCCAACAAGCTGGCTGAGGATGGGCTGGGAACGCGTATATGTCTCCTTGACACGGAGTCTTAA
AAGAGGTTTTGGGTAGTATGTCTGGACTCTTACCACTCTAAGCTTTGAGTGATTGGGCTGAGAATTGTGTTTCC
ATGGAGGGGTGGTGTTTGGGGTCAACATGGCTCTCTATATTGGAAACCAAGCTCACAACATAAGCAAGGTCT
GATATAGGAAGCTTCTCTGGGGAAGATGCCGTTTGTTTTTTTCCTTTTTGGAGAACTGATAGCACCTGTCTTTC
ACTGGCTTCTGAGTCCCTGCCCCAGGCCAATGAGATATGCAAATAAGCCCTTCATCTTATTGGATGAGGCTCG
AGGACCACAGATGATCTCAGGGAACCAGTCCTTTAAGAGTGTCCTCTGGGCTCTGTGCCCACAGCCCCCTTGT
TCTGAATACAGGGACGACACCAGCCCCTGCTCTATGGAGTATTTAGCCTCCAGGGAAGCTGTGCCTTTCTGGT
TCTGACAGTGACTACGTCATCTCTGCCATTACATCGGATCCACCGGTCGCCACCATGGTGAGCAAGGGCGAGG
AGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGT
CCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGC
CCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACAT
GAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGAC
GACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAA
GGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGT
CTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGG
CAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAA
CCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGA
GTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAA
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9.3 SaCas9 gRNAs targeting EGFP

All possible SaCas9 gRNAs in the confirmed Nrl-EGFP sequence targeting EGFP with the PAM NNGRRT.

Positions are the predicted cut site relative to the EGFP start codon.

Position

Strand

Sequence

TGCTCACCATGGTGGCGACCG
CAAGGGCGAGGAGCTGTTCAC
TACGTCGCCGTCCAGCTCGAC
GCCGGTGGTGCAGATGAACTT
GCCGTAGGTCAGGGTGGTCAC
GAAGCACTGCACGCCGTAGGT
AGTCGTGCTGCTTCATGTGGT
GCCCTCGAACTTCACCTCGGC
CTTCAGCTCGATGCGGTTCAC
GTTGTACTCCAGCTTGTGCCC
GCAACATCCTGGGGCACAAGC
GCTGCCGTCCTCGATGTTGTG
CAGCACGGGGCCGTCGCCGAT
GGGGTCTTTGCTCAGGGCGGA
CCATGTGATCGCGCTTCTCGT
AGCGCGATCACATGGTCCTGC
GCTGGAGTTCGTGACCGCCGC
CTTGTACAGCTCGTCCATGCC

PAM

GTGGAT
CGGGGT
CAGGAT
CAGGGT
GAGGGT
CAGGGT
CGGGGT
GCGGGT
CAGGGT
CAGGAT
TGGAGT
GCGGAT
GGGGGT
CTGGGT
TGGGGT
TGGAGT
CGGGAT
GAGAGT

Specificity Score

92.8
86.5
97.3
82.0
85.1
97.2
81.2
93.2
95.6
79.4
80.2
92.5
99.1
85.8
98.4
89.3
98.8
91.8

Efficiency Score

29.3
15.3
7.0
19.3
7.0
21.2
12.2
3.9
9.3
15.9
8.7
18.1
4.9
13.0
15.4
11.4
5.9
9.8
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9.4 HEK293-EGFP cell transgene sequence

EGFP transgene sequence of the HEK293-EGFP cell line. Grey highlighted sequence is the CMV

promoter, green highlighted sequence is EGFP.

GGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGC
GTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCATCCAC
GCTGTTTTGACCTCCATAGAAGACACCGACTCTAGAGGATCCACTAGTCCAGTGTGGTGGAATTCTGCAGATA
TCAACAAGTTTGTACAAAAAAGCAGGCTCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCG
ATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCT
CGTGACCACCTTCACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCA
AGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCC
GCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAG
GACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAG
CAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGAC
CACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGT
CCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGA
TCACTCTCGGCATGGACGAGCTGTACAAGTAAACCCAGCTTTCTTGTACAAAGTGGTTGATATCCAGCACAGT
GGCGGCCGCTCGAGTCTAGAGGGCCCGCGGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATT
CTACGCGTACCGGTTAGTAATGATCGACAATCAACCTCTGGATTACAAAATTTGTGAAAGATTGACTGGTATTC
TTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCCGTAT
GGCTTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCA
ACGTGGCGTGGTGTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTC
CTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGG
ACAGGGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAGCTGACGTCCTTTCCATGGCTG
CTCGCCTGTGTTGCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGA
CCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCC
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9.5 RHO SNPs

All SNPs in the RHO sequence with a global MAF over .01

SNP ID

rs2625954

rs2625955

rs2269736

rs7984

rs2855552

rs200054443

rs570795323

rs6803468

rs2855557

rs2071092

rs796098464

rs2410

rs2855558

rs60645924

Mutation

TACATGGCATT[C/T]GAGGCCCTC

CAACCTCACAG[A/C]CACCCTGGA

CTCAGGCCTTC[A/C/G]CAGCATTCTTG
TGGGAGCAGCC[A/G]CGGGTCAGCCA
CTCAGGGAATC[G/T]CTGGCCATTGT

ACTCTGCCCCA[/CATTAGGATG]CATTC
TTCTGC

CACACACACAC[/ACACACACACACACA
CAA]JACACACACACA

GTGGCCCCTTG[G/TJAACTGGGTCCC
AAGTCAGAAGG[A/T]CCCAAGTCGGG
GCCCTGGCCCT[A/G]ACTCAAGCCTC
AGGCTCCTTAA[-/T]TTTTTTTTITTT
CCACGTTCCCC[A/GJAGGCCAGCGG
CCAAGTTCCCA[A/G]TGAGGGTGAGA

GAGGGTGAGAT[C/TIGGGCCTGGGGT

Chromosomal
location

3:129527571

3:129527956

3:129528683
3:129528708

3:129530082

3:129530483

3:129530549

3:129531436
3:129533079
3:129533585
3:129533858
3:129533950
3:129534630

3:129534643

Global MAF

T=0.4714/2361
C=0.4482/14215

C=0.4728/2368
A=0.4856/14140

A=0.1697/850
A=0.4716/2362

G=0.1006/504

-=0.1524/763

ACACACACACACAC
ACAA=0.1615/809

T=0.098442/493
A=0.4778/2393
A=0.1150/576
-=0.4828/2418
G=0.2656/1330
A=0.4790/2399

C=0.1096/549

Global
MAF

0.4714

0.4728

0.1697
0.4716

0.1006

0.1524

0.1615

0.0984
0.4778
0.1150
0.4828
0.2656
0.4790

0.1096
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9.6 RHO SNPs and gRNAs

Key: Exon  SNP gRNA  Start codon Overlap of 2 gRNAs Stop codon
GCTGCGACTGAACTGTCCCTACTGTTATTCGCTCTTCTATTTGTTTGTGGTCCCTGTGCCCCCTCACCCCACAAAAACACTG
GCTTCTTGTGAGCAGGAGCTTGCTCTTTCGTGTACCCTGTGTGTCCCCAAGGACCAAGCACCTTGTCTGGGCCACAGTAGG
TGCTCAATACACATGTTGGCTGGACAGTGGTCACTGAGCGGCCGCACGTCGGGCACTCTCAGCACTTGCACAGGCCGCCC
CAGACACCCCACTTCATTCCTGGGAGGTGTCATCATGTTGCTTGGACGACGGGGAGAGGGGGACCTGCCAGTGTTGGCCT
CCATTTTCCCCCAGTCATCTGCCCCCAAGGCTCTGACTACTTTCTTTCTCACGGTACATCCTGCTATTCTGGAATCGGCCCTC
GTGGGGCCACCTGGTACATGGCATTTGAGGCCCTCGTGGCTGATTAGGCCTCCCCCAACAGTGCCCTGTCTGCTGCCTCCA
GGGCCAGCCTCCCCTTCAGACTGGAGTCCCCTGAAGGGTTCTGCCCCTCCCCTGCTCTGGTAGCCCCCTCCATCCTCCCTCC
CTCCACTCCATCTTTGGGGGCATTTGAGTCACCTTTCTACACCAGTGATCTGCCCAAGCCACTGCTCACTTTCCTCTGGATA
AAGCCAGGTTCCCCGGCCTAGCGTTCAAGACCCATTACAACTGCCCCCAGCCCAGATCTTCCCCACCTAGCCACCTGGCAA
ACTGCTCCTTCTCTCAAAGGCCCAAACATGGCCTCCCAGACTGCAACCCCCAGGCAGTCAGGCCCTGTCTCCACAACCTCA
CAGCCACCCTGGACGGAATCTGCTTCTTCCCACATTTGAGTCCTCCTCAGCCCCTGAGCTCCTCTGGGCAGGGCTGTTTCTT
TCCATCTTTGTATTCCCAGGGGCCTGCAAATAAATGTTTAATGAACGAACAAGAGAGTGAATTCCAATTCCATGCAACAAG
GATTGGGCTCCTGGGCCCTAGGCTATGTGTCTGGCACCAGAAACGGAAGCTGCAGGTTGCAGCCCCTGCCCTCATGGAGC
TCCTCCTGTCAGAGGAGTGTGGGGACTGGATGACTCCAGAGGTAACTTGTGGGGGAACGAACAGGTAAGGGGCTGTGT
GACGAGATGAGAGACTGGGAGAATAAACCAGAAAGTCTCTAGCTGTCCAGAGGACATAGCACAGAGGCCCATGGTCCCT
ATTTCAAACCCAGGCCACCAGACTGAGCTGGGACCTTGGGACAGACAAGTCATGCAGAAGTTAGGGGACCTTCTCCTCCC
TTTTCCTGGATCCTGAGTACCTCTCCTCCCTGACCTCAGGCTTCCTCCTAGTGTCACCTTGGCCCCTCTTAGAAGCCAATTAG
GCCCTCAGTTTCTGCAGCGGGGATTAATATGATTATGAACACCCCCAATCTCCCAGATGCTGATTCAGCCAGGAGCTTAGG
AGGGGGAGGTCACTTTATAAGGGTCTGGGGGGGTCAGAACCCAGAGTCATCCAGCTGGAGCCCTGAGTGGCTGAGCTC
AGGCCTTCGCAGCATTCTTGGGTGGGAGCAGCCACGGGTCAGCCACAAGGGCCACAGCCATGAATGGCACAGAAGGC
CCTAACTTCTACGTGCCCTTCTCCAATGCGACGGGTGTGGTACGCAGCCCCTTCGAGTACCCACAGTACTACCTGGCTGA
GCCATGGCAGTTCTCCATGCTGGCCGCCTACATGTTTCTGCTGATCGTGCTGGGCTTCCCCATCAACTTCCTCACGCTCTA
CGTCACCGTCCAGCACAAGAAGCTGCGCACGCCTCTCAACTACATCCTGCTCAACCTAGCCGTGGCTGACCTCTTCATGG
TCCTAGGTGGCTTCACCAGCACCCTCTACACCTCTCTGCATGGATACTTCGTCTTCGGGCCCACAGGATGCAATTTGGAG
GGCTTCTTTGCCACCCTGGGCGGTATGAGCCGGGTGTGGGTGGGGTGTGCAGGAGCCCGGGAGCATGGAGGGGTCTGG
GAGAGTCCCGGGCTTGGCGGTGGTGGCTGAGAGGCCTTCTCCCTTCTCCTGTCCTGTCAATGTTATCCAAAGCCCTCATAT
ATTCAGTCAACAAACACCATTCATGGTGATAGCCGGGCTGCTGTTTGTGCAGGGCTGGCACTGAACACTGCCTTGATCTTA
TTTGGAGCAATATGCGCTTGTCTAATTTCACAGCAAGAAAACTGAGCTGAGGCTCAAAGAAGTCAAGCGCCCTGCTGGGG
CGTCACACAGGGACGGGTGCAGAGTTGAGTTGGAAGCCCGCATCTATCTCGGGCCATGTTTGCAGCACCAAGCCTCTGTT
TCCCTTGGAGCAGCTGTGCTGAGTCAGACCCAGGCTGGGCACTGAGGGAGAGCTGGGCAAGCCAGACCCCTCCTCTCTG
GGGGCCCAAGCTCAGGGTGGGAAGTGGATTTTCCATTCTCCAGTCATTGGGTCTTCCCTGTGCTGGGCAATGGGCTCGGT
CCCCTCTGGCATCCTCTGCCTCCCCTCTCAGCCCCTGTCCTCAGGTGCCCCTCCAGCCTCCCTGCCGCGTTCCAAGTCTCCTG
GTGTTGAGAACCGCAAGCAGCCGCTCTGAAGCAGTTCCTTTTTGCTTTAGAATAATGTCTTGCATTTAACAGGAAAACAGA
TGGGGTGCTGCAGGGATAACAGATCCCACTTAACAGAGAGGAAAACTGAGGCAGGGAGAGGGGAAGAGACTCATTTAG
GGATGTGGCCAGGCAGCAACAAGAGCCTAGGTCTCCTGGCTGTGATCCAGGAATATCTCTGCTGAGATGCAGGAGGAGA
CGCTAGAAGCAGCCATTGCAAAGCTGGGTGACGGGGAGAGCTTACCGCCAGCCACAAGCGTCTCTCTGCCAGCCTTGCCC
TGTCTCCCCCATGTCCAGGCTGCTGCCTCGGTCCCATTCTCAGGGAATCTCTGGCCATTGTTGGGTGTTTGTTGCATTCAAT
AATCACAGATCACTCAGTTCTGGCCAGAAGGTGGGTGTGCCACTTACGGGTGGTTGTTCTCTGCAGGGTCAGTCCCAGTT
TACAAATATTGTCCCTTTCACTGTTAGGAATGTCCCAGTTTGGTTGATTAACTATATGGCCACTCTCCCTATGGAACTTCAT
GGGGTGGTGAGCAGGACAGATGTCTGAATTCCATCATTTCCTTCTTCTTCCTCTGGGCAAAACATTGCACATTGCTTCATG
GCTCCTAGGAGAGGCCCCCACATGTCCGGGTTATTTCATTTCCCGAGAAGGGAGAGGGAGGAAGGACTGCCAATTCTGG
GTTTCCACCACCTCTGCATTCCTTCCCAACAAGGAACTCTGCCCCACATTAGGATGCATTCTTCTGCTAAACACACACACAC
ACACACACACACACAACACACACACACACACACACACACACACACACACAAAACTCCCTACCGGGTTCCCAGTTCAATCCT
GACCCCCTGATCTGATTCGTGTCCCTTATGGGCCCAGAGCGCTAAGCAAATAACTTCCCCCATTCCCTGGAATTTCTTTGCC
CAGCTCTCCTCAGCGTGTGGTCCCTCTGCCCCTTCCCCCTCCTCCCAGCACCAAGCTCTCTCCTTCCCCAAGGCCTCCTCAAA
TCCCTCTCCCACTCCTGGTTGCCTTCCTAGCTACCCTCTCCCTGTCTAGGGGGGAGTGCACCCTCCTTAGGCAGTGGGGTCT
GTGCTGACCGCCTGCTGACTGCCTTGCAGGTGAAATTGCCCTGTGGTCCTTGGTGGTCCTGGCCATCGAGCGGTACGTG
GTGGTGTGTAAGCCCATGAGCAACTTCCGCTTCGGGGAGAACCATGCCATCATGGGCGTTGCCTTCACCTGGGTCATGG
CGCTGGCCTGCGCCGCACCCCCACTCGCCGGCTGGTCCAGGTAATGGCACTGAGCAGAAGGGAAGAAGCTCCGGGGGC
TCTTTGTAGGGTCCTCCAGTCAGGACTCAAACCCAGTAGTGTCTGGTTCCAGGCACTGACCTTGTATGTCTCCTGGCCCAA
ATGCCCACTCAGGGTAGGGGTGTAGGGCAGAAGAAGAAACAGACTCTAATGTTGCTACAAGGGCTGGTCCCATCTCCTG
AGCCCCATGTCAAACAGAATCCAAGACATCCCAACCCTTCACCTTGGCTGTGCCCCTAATCCTCAACTAAGCTAGGCGCAA
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ATTCCAATCCTCTTTGGTCTAGTACCCCGGGGGCAGCCCCCTCTAACCTTGGGCCTCAGCAGCAGGGGAGGCCACACCTTC
CTAGTGCAGGTGGCCATATTGTGGCCCCTTGGAACTGGGTCCCACTCAGCCTCTAGGCGATTGTCTCCTAATGGGGCTGA
GATGAGACACAGTGGGGACAGTGGTTTGGACAATAGGACTGGTGACTCTGGTCCCCAGAGGCCTCATGTCCCTCTGTCTC
CAGAAAATTCCCACTCTCACTTCCCTTTCCTCCTCAGTCTTGCTAGGGTCCATTTCTTACCCCTTGCTGAATTTGAGCCCACC
CCCTGGACTTTTTCCCCATCTTCTCCAATCTGGCCTAGTTCTATCCTCTGGAAGCAGAGCCGCTGGACGCTCTGGGTTTCCT
GAGGCCCGTCCACTGTCACCAATATCAGGAACCATTGCCACGTCCTAATGACGTGCGCTGGAAGCCTCTAGTTTCCAGAA
GCTGCACAAAGATCCCTTAGATACTCTGTGTGTCCATCTTTGGCCTGGAAAATACTCTCACCCTGGGGCTAGGAAGACCTC
GGTTTGTACAAACTTCCTCAAATGCAGAGCCTGAGGGCTCTCCCCACCTCCTCACCAACCCTCTGCGTGGCATAGCCCTAG
CCTCAGCGGGCAGTGGATGCTGGGGCTGGGCATGCAGGGAGAGGCTGGGTGGTGTCATCTGGTAACGCAGCCACCAAA
CAATGAAGCGACACTGATTCCACAAGGTGCATCTGCATCCCCATCTGATCCATTCCATCCTGTCACCCAGCCATGCAGACG
TTTATGATCCCCTTTTCCAGGGAGGGAATGTGAAGCCCC AGAAAGGGCCAGCGCTCGGCAGCCACCTTGGCTGTTCCCAA
GTCCCTCACAGGCAGGGTCTCCCTACCTGCCTGTCCTCAGGTACATCCCCGAGGGCCTGCAGTGCTCGTGTGGAATCGAC
TACTACACGCTCAAGCCGGAGGTCAACAACGAGTCTTTTGTCATCTACATGTTCGTGGTCCACTTCACCATCCCCATGATT
ATCATCTTTTTCTGCTATGGGCAGCTCGTCTTCACCGTCAAGGAGGTACGGGCCGGGGGGTGGGCGGCCTCACGGCTCT
GAGGGTCCAGCCCCCAGCATGCATCTGCGGCTCCTGCTCCCTGGAGGAGCCATGGTCTGGACCCGGGTCCCGTGTCCTGC
AGGCCGCTGCCCAGCAGCAGGAGTCAGCCACCACACAGAAGGCAGAGAAGGAGGTCACCCGCATGGTCATCATCATG
GTCATCGCTTTCCTGATCTGCTGGGTGCCCTACGCCAGCGTGGCATTCTACATCTTCACCCACCAGGGCTCCAACTTCGGT
CCCATCTTCATGACCATCCCAGCGTTCTTTGCCAAGAGCGCCGCCATCTACAACCCTGTCATCTATATCATGATGAACAAG
CAGGTGCCTACTGCGGGTGGGAGGGCCCCAGTGCCCCAGGCCACAGGCGCTGCCTGCCAAGGACAAGCTACTTCCCAGG
GCAGGGGAGGGGGCTCCATCAGGGTTACTGGCAGCAGTCTTGGGTCAGCAGTCCCAATGGGGAGTGTGTGAGAAATGC
AGATTCCTGGCCCCACTCAGAACTGCTGAATCTCAGGGTGGGCCCAGGAACCTGCATTTCCAGCAAGCCCTCCACAGGTG
GCTCAGATGCTCACTCAGGTGGGAGAAGCTCCAGTCAGCTAGTTCTGGAAGCCCAATGTCAAAGTCAGAAGGACCCAAG
TCGGGAATGGGATGGGCCAGTCTCCATAAAGCTGAATAAGGAGCTAAAAAGTCTTATTCTGAGGGGTAAAGGGGTAAAG
GGTTCCTCGGAGAGGTACCTCCGAGGGGTAAACAGTTGGGTAAACAGTCTCTGAAGTCAGCTCTGCCATTTTCTAGCTGT
ATGGCCCTGGGCAAGTCAATTTCCTTCTCTGTGCTTTGGTTTCCTCATCCATAGAAAGGTAGAAAGGGCAAAACACCAAAC
TCTTGGATTACAAGAGATAATTTACAGAACACCCTTGGCACACAGAGGGCACCATGAAATGTCACGGGTGACACAGCCCC
CTTGTGCTCAGTCCCTGGCATCTCTAGGGGTGAGGAGCGTCTGCCTAGCAGGTTCCCTCCAGGAAGCTGGATTTGAGTGG
ATGGGGCGCTGGAATCGTGAGGGGCAGAAGCAGGCAAAGGGTCGGGGCGAACCTCACTAACGTGCCAGTTCCAAGCAC
ACTGTGGGCAGCCCTGGCCCTGACTCAAGCCTCTTGCCTTCCAGTTCCGGAACTGCATGCTCACCACCATCTGCTGCGGCA
AGAACCCACTGGGTGACGATGAGGCCTCTGCTACCGTGTCCAAGACGGAGACGAGCCAGGTGGCCCCGGCCTAAGACC
TGCCTAGGACTCTGTGGCCGACTATAGGCGTCTCCCATCCCCTACACCTTCCCCCAGCCACAGCCATCCCACCAGGAGCA
GCGCCTGTGCAGAATGAACGAAGTCACATAGGCTCCTTAATTTTTTTITTTTITTTITAAGAAATAATTAATGAGGCTCCTCA
CTCACCTGGGACAGCCTGAGAAGGGACATCCACCAAGACCTACTGATCTGGAGTICCCACGTTCCCCAAGGCCAGCGGG
ATGTGTGCCCCTCCTCCTCCCAACTCATCTTTCAGGAACACGAGGATTCTTGCTTTCTGGAAAAGTGTCCCAGCTTAGGG
ATAAGTGTCTAGCACAGAATGGGGCACACAGTAGGTGCTTAATAAATGCTGGATGGATGCAGGAAGGAATGGAGGAA
TGAATGGGAAGGGAGAACATATCTATCCTCTCAGACCCTCGCAGCAGCAGCAACTCATACTTGGCTAATGATATGGAGC
AGTTGTTTTTCCCTCCCTGGGCCTCACTTTCTTCTCCTATAAAATGGAAATCCCAGATCCCTGGTCCTGCCGACACGCAGC
TACTGAGAAGACCAAAAGAGGTGTGTGTGTGTCTATGTGTGTGTTTCAGCACTTTGTAAATAGCAAGAAGCTGTACAG
ATTCTAGTTAATGTTGTGAATAACATCAATTAATGTAACTAGTTAATTACTATGATTATCACCTCCTGATAGTGAACATTT
TGAGATTGGGCATTCAGATGATGGGGTTTCACCCAACCTTGGGGCAGGTTTTTAAAAATTAGCTAGGCATCAAGGCCA
GACCAGGGCTGGGGGTTGGGCTGTAGGCAGGGACAGTCACAGGAATGCAGAATGCAGTCATCAGACCTGAAAAAAC
AACACTGGGGGAGGGGGACGGTGAAGGCCAAGTTCCCAATGAGGGTGAGATIGGGCCTGGGGTCTCACCCCTAGTGT
GGGGCCCCAGGTCCCGTGCCTCCCCTTCCCAATGTGGCCTATGGAGAGACAGGCCTTTCTCTCAGCCTCTGGAAGCCACC
TGCTCTTTTGCTCTAGCACCTGGGTCCCAGCATCTAGAGCATGGAGCCTCTAGAAGCCATGCTCACCCGCCCACATTTAA
TTAACAGCTGAGTCCCTGATGTCATCCTTATCTCGAAGAGCTTAGAAACAAAGAGTGGGAAATTCCACTGGGCCTACCT
TCCTTGGGGATGTTCATGGGCCCCAGTTTCCAGTTTCCCTTGCCAGACAAGCCCATCTTCAGCAGTTGCTAGTCCATTCTC
CATTCTGGAGAATCTGCTCCAAAAAGCTGGCCACATCTCTGAGGTGTCAGAATTAAGCTGCCTCAGTAACTGCTCCCCCT
TCTCCATATAAGCAAAGCCAGAAGCTCTAGCTTTACCCAGCTCTGCCTGGAGACTAAGGCAAATTGGGCCATTAAAAGC
TCAGCTCCTATGTTGGTATTAACGGTGGTGGGTTTTGTTGCTTTCACACTCTATCCACAGGATAGATTGAAACTGCCAGCT
TCCACCTGATCCCTGACCCTGGGATGGCTGGATTGAGCAATGAGCAGAGCCAAGCAGCACAGAGTCCCCTGGGGCTAGA
GGTGGAGGAGGCAGTCCTGGGAATGGGAAAAACCCCAACTTTGGGGTCATAGAGGCACAGGTAACCCATAAAACTGCA
AACAAGCTTTGTCACCTCTCAGAGCTTCCTTATCTGCAAAAAAGAATCTTAAAACTGACCTTGGCTGGGCACAGTGGCTCA
CACCTCTAATCCCAGCACTTTGGGAGGCCAAGGTGGGCAGATCACGAGGTCAGGAGTTTGAGACCAGCCTGACCAACAC
GGTGAAACCCTGTCTCTACTAAAAATACAAAAATCAGCTGGGCATGGTGGCGCGTGCCTGTAATCCCAGCTATTCAGTGG
GCTGAGGCAGGAGAATCGCTTGAACCTGGGAGGTGGAGGTTGCAGTGAGCCGAGATTGCGCCACTGCACTCCAGCCTGA
GCAACAGAGGGACAGTCTGTCTCCAAACAAAACAAAACAAACAAACAAACAAACAAACAAACAAA
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9.7 RHO gRNA target regions cloned into the Psicheck2 vector

gRNA

RHO-677_C

RHO-677_A

RHO+50_G

RHO+50_A

RHO+1841 ins

RHO+1841_del

RHO+1844_ins

RHO+2781_G

RHO+2781_T

RHO+4447_A

RHO+4447_T

RHO+4452_A

RHO+4452_T

RHO+5317_A

RHO+5317_G

RHO+5991 A

RHO+5991_G

RHO+6009_T

RHO+6009_C

gRNA sequence

CAACCTCACAGCCACCCTGGA

CAACCTCACAGACACCCTGGA

GCTCAGGCCTTCGCAGCATTC

GCTCAGGCCTTCACAGCATTC

AGAATGCATCCTAATGTGGGG

AGAATGTGGGGCAGAGTTCCT

ACAAGGAACTCTGCCCCACAT

CCATATTGTGGCCCCTTGGAA

CCATATTGTGGCCCCTTGTAA

AAAGTCAGAAGGACCCAAGTC

AAAGTCAGAAGGTCCCAAGTC

CAGAAGGACCCAAGTCGGGAA

CAGAAGGTCCCAAGTCGGGAA

TCCCACGTTCCCCAAGGCCAG

TCCCACGTTCCCCGAGGCCAG

GGTGAAGGCCAAGTTCCCAAT

GGTGAAGGCCAAGTTCCCAGT

CAATGAGGGTGAGATTGGGCC

CAATGAGGGTGAGATCGGGCC

gRNA target
CAGGCCCTGTCTCCACAACCTCACAGCCACCCTGGACGGA
ATCTGCTTCT
CAGGCCCTGTCTCCACAACCTCACAGACACCCTGGACGGA
ATCTGCTTCT
GCCCTGAGTGGCTGAGCTCAGGCCTTCGCAGCATTCTTGG
GTGGGAGCAG
GCCCTGAGTGGCTGAGCTCAGGCCTTCACAGCATTCTTGG
GTGGGAGCAG
CAACAAGGAACTCTGCCCCACATTAGGATGCATTCTTCTGC
TAAACACAC
CATTCCTTCCCAACAAGGAACTCTGCCCCACATTCTTCTGCT
AAACACAC
CTGCATTCCTTCCCAACAAGGAACTCTGCCCCACATTAGGA
TGCATTCTT
TCCTAGTGCAGGTGGCCATATTGTGGCCCCTTGGAACTGG
GTCCCACTCA
TCCTAGTGCAGGTGGCCATATTGTGGCCCCTTGTAACTGG
GTCCCACTCA
TGGAAGCCCAATGTCAAAGTCAGAAGGACCCAAGTCGGG
AATGGGATGGG
TGGAAGCCCAATGTCAAAGTCAGAAGGTCCCAAGTCGGG
AATGGGATGGG
GCCCAATGTCAAAGTCAGAAGGACCCAAGTCGGGAATGG
GATGGGCCAGT
GCCCAATGTCAAAGTCAGAAGGTCCCAAGTCGGGAATGG
GATGGGCCAGT
CCTACTGATCTGGAGTCCCACGTTCCCCAAGGCCAGCGGG
ATGTGTGCCC
CCTACTGATCTGGAGTCCCACGTTCCCCGAGGCCAGCGGG
ATGTGTGCCC
CTGGGGGAGGGGGACGGTGAAGGCCAAGTTCCCAATGAG
GGTGAGATTGG
CTGGGGGAGGGGGACGGTGAAGGCCAAGTTCCCAGTGAG
GGTGAGATTGG
TGAAGGCCAAGTTCCCAATGAGGGTGAGATTGGGCCTGG
GGTCTCACCCC
TGAAGGCCAAGTTCCCAATGAGGGTGAGATCGGGCCTGG
GGTCTCACCCC
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9.8 c¢SLO mean grey value macro

The image) macro used to measure mean grey value of the superior and inferior retina on cSLO images

taken using the blue auto fluorescence channel.

function processFolder_supMGV(input) {
list = getFileList(input);
for (i = 0; i <list.length; i++) {
if(endsWith(list[i], ".tif"))
processFile_supMGV(input, list[i]);
}
}
function processFile_supMGV(input, file) {
print("Measuring Superior MGV: " + input + file);
open(input+list[i]);
run("Gaussian Blur...", "sigma=3");
run("Specify...", "width=1336 height=1080 x=100 y=100 oval"); {
if (selectionType!=1)
exit("Elliptical selection required");
getBoundingRect(x, y, width, height);
midy =y + height/2;
getSelectionCoordinates(sx, sy);
for (i=0; i<sy.length; i++) {
if (sy[i]>midy) sy[i] = midy;
}
makeSelection(3, sx, sy);
}
run("Measure");
close();
}
function processFolder_infMGV(input) {

list = getFileList(input);

222



for (i = 0; i <list.length; i++) {
if(endsWith(list[i], ".tif"))
processFile_infMGV(input, list[i]);
}
}
function processFile_infMGV/(input, file) {
print("Measuring Inferior MGV: " + input + file);
open(input+list[il);
run("Gaussian Blur...", "sigma=3");
run("Specify...", "width=1336 height=1080 x=100 y=356 oval");
{
if (selectionType!=1)
exit("Elliptical selection required");
getBoundingRect(x, y, width, height);
midy =y + height/2;
getSelectionCoordinates(sx, sy);
for (i=0; i<sy.length; i++) {
if (sy[il<midy) sy[i] = midy;
}
makeSelection(3, sx, sy);
}
run("Measure");
close();
}
function processFolder_bandMGV(input) {
list = getFileList(input);
for (i = 0; i <list.length; i++) {
if(endsWith(list[i], ".tif"))
processFile_bandMGV(input, list[i]);
}

}
function processFile_bandMGV(input, file) {
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print("Measuring Band MGV: " + input + file);

open(input+list[i]);

run("Gaussian Blur...", "sigma=3");

run("Specify...", "width=600 height=600 x=468 y=468 oval constrain");
run("Make Band...", "band=2.65");

run("Measure");

close();
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9.9 Plasmid transgene sequences

9.9.1 hRHOp.DsRed

Grey sequence is ITRs, blue sequence is hRHOp, pink sequence is DsRed, yellow sequence is bGHpA.

GGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTT
GCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTG
GAGGGGTGGAGTCGTGACCTAGGTACCCAGATCTTCCCCACCTAGCCACCTGGCAAACTGCTCCTTCTCTCAA
AGGCCCAAACATGGCCTCCCAGACTGCAACCCCCAGGCAGTCAGGCCCTGTCTCCACAACCTCACAGCCACCC
TGGACGGAATCTGCTTCTTCCCACATTTGAGTCCTCCTCAGCCCCTGAGCTCCTCTGGGCAGGGCTGTTTCTTTC
CATCTTTGTATTCCCAGGGGCCTGCAAATAAATGTTTAATGAACGAACAAGAGAGTGAATTCCAATTCCATGC
AACAAGGATTGGGCTCCTGGGCCCTAGGCTATGTGTCTGGCACCAGAAACGGAAGCTGCAGGTTGCAGCCCC
TGCCCTCATGGAGCTCCTCCTGTCAGAGGAGTGTGGGGACTGGATGACTCCAGAGGTAACTTGTGGGGGAAC
GAACAGGTAAGGGGCTGTGTGACGAGATGAGAGACTGGGAGAATAAACCAGAAAGTCTCTAGCTGTCCAGA
GGACATAGCACAGAGGCCCATGGTCCCTATTTCAAACCCAGGCCACCAGACTGAGCTGGGACCTTGGGACAG
ACAAGTCATGCAGAAGTTAGGGGACCTTCTCCTCCCTTTTCCTGGATCCTGAGTACCTCTCCTCCCTGACCTCA
GGCTTCCTCCTAGTGTCACCTTGGCCCCTCTTAGAAGCCAATTAGGCCCTCAGTTTCTGCAGCGGGGATTAATA
TGATTATGAACACCCCCAATCTCCCAGATGCTGATTCAGCCAGGAGCTTAGGAGGGGGAGGTCACTTTATAAG
GGTCTGGGGGGGTCAGAACCCAGAGTCATCCACCGCCATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCAT
GCGCTTCAAGGTGCGCATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGC
CGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGGAC
ATCCTGTCCCCCCAGTTCCAGTACGGCTCCAAGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTACAAGA
AGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTG
ACCCAGGACTCCTCCCTGCAGGACGGCTCCTTCATCTACAAGGTGAAGTTCATCGGCGTGAACTTCCCCTCCGA
CGGCCCCGTAATGCAGAAGAAGACTATGGGCTGGGAGGCCTCCACCGAGCGCCTGTACCCCCGCGALCGGLGT
GCTGAAGGGCGAGATCCACAAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGTCCA
TCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCTACTACTACGTGGACTCCAAGCTGGACATCACCTCCCA
CAACGAGGACTACACCATCGTGGAGCAGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGTAGGACCT
GCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGAC
CCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTC
ATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGC
TGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGACTAGTCCACTCCCTCTCTGC
GCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGLTTTGCCCGGGCGGCCTCAG
TGAGCGAGCGAGCGCGCAGAGAGGGA

9.9.2 shorthPDE6Bp.DsRed
Grey sequence is ITRs, blue sequence is shorthPDE6Bp, red sequence is DsRed, yellow sequence is

bGHPpA.

GGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGLTTT
GCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTG
GAGGGGTGGAGTCGTGACCTAGGTACCGTCTGAGGAGAGGGAGCGCAGGCCCCCATTTGTAGGAGTGAGTC
AGCTGACCCGCCCCCGGGGTTCCTAATCTCACTAAGAAAGACTTTGCTGATGACAGGGTTTCCTGGGAGTCCA
TGCGTGCCTGGAGCAGCAGCGTCTCCAGGGACAGGCAACCGCCATGGCCTCCTCCGAGGACGTCATCAAGGA
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GTTCATGCGCTTCAAGGTGCGCATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCG
AGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCT
GGGACATCCTGTCCCCCCAGTTCCAGTACGGCTCCAAGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTA
CAAGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGA
CCGTGACCCAGGACTCCTCCCTGCAGGACGGCTCCTTCATCTACAAGGTGAAGTTCATCGGCGTGAACTTCCCC
TCCGACGGCCCCGTAATGCAGAAGAAGACTATGGGCTGGGAGGCCTCCACCGAGCGCCTGTACCCCCGCGAC
GGCGTGCTGAAGGGCGAGATCCACAAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAA
GTCCATCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCTACTACTACGTGGACTCCAAGCTGGACATCACC
TCCCACAACGAGGACTACACCATCGTGGAGCAGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGTAG
GACCTGCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCC
TTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAG
GTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGG
CATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGACTAGTCCACTCCCTC
TCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGLTTTGCCCGGGLCGGL
CTCAGTGAGCGAGCGAGCGCGCAGAGAGGGA

9.9.3 longhPDE6Bp.DsRed
Grey sequence is ITRs, blue sequence is longhPDE6Bp, red sequence is DsRed, yellow sequence is

bGHpA.

GGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCETTT
GCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTG
GAGGGGTGGAGTCGTGACCTAGGTACCCTCCCAGCCTTCATTCCACAGGGTCTGGTTTTCCTGGAAGGTGGG
AAGTCCCAGGGTCTGAGGAGAGGGAGCGCAGGCCCCCATTTGTAGGAGTGAGTCAGCTGACCCGCCCLCGG
GGTTCCTAATCTCACTAAGAAAGACTTTGCTGATGACAGGGTTTCCTGGGAGTCCATGCGTGCCTGGAGCAGC
AGCGTCTCCAGGGACAGGCAACCGCCATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCATGCGCTTCAAGG
TGCGCATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAG
GGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCC
AGTTCCAGTACGGCTCCAAGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTACAAGAAGCTGTCCTTCCC
CGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCT
CCCTGCAGGACGGCTCCTTCATCTACAAGGTGAAGTTCATCGGCGTGAACTTCCCCTCCGACGGCCCCGTAAT
GCAGAAGAAGACTATGGGCTGGGAGGCCTCCACCGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCG
AGATCCACAAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGTCCATCTACATGGCCA
AGAAGCCCGTGCAGCTGCCCGGCTACTACTACGTGGACTCCAAGCTGGACATCACCTCCCACAACGAGGACTA
CACCATCGTGGAGCAGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGTAGGACCTGCGCTGATCAGC
CTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGC
CACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGG
GGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGG
TGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGACTAGTCCACTCCCTCTCTGCGCGCTCGCTCGC
TCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGA
GCGCGCAGAGAGGGA
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9.9.4 hRHOp.DsRed

Grey sequence is ITRs, blue sequence is hRHOp, red sequence is DsRed, yellow sequence is bGHpA.

GGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGETTT
GCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTG
GAGGGGTGGAGTCGTGACCTAGGTACCCAGATCTTCCCCACCTAGCCACCTGGCAAACTGCTCCTTCTCTCAA
AGGCCCAAACATGGCCTCCCAGACTGCAACCCCCAGGCAGTCAGGCCCTGTCTCCACAACCTCACAGCCACCC
TGGACGGAATCTGCTTCTTCCCACATTTGAGTCCTCCTCAGCCCCTGAGCTCCTCTGGGCAGGGCTGTTTCTTTC
CATCTTTGTATTCCCAGGGGCCTGCAAATAAATGTTTAATGAACGAACAAGAGAGTGAATTCCAATTCCATGC
AACAAGGATTGGGCTCCTGGGCCCTAGGCTATGTGTCTGGCACCAGAAACGGAAGCTGCAGGTTGCAGCCCC
TGCCCTCATGGAGCTCCTCCTGTCAGAGGAGTGTGGGGACTGGATGACTCCAGAGGTAACTTGTGGGGGAAC
GAACAGGTAAGGGGCTGTGTGACGAGATGAGAGACTGGGAGAATAAACCAGAAAGTCTCTAGCTGTCCAGA
GGACATAGCACAGAGGCCCATGGTCCCTATTTCAAACCCAGGCCACCAGACTGAGCTGGGACCTTGGGACAG
ACAAGTCATGCAGAAGTTAGGGGACCTTCTCCTCCCTTTTCCTGGATCCTGAGTACCTCTCCTCCCTGACCTCA
GGCTTCCTCCTAGTGTCACCTTGGCCCCTCTTAGAAGCCAATTAGGCCCTCAGTTTCTGCAGCGGGGATTAATA
TGATTATGAACACCCCCAATCTCCCAGATGCTGATTCAGCCAGGAGCTTAGGAGGGGGAGGTCACTTTATAAG
GGTCTGGGGGGGTCAGAACCCAGAGTCATCCACCGCCATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCAT
GCGCTTCAAGGTGCGCATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGC
CGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGGAC
ATCCTGTCCCCCCAGTTCCAGTACGGCTCCAAGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTACAAGA
AGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTG
ACCCAGGACTCCTCCCTGCAGGACGGCTCCTTCATCTACAAGGTGAAGTTCATCGGCGTGAACTTCCCCTCCGA
CGGCCCCGTAATGCAGAAGAAGACTATGGGCTGGGAGGCCTCCACCGAGCGCCTGTACCCCCGCGACGGLGT
GCTGAAGGGCGAGATCCACAAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGTCCA
TCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCTACTACTACGTGGACTCCAAGCTGGACATCACCTCCCA
CAACGAGGACTACACCATCGTGGAGCAGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGTAGGACCT
GCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGAC
CCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTC
ATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGC
TGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGACTAGTCCACTCCCTCTCTGC
GCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGLTTTGCCCGGGCGGCCTCAG
TGAGCGAGCGAGCGCGCAGAGAGGGA

9.9.5 CAG.DsRed

Grey sequence is ITRs, blue sequence is CAG, red sequence is DsRed, yellow sequence is bGHpA.

CCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGG
AGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTC
AATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACAT
CTACGTATTAGTCATCGCTATTACCATGGTCGAGGTGAGCCCCACGTTCTGCTTCACTCTCCCCATCTCCCCCCC
CTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTGTGCAGCGATGGGGGCGGGGGGGGGGGGGE
GGGCGCGCGCCAGGCGGGGLCGGGGLGGGGCGAGGGGELGGGGLCGGGGCGAGGCGGAGAGGTGCGGCGGL
AGCCAATCAGAGCGGCGCGCTCCGAAAGTTTCCTTTTATGGCGAGGCGGCGGCGGCGGCGGCCCTATAAAAA
GCGAAGCGCGCGGCGGGCGGGAGTCGCTGCGCGCTGCCTTCGCCCCGTGCCCCGCTCCGCCGCLCGLLTCGLG
CCGCCCGCCCCGGCTCTGACTGACCGCGTTACTCCCACAGGTGAGCGGGCGGGACGGCCCTTCTCCTCCGGGL
TGTAATTAGCGCTTGGTTTAATGACGGCTTGTTTCTTTTCTGTGGCTGCGTGAAAGCCTTGAGGGGCTCCGGG
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AGGGCCCTTTGTGCGGGGGGAGCGGCTCGGGGCTGTCCGCGGGGGGACGGCTGCCTTCGGGGGGGACGGG
GCAGGGCGGGGTTCGGCTTCTGGCGTGTGACCGGCGGCTCTAGAGCCTCTGCTAACCATGTTCATGCCTTCTT
CTTTTTCCTACAGCTCCTGGGCAACGTGCTGGTTATTGTGCTGTCTCATCATTTTGGCAAAGAATTGGATCCACC
GCCATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCATGCGCTTCAAGGTGCGCATGGAGGGCTCCGTGAAC
GGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAA
GGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCAGTTCCAGTACGGCTCCAAGGTG
TACGTGAAGCACCCCGCCGACATCCCCGACTACAAGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGC
GTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCTCCTTCATCT
ACAAGGTGAAGTTCATCGGCGTGAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACTATGGGCTGGG
AGGCCTCCACCGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCGAGATCCACAAGGCCCTGAAGCTGA
AGGACGGCGGCCACTACCTGGTGGAGTTCAAGTCCATCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCT
ACTACTACGTGGACTCCAAGCTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAGCAGTACGAGC
GCGCCGAGGGCCGCCACCACCTGTTCCTGTAGGACCTGCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCA
GCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATA
AAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAG
CAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCG
GAAAGAACCAGCTGGGGACTAGTCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAA
GGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGA

9.9.6 Promoterless.DsRed

Grey sequence is ITRs, red sequence is DsRed, yellow sequence is bGHpA.

GAACCCAGAGTCATCCACCGCCATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCATGCGCTTCAAGGTGCGC
ATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCA
CCCAGACCGCCAAGCTGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCAGTT
CCAGTACGGCTCCAAGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTACAAGAAGCTGTCCTTCCCCGAG
GGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTG
CAGGACGGCTCCTTCATCTACAAGGTGAAGTTCATCGGCGTGAACTTCCCCTCCGACGGCCCCGTAATGCAGA
AGAAGACTATGGGCTGGGAGGCCTCCACCGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCGAGATC
CACAAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGTCCATCTACATGGCCAAGAAG
CCCGTGCAGCTGCCCGGCTACTACTACGTGGACTCCAAGCTGGACATCACCTCCCACAACGAGGACTACACCA
TCGTGGAGCAGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGTAGGACCTGCGCTGATCAGCCTCGA
CTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTC
CCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGT
GGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGC
TCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGACTAGTCCACTCCCTCTCTGCGCGCTCGCTCGCTCACT
GAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCG
CAGAGAGGGACAGA

9.9.7 CAG.GFP.WPRE

Grey sequence is ITRs, blue sequence is CAG, green sequence is GFP, purple sequence is WPRE, yellow
sequence is bGHpA.
CACATACGATTTAGGTGACACTATAGAATACACGGAATTAATTCTAGCTGCGCGCTCGCTCGCTCACTGAGGC
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CGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGGTCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAG
AGGGAGTGGCCAACTCCATCACTAGGGGTTCCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACGTAG
CCATGCTCTAGGTACCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTG
ACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACG
CCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCC
TACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTCGAGGTGAGCCCCACGTTCTGCTTCACTC
TCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTGTGCAGCGATGGGGGC
GGGGGGGGGGGGGGGGLCGCGLCGLCCAGGLCGGGGLCGGGGLGGGGLCGAGGGGLGGGGLGGGGLCGAGGLGG
AGAGGTGCGGCGGCAGCCAATCAGAGCGGCGCGCTCCGAAAGTTTCCTTTTATGGCGAGGCGGCGGCGGCG
GCGGCCCTATAAAAAGCGAAGCGCGCGGCGGGCGGGAGTCGCTGCGCGCTGCCTTCGCCCCGTGCCCCGLTC
CGCCGCCGCCTCGCGCCGCCCGCCCCGGLCTCTGACTGACCGCGTTACTCCCACAGGTGAGCGGGCGGGACGG
CCCTTCTCCTCCGGGCTGTAATTAGCGCTTGGTTTAATGACGGCTTGTTTCTTTTCTGTGGCTGCGTGAAAGCCT
TGAGGGGCTCCGGGAGGGCCCTTTGTGCGGGGGGAGCGGCTCGGGGCTGTCCGCGGGGGGACGGCTGCCT
TCGGGGGGGACGGGGCAGGGCGGGGTTCGGCTTCTGGCGTGTGACCGGCGGCTCTAGAGCCTCTGCTAACC
ATGTTCATGCCTTCTTCTTTTTCCTACAGCTCCTGGGCAACGTGCTGGTTATTGTGCTGTCTCATCATTTTGGCA
AAGAATTGGATCCTAGCTTGATATCGAATTCCTGCAGCCCGGCGGCACCATGAGCAAGGGCGAGGAACTGTT
CACTGGCGTGGTCCCAATTCTCGTGGAACTGGATGGCGATGTGAATGGGCACAAATTTTCTGTCAGCGGAGA
GGGTGAAGGTGATGCCACATACGGAAAGCTCACCCTGAAATTCATCTGCACCACTGGAAAGCTCCCTGTGCCA
TGGCCAACACTGGTCACTACCCTGACCTATGGCGTGCAGTGCTTTTCCAGATACCCAGACCATATGAAGCAGC
ATGACTTTTTCAAGAGCGCCATGCCCGAGGGCTATGTGCAGGAGAGAACCATCTTTTTCAAAGATGACGGGA
ACTACAAGACCCGCGCTGAAGTCAAGTTCGAAGGTGACACCCTGGTGAATAGAATCGAGCTGAAGGGCATTG
ACTTTAAGGAGGATGGAAACATTCTCGGCCACAAGCTGGAATACAACTATAACTCCCACAATGTGTACATCAT
GGCCGACAAGCAAAAGAATGGCATCAAGGTCAACTTCAAGATCAGACACAACATTGAGGATGGATCCGTGCA
GCTGGCCGACCATTATCAACAGAACACTCCAATCGGCGACGGCCCTGTGCTCCTCCCAGACAACCATTACCTGT
CCACCCAGTCTGCCCTGTCTAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTGCTGGAGTTTGTGACCGC
TGCTGGGATCACACATGGCATGGACGAGCTGTACAAGTGAAAGCTTATCGATAATCAACCTCTGGATTACAAA
ATTTGTGAAAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCT
TTGTATCATGCTATTGCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTCTTTATG
AGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGCACTGTGTTTGCTGACGCAACCCCCACTGGTT
GGGGCATTGCCACCACCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTC
ATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGG
GGAAATCATCGTCCTTTCCTTGGCTGCTCGCCTGTGTTGCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTAC
GTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCT
TCGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCATCGATACCGTCGACTCGCTGATC
AGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGG
TGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCT
GGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGC
GGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCGACTAGAGCATGGCTACGTAGATAAGT
AGCATGGCGGGTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCG
CTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCGGCCTCAGTGAGCGAGCGAGLCGLGC
AGAGCTTTTTGCAAAAGCCTA

9.9.8 SaCas9
Grey sequence is ITRs, blue sequence is CMV, green sequence is SaCas9, yellow sequence is bGHpA,

pink sequence is U6, orange sequence is gRNA scaffold.

CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCGTCGGGCGACCTTTGGTCGLCCGGCLC
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TCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTGCGGCCTCTAGACT
CGAGGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATAT
ATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGA
CGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTT
ACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGAC
GGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGT
ATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCA
CGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCC
AAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAG
CAGAGCTCTCTGGCTAACTACCGGTGCCACCATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGT
CCCAGCAGCCAAGCGGAACTACATCCTGGGCCTGGACATCGGCATCACCAGCGTGGGCTACGGCATCATCGA
CTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCTGTTCAAAGAGGCCAACGTGGAAAACAACGAGG
GCAGGCGGAGCAAGAGAGGCGCCAGAAGGCTGAAGCGGCGGAGGCGGCATAGAATCCAGAGAGTGAAGA
AGCTGCTGTTCGACTACAACCTGCTGACCGACCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCAGAG
TGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTCTCTGCCGCCCTGCTGCACCTGGCCAAGAGAAGA
GGCGTGCACAACGTGAACGAGGTGGAAGAGGACACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCG
GAACAGCAAGGCCCTGGAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAAAGACGGCGAA
GTGCGGGGCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCAAACAGCTGCTGAAGGTGCA
GAAGGCCTACCACCAGCTGGACCAGAGCTTCATCGACACCTACATCGACCTGCTGGAAACCCGGCGGACCTAC
TATGAGGGACCTGGCGAGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGATGCTGATGGG
CCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACGCCGACCTGTACAACGCCCTG
AACGACCTGAACAATCTCGTGATCACCAGGGACGAGAACGAGAAGCTGGAATATTACGAGAAGTTCCAGATC
ATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCACCCTGAAGCAGATCGCCAAAGAAATCCTCGTGAACGAA
GAGGATATTAAGGGCTACAGAGTGACCAGCACCGGCAAGCCCGAGTTCACCAACCTGAAGGTGTACCACGAC
ATCAAGGACATTACCGCCCGGAAAGAGATTATTGAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTG
ACCATCTACCAGAGCAGCGAGGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAAGAG
ATCGAGCAGATCTCTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATCC
TGGACGAGCTGTGGCACACCAACGACAACCAGATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGG
TGGACCTGTCCCAGCAGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGAAGAG
AAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACGGCCTGCCCAACGACATCATTATC
GAGCTGGCCCGCGAGAAGAACTCCAAGGACGCCCAGAAAATGATCAACGAGATGCAGAAGCGGAACCGGCA
GACCAACGAGCGGATCGAGGAAATCATCCGGACCACCGGCAAAGAGAACGCCAAGTACCTGATCGAGAAGA
TCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGGAAGCCATCCCTCTGGAAGATCTGCTGA
ACAACCCCTTCAACTATGAGGTGGACCACATCATCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAA
GGTGCTCGTGAAGCAGGAAGAAAACAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGCAGCG
ACAGCAAGATCAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCCAAGGGCAAGGGCAGAATCAGCA
AGACCAAGAAAGAGTATCTGCTGGAAGAACGGGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATCAACC
GGAACCTGGTGGATACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAGAGTGAACA
ACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCTGCGGCGGAAGTGGAAGTTTAAGA
AAGAGCGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCTGATCATTGCCAACGCCGATTTCATCTTCA
AAGAGTGGAAGAAACTGGACAAGGCCAAAAAAGTGATGGAAAACCAGATGTTCGAGGAAAAGCAGGCCGA
GAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGAGATCTTCATCACCCCCCACCAGATCAAGCACAT
TAAGGACTTCAAGGACTACAAGTACAGCCACCGGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACAC
CCTGTACTCCACCCGGAAGGACGACAAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTACGACAA
GGACAATGACAAGCTGAAAAAGCTGATCAACAAGAGCCCCGAAAAGCTGCTGATGTACCACCACGACCCCCA
GACCTACCAGAAACTGAAGCTGATTATGGAACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGA
GGAAACCGGGAACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTAAGTATTA
CGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCAACAGCAGAAACAAGGTCGTGAAGCT
GTCCCTGAAGCCCTACAGATTCGACGTGTACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGAAGAATCTG
GATGTGATCAAAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCTAAGAAGCTGAAGAA
GATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATCTGATCAAGATCAACGGCGAGCTGTAT
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AGAGTGATCGGCGTGAACAACGACCTGCTGAACCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAG
TACCTGGAAAACATGAACGACAAGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCCAGAGCATT
AAGAAGTACAGCACAGACATTCTGGGCAACCTGTATGAAGTGAAATCTAAGAAGCACCCTCAGATCATCAAA
AAGGGCAAAAGGCCGGCGGCCACGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAGGGATCCTACCCATACG
ATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTAAG
AATTCCTAGAGCTCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGT
GCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTC
TGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGAGAA
TAGCAGGCATGCTGGGGAGGTACCGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGG
CTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAA
GTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTG
AAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGAGACCACGGCAGGTCTCAG
TTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTCAACTTGTTGGCGAG
ATTTTTGCGGCCGCAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAG
GCCGGGCGACCAAAGGTCGCCCGACGCCCGGGLTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGLGCAG
CTGCCTGCAGG

9.9.9 dSaCas9
Grey sequence is ITRs, blue sequence is CMV, green sequence is dSaCas9, yellow sequence is bGHpA,

pink sequence is U6, orange sequence is gRNA scaffold.

CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCGTCGGGCGACCTTTGGTCGCCCGGLC
TCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTGCGGCCTCTAGACT
CGAGGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATAT
ATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGA
CGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTT
ACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGAC
GGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGT
ATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCA
CGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCC
AAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAG
CAGAGCTCTCTGGCTAACTACCGGTGCCACCATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGT
CCCAGCAGCCAAGCGGAACTACATCCTGGGCCTGGCCATCGGCATCACCAGCGTGGGCTACGGCATCATCGA
CTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCTGTTCAAAGAGGCCAACGTGGAAAACAACGAGG
GCAGGCGGAGCAAGAGAGGCGCCAGAAGGCTGAAGCGGCGGAGGCGGCATAGAATCCAGAGAGTGAAGA
AGCTGCTGTTCGACTACAACCTGCTGACCGACCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCAGAG
TGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTCTCTGCCGCCCTGCTGCACCTGGCCAAGAGAAGA
GGCGTGCACAACGTGAACGAGGTGGAAGAGGACACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCG
GAACAGCAAGGCCCTGGAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAAAGACGGCGAA
GTGCGGGGCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCAAACAGCTGCTGAAGGTGCA
GAAGGCCTACCACCAGCTGGACCAGAGCTTCATCGACACCTACATCGACCTGCTGGAAACCCGGCGGACCTAC
TATGAGGGACCTGGCGAGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGATGCTGATGGG
CCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACGCCGACCTGTACAACGCCCTG
AACGACCTGAACAATCTCGTGATCACCAGGGACGAGAACGAGAAGCTGGAATATTACGAGAAGTTCCAGATC
ATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCACCCTGAAGCAGATCGCCAAAGAAATCCTCGTGAACGAA
GAGGATATTAAGGGCTACAGAGTGACCAGCACCGGCAAGCCCGAGTTCACCAACCTGAAGGTGTACCACGAC
ATCAAGGACATTACCGCCCGGAAAGAGATTATTGAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTG
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ACCATCTACCAGAGCAGCGAGGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAAGAG
ATCGAGCAGATCTCTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATCC
TGGACGAGCTGTGGCACACCAACGACAACCAGATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGG
TGGACCTGTCCCAGCAGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGAAGAG
AAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACGGCCTGCCCAACGACATCATTATC
GAGCTGGCCCGCGAGAAGAACTCCAAGGACGCCCAGAAAATGATCAACGAGATGCAGAAGCGGAACCGGCA
GACCAACGAGCGGATCGAGGAAATCATCCGGACCACCGGCAAAGAGAACGCCAAGTACCTGATCGAGAAGA
TCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGGAAGCCATCCCTCTGGAAGATCTGCTGA
ACAACCCCTTCAACTATGAGGTGGACCACATCATCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAA
GGTGCTCGTGAAGCAGGAAGAAGCCAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGCAGCG
ACAGCAAGATCAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCCAAGGGCAAGGGCAGAATCAGCA
AGACCAAGAAAGAGTATCTGCTGGAAGAACGGGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATCAACC
GGAACCTGGTGGATACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAGAGTGAACA
ACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCTGCGGCGGAAGTGGAAGTTTAAGA
AAGAGCGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCTGATCATTGCCAACGCCGATTTCATCTTCA
AAGAGTGGAAGAAACTGGACAAGGCCAAAAAAGTGATGGAAAACCAGATGTTCGAGGAAAAGCAGGCCGA
GAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGAGATCTTCATCACCCCCCACCAGATCAAGCACAT
TAAGGACTTCAAGGACTACAAGTACAGCCACCGGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACAC
CCTGTACTCCACCCGGAAGGACGACAAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTACGACAA
GGACAATGACAAGCTGAAAAAGCTGATCAACAAGAGCCCCGAAAAGCTGCTGATGTACCACCACGACCCCCA
GACCTACCAGAAACTGAAGCTGATTATGGAACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGA
GGAAACCGGGAACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTAAGTATTA
CGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCAACAGCAGAAACAAGGTCGTGAAGCT
GTCCCTGAAGCCCTACAGATTCGACGTGTACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGAAGAATCTG
GATGTGATCAAAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCTAAGAAGCTGAAGAA
GATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATCTGATCAAGATCAACGGCGAGCTGTAT
AGAGTGATCGGCGTGAACAACGACCTGCTGAACCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAG
TACCTGGAAAACATGAACGACAAGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCCAGAGCATT
AAGAAGTACAGCACAGACATTCTGGGCAACCTGTATGAAGTGAAATCTAAGAAGCACCCTCAGATCATCAAA
AAGGGCAAAAGGCCGGCGGCCACGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAGGGATCCTACCCATACG
ATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTTAAG
AATTCCTAGAGCTCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGT
GCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTC
TGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGAGAA
TAGCAGGCATGCTGGGGAGGTACCGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGG
CTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAA
GTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTG
AAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGAGACCACGGCAGGTCTCAG
TTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTCAACTTGTTGGCGAG
ATTTTTGCGGCCGCAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAG
GCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAG
CTGCCTGCAGG

9.9.10 dSaCas9.KRAB
Grey sequence is ITRs, blue sequence is CMV, green sequence is dSaCas9.KRAB, yellow sequence is

bGHpA, pink sequence is U6, orange sequence is gRNA scaffold.
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CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCGTCGGGCGACCTTTGGTCGCCCGGLC
TCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTGCGGCCTCTAGACT
CGAGGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATAT
ATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGA
CGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTT
ACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGAC
GGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGT
ATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCA
CGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCC
AAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAG
CAGAGCTCTCTGGCTAACTACCGGTGCCACCATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGT
CCCAGCAGCCAAGCGGAACTACATCCTGGGCCTGGCCATCGGCATCACCAGCGTGGGCTACGGCATCATCGA
CTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCTGTTCAAAGAGGCCAACGTGGAAAACAACGAGG
GCAGGCGGAGCAAGAGAGGCGCCAGAAGGCTGAAGCGGCGGAGGCGGCATAGAATCCAGAGAGTGAAGA
AGCTGCTGTTCGACTACAACCTGCTGACCGACCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCAGAG
TGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTCTCTGCCGCCCTGCTGCACCTGGCCAAGAGAAGA
GGCGTGCACAACGTGAACGAGGTGGAAGAGGACACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCG
GAACAGCAAGGCCCTGGAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAAAGACGGCGAA
GTGCGGGGCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCAAACAGCTGCTGAAGGTGCA
GAAGGCCTACCACCAGCTGGACCAGAGCTTCATCGACACCTACATCGACCTGCTGGAAACCCGGCGGACCTAC
TATGAGGGACCTGGCGAGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGATGCTGATGGG
CCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACGCCGACCTGTACAACGCCCTG
AACGACCTGAACAATCTCGTGATCACCAGGGACGAGAACGAGAAGCTGGAATATTACGAGAAGTTCCAGATC
ATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCACCCTGAAGCAGATCGCCAAAGAAATCCTCGTGAACGAA
GAGGATATTAAGGGCTACAGAGTGACCAGCACCGGCAAGCCCGAGTTCACCAACCTGAAGGTGTACCACGAC
ATCAAGGACATTACCGCCCGGAAAGAGATTATTGAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTG
ACCATCTACCAGAGCAGCGAGGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAAGAG
ATCGAGCAGATCTCTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATCC
TGGACGAGCTGTGGCACACCAACGACAACCAGATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGG
TGGACCTGTCCCAGCAGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGAAGAG
AAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACGGCCTGCCCAACGACATCATTATC
GAGCTGGCCCGCGAGAAGAACTCCAAGGACGCCCAGAAAATGATCAACGAGATGCAGAAGCGGAACCGGCA
GACCAACGAGCGGATCGAGGAAATCATCCGGACCACCGGCAAAGAGAACGCCAAGTACCTGATCGAGAAGA
TCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGGAAGCCATCCCTCTGGAAGATCTGCTGA
ACAACCCCTTCAACTATGAGGTGGACCACATCATCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAA
GGTGCTCGTGAAGCAGGAAGAAGCCAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGCAGCG
ACAGCAAGATCAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCCAAGGGCAAGGGCAGAATCAGCA
AGACCAAGAAAGAGTATCTGCTGGAAGAACGGGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATCAACC
GGAACCTGGTGGATACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAGAGTGAACA
ACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCTGCGGCGGAAGTGGAAGTTTAAGA
AAGAGCGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCTGATCATTGCCAACGCCGATTTCATCTTCA
AAGAGTGGAAGAAACTGGACAAGGCCAAAAAAGTGATGGAAAACCAGATGTTCGAGGAAAAGCAGGCCGA
GAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGAGATCTTCATCACCCCCCACCAGATCAAGCACAT
TAAGGACTTCAAGGACTACAAGTACAGCCACCGGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACAC
CCTGTACTCCACCCGGAAGGACGACAAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTACGACAA
GGACAATGACAAGCTGAAAAAGCTGATCAACAAGAGCCCCGAAAAGCTGCTGATGTACCACCACGACCCCCA
GACCTACCAGAAACTGAAGCTGATTATGGAACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGA
GGAAACCGGGAACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTAAGTATTA
CGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCAACAGCAGAAACAAGGTCGTGAAGCT
GTCCCTGAAGCCCTACAGATTCGACGTGTACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGAAGAATCTG
GATGTGATCAAAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCTAAGAAGCTGAAGAA
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GATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATCTGATCAAGATCAACGGCGAGCTGTAT
AGAGTGATCGGCGTGAACAACGACCTGCTGAACCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAG
TACCTGGAAAACATGAACGACAAGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCCAGAGCATT
AAGAAGTACAGCACAGACATTCTGGGCAACCTGTATGAAGTGAAATCTAAGAAGCACCCTCAGATCATCAAA
AAGGGCAAAAGGCCGGCGGCCACGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAGGGATCCGATGCTAAGT
CACTGACTGCCTGGTCCCGGACACTGGTGACCTTCAAGGATGTGTTTGTGGACTTCACCAGGGAGGAGTGGA
AGCTGCTGGACACTGCTCAGCAGATCCTGTACAGAAATGTGATGCTGGAGAACTATAAGAACCTGGTTTCCTT
GGGTTATCAGCTTACTAAGCCAGATGTGATCCTCCGGTTGGAGAAGGGAGAAGAGCCCTGGCTGGTGGAGA
GAGAAATTCACCAAGAGACACATCCTGATTCAGAGACTGCATTTGAAATCAAATCATCAGTTCCGAAAAAGAA
ACGCAAAGTTTAAGAATTCCTAGAGCTCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGT
TTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAAT
TGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGG
ATTGGGAAGAGAATAGCAGGCATGCTGGGGAGGTACCGAGGGCCTATTTCCCATGATTCCTTCATATTTGCAT
ATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATA
CGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATG
CTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGAGACCA
CGGCAGGTCTCAGTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTC
AACTTGTTGGCGAGATTTTTGCGGCCGCAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTC
GCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCG
AGCGAGCGCGCAGCTGCCTGCAGG

9.9.11 AAV2/8(Y733F) RepCap
Blue sequence is p5 promoter, green sequence is AAV2 Rep genes, orange sequence is AAV8 Y733F

Cap genes.

CGCAGGGTCTCCATTTTGAAGCGGGAGGTTTGAACGCGCAGCCGCCATGCCGGGGTTTTACGAGATTGTGAT
TAAGGTCCCCAGCGACCTTGACGAGCATCTGCCCGGCATTTCTGACAGCTTTGTGAACTGGGTGGCCGAGAAG
GAATGGGAGTTGCCGCCAGATTCTGACATGGATCTGAATCTGATTGAGCAGGCACCCCTGACCGTGGCCGAG
AAGCTGCAGCGCGACTTTCTGACGGAATGGCGCCGTGTGAGTAAGGCCCCGGAGGCTCTTTTCTTTGTGCAAT
TTGAGAAGGGAGAGAGCTACTTCCACATGCACGTGCTCGTGGAAACCACCGGGGTGAAATCCATGGTTTTGG
GACGTTTCCTGAGTCAGATTCGCGAAAAACTGATTCAGAGAATTTACCGCGGGATCGAGCCGACTTTGCCAAA
CTGGTTCGCGGTCACAAAGACCAGAAATGGCGCCGGAGGCGGGAACAAGGTGGTGGATGAGTGCTACATCC
CCAATTACTTGCTCCCCAAAACCCAGCCTGAGCTCCAGTGGGCGTGGACTAATATGGAACAGTATTTAAGCGC
CTGTTTGAATCTCACGGAGCGTAAACGGTTGGTGGCGCAGCATCTGACGCACGTGTCGCAGACGCAGGAGCA
GAACAAAGAGAATCAGAATCCCAATTCTGATGCGCCGGTGATCAGATCAAAAACTTCAGCCAGGTACATGGA
GCTGGTCGGGTGGCTCGTGGACAAGGGGATTACCTCGGAGAAGCAGTGGATCCAGGAGGACCAGGCCTCAT
ACATCTCCTTCAATGCGGCCTCCAACTCGCGGTCCCAAATCAAGGCTGCCTTGGACAATGCGGGAAAGATTAT
GAGCCTGACTAAAACCGCCCCCGACTACCTGGTGGGCCAGCAGCCCGTGGAGGACATTTCCAGCAATCGGAT
TTATAAAATTTTGGAACTAAACGGGTACGATCCCCAATATGCGGCTTCCGTCTTTCTGGGATGGGCCACGAAA
AAGTTCGGCAAGAGGAACACCATCTGGCTGTTTGGGCCTGCAACTACCGGGAAGACCAACATCGCGGAGGCC
ATAGCCCACACTGTGCCCTTCTACGGGTGCGTAAACTGGACCAATGAGAACTTTCCCTTCAACGACTGTGTCGA
CAAGATGGTGATCTGGTGGGAGGAGGGGAAGATGACCGCCAAGGTCGTGGAGTCGGCCAAAGCCATTCTCG
GAGGAAGCAAGGTGCGCGTGGACCAGAAATGCAAGTCCTCGGCCCAGATAGACCCGACTCCCGTGATCGTCA
CCTCCAACACCAACATGTGCGCCGTGATTGACGGGAACTCAACGACCTTCGAACACCAGCAGCCGTTGCAAGA
CCGGATGTTCAAATTTGAACTCACCCGCCGTCTGGATCATGACTTTGGGAAGGTCACCAAGCAGGAAGTCAAA
GACTTTTTCCGGTGGGCAAAGGATCACGTGGTTGAGGTGGAGCATGAATTCTACGTCAAAAAGGGTGGAGCC
AAGAAAAGACCCGCCCCCAGTGACGCAGATATAAGTGAGCCCAAACGGGTGCGCGAGTCAGTTGCGCAGCC
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ATCGACGTCAGACGCGGAAGCTTCGATCAACTACGCAGACAGGTACCAAAACAAATGTTCTCGTCACGTGGG
CATGAATCTGATGCTGTTTCCCTGCAGACAATGCGAGAGAATGAATCAGAATTCAAATATCTGCTTCACTCACG
GACAGAAAGACTGTTTAGAGTGCTTTCCCGTGTCAGAATCTCAACCCGTTTCTGTCGTCAAAAAGGCGTATCA
GAAACTGTGCTACATTCATCATATCATGGGAAAGGTGCCAGACGCTTGCACTGCCTGCGATCTGGTCAATGTG
GATTTGGATGACTGCATCTTTGAACAATAAATGATTTAAATCAGGTATGGCTGCCGATGGTTATCTTCCAGATT
GGCTCGAGGACAACCTCTCTGAGGGCATTCGCGAGTGGTGGGCGCTGAAACCTGGAGCCCCGAAGCCCAAA
GCCAACCAGCAAAAGCAGGACGACGGCCGGGGTCTGGTGCTTCCTGGCTACAAGTACCTCGGACCCTTCAAC
GGACTCGACAAGGGGGAGCCCGTCAACGCGGCGGACGCAGCGGCCCTCGAGCACGACAAGGCCTACGACCA
GCAGCTGCAGGCGGGTGACAATCCGTACCTGCGGTATAACCACGCCGACGCCGAGTTTCAGGAGCGTCTGCA
AGAAGATACGTCTTTTGGGGGCAACCTCGGGCGAGCAGTCTTCCAGGCCAAGAAGCGGGTTCTCGAACCTCT
CGGTCTGGTTGAGGAAGGCGCTAAGACGGCTCCTGGAAAGAAGAGACCGGTAGAGCCATCACCCCAGCGTT
CTCCAGACTCCTCTACGGGCATCGGCAAGAAAGGCCAACAGCCCGCCAGAAAAAGACTCAATTTTGGTCAGAC
TGGCGACTCAGAGTCAGTTCCAGACCCTCAACCTCTCGGAGAACCTCCAGCAGCGCCCTCTGGTGTGGGACCT
AATACAATGGCTGCAGGCGGTGGCGCACCAATGGCAGACAATAACGAAGGCGCCGACGGAGTGGGTAGTTC
CTCGGGAAATTGGCATTGCGATTCCACATGGCTGGGCGACAGAGTCATCACCACCAGCACCCGAACCTGGGC
CCTGCCCACCTACAACAACCACCTCTACAAGCAAATCTCCAACGGGACATCGGGAGGAGCCACCAACGACAAC
ACCTACTTCGGCTACAGCACCCCCTGGGGGTATTTTGACTTTAACAGATTCCACTGCCACTTTTCACCACGTGAC
TGGCAGCGACTCATCAACAACAACTGGGGATTCCGGCCCAAGAGACTCAGCTTCAAGCTCTTCAACATCCAGG
TCAAGGAGGTCACGCAGAATGAAGGCACCAAGACCATCGCCAATAACCTCACCAGCACCATCCAGGTGTTTAC
GGACTCGGAGTACCAGCTGCCGTACGTTCTCGGCTCTGCCCACCAGGGCTGCCTGCCTCCGTTCCCGGCGGAC
GTGTTCATGATTCCCCAGTACGGCTACCTAACACTCAACAACGGTAGTCAGGCCGTGGGACGCTCCTCCTTCTA
CTGCCTGGAATACTTTCCTTCGCAGATGCTGAGAACCGGCAACAACTTCCAGTTTACTTACACCTTCGAGGACG
TGCCTTTCCACAGCAGCTACGCCCACAGCCAGAGCTTGGACCGGCTGATGAATCCTCTGATTGACCAGTACCT
GTACTACTTGTCTCGGACTCAAACAACAGGAGGCACGGCAAATACGCAGACTCTGGGCTTCAGCCAAGGTGG
GCCTAATACAATGGCCAATCAGGCAAAGAACTGGCTGCCAGGACCCTGTTACCGCCAACAACGCGTCTCAACG
ACAACCGGGCAAAACAACAATAGCAACTTTGCCTGGACTGCTGGGACCAAATACCATCTGAATGGAAGAAAT
TCATTGGCTAATCCTGGCATCGCTATGGCAACACACAAAGACGACGAGGAGCGTTTTTTTCCCAGTAACGGGA
TCCTGATTTTTGGCAAACAAAATGCTGCCAGAGACAATGCGGATTACAGCGATGTCATGCTCACCAGCGAGGA
AGAAATCAAAACCACTAACCCTGTGGCTACAGAGGAATACGGTATCGTGGCAGATAACTTGCAGCAGCAAAA
CACGGCTCCTCAAATTGGAACTGTCAACAGCCAGGGGGCCTTACCCGGTATGGTCTGGCAGAACCGGGACGT
GTACCTGCAGGGTCCCATCTGGGCCAAGATTCCTCACACGGACGGCAACTTCCACCCGTCTCCGCTGATGGGC
GGCTTTGGCCTGAAACATCCTCCGCCTCAGATCCTGATCAAGAACACGCCTGTACCTGCGGATCCTCCGACCAC
CTTCAACCAGTCAAAGCTGAACTCTTTCATCACGCAATACAGCACCGGACAGGTCAGCGTGGAAATTGAATGG
GAGCTGCAGAAGGAAAACAGCAAGCGCTGGAACCCCGAGATCCAGTACACCTCCAACTACTACAAATCTACA
AGTGTGGACTTTGCTGTTAATACAGAAGGCGTGTACTCTGAACCCCGCCCCATTGGCACCCGTTACCTCACCCG
TAATCTGTAATTGCCTGTTAATCAATAAACCGGTTGATTCGTTTCAGTTGAACTTTGGTCTCTGCGAAGGGCGA
ATTCGTTTAAACCTGCAGGACTAGAGGTCCTGTATTAGAGGTCACGTGAGTGTTTTGCGACATTTTGCGACAC
CATGTGGTCACGCTGGGTATTTAAGCCCGAGTGAGCACGCAGGGTCTCCATTTTGAAGCGGGAGGTTTGAAC
GCGCAGCCGCC
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INTRODUCTION

Inherited retinal diseases are an important cause of
blindness and are estimated to affect 2 million people
worldwide [1]. Despite this there is no available treatment
for the majority of patients. Gene therapy could potentially
offer a cure. By introducing, silencing, or editing
genes involved in the pathogenesis of these diseases.
progression can be halted or even reversed [2]. The eye
has been at the forefront of gene therapy as it has several
useful qualities. Firstly, the eye is immune-privileged
meaning a higher tolerance of introduced antigens [3].

Secondly, the presence of the blood retina barrier reduces
the likelihood that viral vectors introduced into the eye
during gene therapy will migrate to other arcas [4]. This
lowers the risk associated with potential off-target effects
of treatment. Thirdly, the target site for gene therapy is
casily accessible via current ophthalmic techniques and
only requires local anaesthetics. This access means that
the amount of virus required for retinal transduction is
minimal compared to systemic targets such as the liver
[5].

Retinal gene therapy has traditionally involved gene
replacement, a technique known as gene augmentation
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Figure 1. Applications of CRISPR/Cas9 for transcriptional regulation and genomic modification. Following
Cas9 binding, cleavage of both DNA strands allows DNA modification. In the absence of any homologous sequences,
the cell will undergo non-homologous end joining, resulting in small insertions or deletions around the cut site. If do-

nor DNA is supplied which has homologous arms matchin
via homology directed repair. Catalytically inactive dCas9

g the genomic DNA it will be incorporated into the genome
can be targeted to a promoter to alter transcriptional regu-

lation. Fusing a transcriptional activator to dCas9 will upregulate gene expression (termed CRISPR activation) while
fusing a transcriptional repressor to dCas9 will downregulate gene expression (termed CRISPR interference).

[6.7]. The targeted diseases are caused by a lack of
wild type function of a gene, and therefore supplying
the missing gene may revert the pathology towards a
normal phenotype. particularly when applied before the
onset of cell death. While gene augmentation offers a
promising outcome for patients with loss-of-function
mutations, it cannot be used to treat dominant gain-
of-function mutations. In these cases, the pathogenic
mutation will need to be silenced or corrected for normal
cell function to return. This presents a greater challenge
than gene augmentation because the introduction of
molecular inhibition into a host cell brings the possibility
of off-target effects. Prior to the CRISPR/Cas9 system.
gene cditing at the DNA level was directed by zinc
finger nucleases (ZFNst) or transcription activator-like
cffector nucleases (TALENs). These techniques both
have their disadvantages. with ZFNs having a low on-
target efficiency and difficulty locating a potential target
site [8,9], and TALENS being very large and therefore
difficult to deliver to the cell [10]. The discovery of the
CRISPR/Cas9 system has been revolutionary as it is
simple to design and implement. Gene editing requires
only three components: the presence of a short sequence,
roughly 3 to 8 bp (the PAM site) adjacent to the target
site, the endonuclease protein Cas9. and a customized
piece of RNA which directs Cas9 to the target site for
DNA cleavage [11-13].

CRISPR/CAS9 MECHANISM

CRISPR/Cas9 is a naturally occurring system that
has evolved in bacteria and archaca as a method of
evading viral infection. The microorganisms store copies
of short sections of viral DNA in their genome which are
transcribed into RNA called CRISPR RNA (crRNA). The
crRNA forms a complex with a second piece of RNA,
the trans-activating crRNA (tractRNA), and CRISPR-
associated protein 9 (Cas9). which are all encoded in
the bacterial genome. If this complex encounters viral
(bacteriophage) DNA which is complementary to the
crRNA sequence it will bind to it. Cas9 is an endonuclease
which cleaves double-stranded DNA, slicing through the
viral DNA and preventing transcription [11.13].

Researchers soon realized that this system could be
used for targeted gene editing in the genome of a chosen
cell. By supplying a cell with Cas9, tractRNA, and a
crRNA specific to the target, Cas9 will cleave the region
of interest. Since this discovery, the crRNA and tracrRNA
have been artificially engineered into one single guide
RNA (sgRNA) which can be customized to the target
[13]. The final component required for CRISPR/Cas9-
mediated gene editing is the presence of a protospacer
adjacent motif (PAM) site adjacent to the target region
[14]. A PAM site is a short DNA sequence (usually
between 3 to 8 bp in length) that Cas9 binds to, inducing
the double-stranded break approximately 3 bp upstream
of the PAM [13]. These sites are naturally present on viral
DNA and the exact sequence of the PAM is dependent on
the species the Cas9 is isolated from. The most commonly
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Table 1. In vivo experiments utilizing CRISPR/Cas9 for therapeutic interventions for retinal

diseases.
Reference Disease Gene Target  Methodology Results Cas9
species
Ruanetal. LCA10 Removal of Subretinal injection of  Successful gene editing SpCas9
2017 [25] intron 25 of dual AAVs into mice in 7.5% to 26.4% of reads
CEP290 between treated eyes

Kim et al. Wet age- Disruption of ~ Subretinal injection of ~ 20+4% reduction in CNV CjCas9
2017 [33] related Hifla single AAV into CNV-

macular induced mice

degeneration
Courtney Meesman’s Allele-specific  Intrasomal injection of ~ KRT72-L132P disruptionin  SpCas9
etal. 2016  epithelial disruption of Cas9-GFP and gRNA  38% of isolated clones
[22] corneal KRT12-L132P  in KRT12-L132P mice

dystrophy
Suzuki et al. Retinitis Insertion of Subretinal injection of  Increased Mertk mMRNA and SpCas9
2016 [32] pigmentosa missing Mertk  dual AAVs into Royal protein levels. Improved

exon 2 College of Surgeons ONL preservation and ERG
rat model response
Latella et al. Retinitis Removal of Subretinal injection 16% of reads contained the SpCas9
2016 [19] pigmentosa 24 bp region and electroporation of  desired 24 bp deletion
of Rho at the plasmid in Rho”P23H™
P23H locus mice
Yu et al. Retinitis Disruption of ~ Subretinal injection Delayed loss of rod function SpCas9
2017 [37] pigmentosa Nrl of dual AAVs into and prolonged cone survival
Rhodopsin KO, Rd10,
RHO-P347S mice
Zhu et al. Retinitis Disruption of Subretinal injection of  Significant rescue and SpCas9
2017 [38] pigmentosa Nri or Nr2e3 dual AAV into Rd10 restoration of both rod and
and Rd1 mice cone function
Bakondi Retinitis Allele-specific ~ Subretinal injection Increased retinal Human
etal. 2016  pigmentosa disruption of and electroporation of  preservation and 35% codon
[23] Rhos%# plasmid in S334ter-3 increased VA optimized
rats SpCas9
(hCas9)

used Cas9 to date has been SpCas9 from Streptococcus
pyvogenes. which requires a PAM of 5°-NGG-3". where
N is any nucleotide [15]. A number of bioinformatic
programs are available which screen DNA sequences for
PAM sites. Once a suitable PAM is selected, the sgRNA is
designed to contain a region homologous to the sequence
immediately upstream of the PAM (typically 18 to 25 bp
long). By supplying a cell with the specific sgRNA and
an active Cas9 protein, a double-stranded break will be
induced at the site.

When a double-stranded break occurs in a host
genome the cell will attempt to repair it using one of
two processes: Non-Homologous End Joining (NHEJ)
or Homology-Directed Repair (HDR) (Figure 1). In the
absence of any homologous (identical complementary)
DNA sequence, the cell will undergo NHEJ. Since there
is no DNA template for repair. this process is somewhat

random and hence extremely error prone. resulting in
small insertions or deletions (indels) at the cleavage
site. If these indels result in a frame-shift mutation in an
exonic region, this can disrupt the gene. creating a non-
functional protein. The HDR pathway allows researchers
to perform precise edits of host DNA. Following a double-
stranded break, any DNA molecules with a high level of
homology to the target region will be substituted into the
genome. By supplying a donor DNA molecule containing
the desired mutation between two regions of homology
to the target site (homologous arms), this increases the
chances of the HDR pathway being used and the mutation
being incorporated into the cell.

A third use of the CRISPR/Cas9 system involves
introducing an artificially-engineered inactive version
of Cas9 (dCas9) to alter the expression level of a gene
at a transcriptional level, a technique called CRISPR
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Figure 2. Allele-specific Cas9 targeting via sgRNA design or novel PAM sites. Cas9 can be targeted to the
mutant allele by designing the sgRNA to the region containing the mutation. The discrepancy between the sgRNA
sequence and wild type may be sufficient to prevent binding. If the target mutation generates a novel PAM site this
will allow Cas9 binding on the mutant but not the wild type strand.

interference (CRISPRi). dCas9 retains the ability to
bind to DNA via the sgRNA and PAM site, but has no
cleavage activity. By targeting dCas9 to regulatory
clements of the target gene it can sterically inhibit
transcriptional machinery such as transcription factors
or RNA Polymerase, decreasing transcription of the gene
[16]. This effect can be enhanced by fusing dCas9 with a
transcriptional inhibitor, such as Kriippel associated box
[17]. Alternatively, fusing dCas9 with a transcriptional
activator can upregulate expression via CRISPR
activation (CRISPRa) [18] (Figure 1).

TREATMENT STRATEGIES

As  knowledge of the CRISPR/Cas9 system
increases. different applications of the technique are being
developed. Many of these have already been applied in
vivo for the treatment of retinal diseases, demonstrating
its potential in gene therapy (Table 1).

Silencing/Targeting the Pathogenic Mutation

The most common use of CRISPR/Cas9 in the
treatment of eye diseases is the direct silencing of dominant
negative pathogenic mutations via the NHEJ pathway. If
the target gene mutation has a dominant negative effect
(e.g. Rhodopsin). then disrupting the mutant allele will
restore wild type functionality of the gene. In contrast,
if the target gene is haploinsufficient (i.e. two wild type
alleles are needed to prevent the disease phenotype e.g.
PAXG6). or the CRISPR/Cas9 strategy is not allele-specific
(knocking out both the wild type and mutant copy of the

gene). then additional wild type copies of the gene can
be reintroduced to the cells via gene augmentation [19].
Allele-specific CRISPR/Cas9 binding can be
achieved in two ways: sgRNA design or novel PAM sites
(Figure 2). While the specificity of Cas9 is variable (see
Off-target Effects), many papers have reported that a one
bp difference in the DNA target sequence is sufficient
to drive allele-specific cleavage. This allows just the
mutant allele to be targeted by designing the sgRNA to
the region containing the mutation [20.21]. Alternatively.
some mutations will generate a novel PAM site that is not
present on the wild type allele. ensuring the Cas9 only
binds to the target strand. While it may seem unlikely
that a novel PAM site will be generated. the wide range
of Cas9 species and associated PAM sites available
(see Table 2) makes this possible, with one researcher
reporting that of 76 known missense mutations associated
within four retinal dystrophy genes, 36 percent produced
a novel PAM site for SpCas9 [22]. Both Courtney ef al.
(2016) and Bakondi et al. (2016) used novel PAM sites
to target allele-specific disruption of their mutant gene in
the treatment of Meesman’s epithelial corneal dystrophy
and retinitis pigmentosa (RP). respectively [22.23].
Courtney ef al. (2016) reported successful in vivo mutant
gene disruption in 5 of 13 clones (though this is too low
to be therapeutically viable), while Bakondi ef al. (2016)
reported target cleavage efficiencies of 33 percent and
36 percent in two CRISPR-edited rats, corresponding
with a partial phenotypic rescue. Neither paper
reported a reduction in the wild type allele expression,
demonstrating that allele-specific knock down is possible
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Table 2. Cas9 species and their associated PAM site sequences.

Species Cas9 PAM site Reference
Streptococcus pyogenes SpCas9 NGG Anders et al. 2014 [15]
Synthetically modified SpCas9 VQR NGAN or NGNG Kleinstiver ef al. 2015 [55]
Synthetically modified SpCas9 EQR NGAG Kleinstiver ef al. 2015 [55]
Synthetically modified SpCas9 VRER NGCG Kleinstiver et al. 2015 [55]
Staphylococcus aureus SaCas9 NNGRRT Ran et al. 2015 [60]
Campylobacter jejuni CjCas9 NNNNACAC Kim et al. 2017 [33]
Neisseria meningitidis NmCas9 NNNNGATT Hou et al. 2013 [61]
Streptococcus thermophilus ~ St1Cas9 NNAGAAW Mdller et al. 2016 [62]
Streptococcus thermophilus ~ St3Cas9 NGGNG Mdller ef al. 2016 [62]

using CRISPR/Cas9.

Another method of silencing pathogenic mutations is
the removal of sections of DNA using a pair of sgRNAs
which bind to either side of the target region. Following
excision, the genomic DNA is repaired using the NHEJ
pathway [24]. Ruan ef al. (2017) proposed this method
as a treatment for Leber Congenital Amaurosis type 10
(LCA10) caused by an intronic mutation in intron 26 of
CEP290 (IVS26 mutation) [25]. This mutation generates
a premature stop codon in half of all transcripts due to
aberrant splicing, resulting in reduced CEP290 activity
[26]. This would normally be a viable candidate for gene
augmentation but CEP290 has a large 7440 bp open
reading frame which exceeds adeno-associated viral
(AAV) packaging capacity. and CEP290 over-expression
is cytotoxic to photoreceptors [27]. While there is no
mousc model of human IVS26. mouse Cep290 intron
25 is homologous to human CZ£P290 intron 26 and was
successfully removed from wild type mice retinal cclls
in vivo in 7.5 percent to 26.4 percent of reads. Since this
region has no role in coding but simply dirccts splicing
there is no need for a gRNA template for repair |25]. This
dual sgRNA approach has also been used to excise a small
24 bp region surrounding the RHO P23H mutation with
the aim to treat RP via gene silencing and augmentation
119].

Insertion of DNA

As well as inactivation of pathogenic mutations,
CRISPR/Cas9 provides the opportunity to insert DNA
at a specific locus to restore wild type functioning of a
gene. Though this traditionally utilizes the HDR pathway
[28-31]. Suzuki et al. (2017) demonstrated a modified
method of gene insertion via the NHEJ pathway. named
Homology-Independent Targeting Integration [32]. Using
this strategy, they successfully inserted the missing exon
2 into intron 1 of Mertk in the Royal College of Surgeons
rat model of RP. This resulted in increased levels of Mertk

mRNA and protein levels than the untreated animals,
corresponding with improved outer nuclear layer (ONL)
thickness and ERG responses indicating a partial rescue
of the phenotype.

Treating Disease Symptoms

Retinal discases with complex genetic and
cnvironmental risk factors may be unsuitable for
traditional gene therapy approaches. In these cascs, genetic
modification may be uscd to reducc the severity of the
discasc by targeting genes involved in its pathogenesis.
This approach was taken by Kim ef al. (2017) for the
treatment of wet age-related macular degeneration
(AMD) |33]. In wet AMD, choroidal ncovascularisation
(CNV) leads to deterioration of central vision [34]. Kim
et al. (2017) used CRISPR/Cas9 to disrupt HifIa (crucial
to the development of CNV |35]) in wild type mice who
later underwent laser-induced CNV. The AAV-Hifla
treated eyes demonstrated a 20+4 percent reduction in
area of CNV compared to the uninjected control, with
no deleterious effects on cone function, demonstrating its
potential as a therapeutic intervention.

Cellular Reprogramming

Therapeutic ~ cellular  reprogramming  involves
converting cells which are sensitive to a mutation (o a
[unctionally related cell type that is less allected by the
mutation in the hopes of reducing the disease severity.
This technique has potential in the treatment of retinal
dystrophies due to the highlevels of heterogeneity existing
between diseases. RP, for example, is characterized by
loss of rod cells leading to secondary cone cell death, but
to date there have been over 3000 causative mutations in
over 60 genes identified for this disease. This makes it
difficult to develop gene therapy strategies to treat large
cohorts of patients [36]. Two papers published within two
months of each other sought to utilize CRISPR/Cas9 to
induce cellular reprogramming of mutationally-sensitive

240



538 Peddle and MacLaren: CRISPR/Cas?9 for the treatment of retinal diseases

rod cells to cone cells within four models of RP [37.38].
Nrl and Nr2e3 are transcription factors involved in the
differentiation and regulation of rod cells. Absence of
cither of these transcription factors is known to cause
rod cells to develop a cone cell fate [39.40]. CRISPR/
Cas9 caused targeted gene disruption of either Nr/ or
Nr2e3 via subretinal injection of mice between P7 and
P14. Both researchers observed a downregulation of
rod-specific genes and an up-regulation of some cone-
specific genes. This occurred alongside significant
rescue of photoreceptor functioning. Zhu ef al. (2017)
reported significantly improved cone and rod function
with preserved ONL. and Yu et al. (2017) reported
some functional cone and rod activity at 4 months of
age. a month after rod death is usually complete in their
tested mouse lines. Both authors conclude that cellular
reprogramming of rods to cones is a promising area of
further study for retinal discase treatment.

Stem Cells

The use of gene modification has promise as an carly
intervention strategy to prevent retinal degeneration,
but for patients with advanced discase progression
it offers little hope of a cure. CRISPR/Cas9 has the
potential to correct pathogenic mutations in patient’s
own induced pluripotent stem cells (iPSCs). These can be
differentiated into the required cell type and re-implanted
into the eye. This route has the potential to be tailored to
rare mutations found in small populations or individuals.
Bassuk ef al. (2016) demonstrated this in iPSCs derived
from two brothers carrying a novel RPGR mutation [41].
iPSCs were differentiated from fibroblasts and the HDR
pathway used to correct the ¢.3070G>T mutation in 13
percent of cells. a higher rate than previous CRISPR/Cas9
iPSC correction studies [42]. The use of retinal grafts to
integrate stem cell-derived cells has demonstrated cell
survival, safety, and efficacy in clinical trials, offering a
potential therapeutic route for CRISPR/Cas9-corrrected
iPSC therapies [43.44].

CHALLENGES TO CLINICAL APPLICATION

Efficiency of Gene Editing

While in vitro gene editing for retinal diseases using
CRISPR/Cas9 often reports high rates of gene disruption
in vitro (up to 82 percent [19]). the rates of successful
gene editing in vivo are lower (up to 33 percent [19]). This
success rate is highly variable between studies and may be
dependent upon the type of Cas9 used [25.33]. the design
of the sgRNA. the target cell type. the delivery method.
and the in vivo model amongst other factors [37,38]. One
study using AAV-delivered CRISPR/Cas9 found a 50
percent in vitro deletion rate in neuro-2a cells which was

reduced to 7.5 percent to 26.4 percent in treated retinas
in vivo [25]. Though these rates are quite low. some
diseases would not require complete silencing of the
mutant gene. Meesmann'’s epithelial corneal dystrophy,
for example. can be alleviated with a 50 percent reduction
in mutant allele expression levels [22]. Other studies
suggest that only a partial gene correction can result in
a significant therapeutic impact [45]. Regardless of the
rate of the CRISPR/Cas9 gene editing, in vivo studies are
reporting improvements in disease phenotypes. which
could have significant impacts on a patient’s quality of
life [32.33.37.38].

Off-target Effects

As with any genetic modification technique, there
are concerns regarding the off-target effects of CRISPR/
Cas9. Non-specific gene editing could remove essential
genes or disrupt tumor suppressing genes causing cancers
[10]. It is therefore vital that any genetic modification
methods are specific and off-target effects are predictable.
As Cas9 binding is dependent upon both the presence
of a PAM site and upstream homology to the sgRNA
sequence, bioinformatic programs can be used to predict
off-target effects. Encouragingly. some papers reported
that a one nucleotide discrepancy in the sgRNA binding
region prevents indel formation [20.21] and most studies
demonstrate no off-target effects at the most probable
sites. In studies employing whole genome screening,
off-target effects are rare (up to several hundred). with
some studies reporting only one off-target effect within
the entire genome [46-50].

Despite this. off-target effects have been varied
across studies, with some papers reporting DNA editing
with a 5-bp discrepancy between the sgRNA and target
region [12.51]. The effect of base pair mismatch between
the sgRNA and the target have been showed to be highly
influenced by the distance between the mismatch and
the PAM site, with PAM-distal mismatches being more
tolerated than PAM-proximal mismatches [11-13.52].
There have also been incidents of reduced gene expression
ina site with sgRNA homology but no PAM site [22]. The
cleavage sites can also vary between in vitro and in vivo
studies [53], making it difficult to accurately predict off-
target effects.

Two artificial Cas9 molecules have been created with
the aim of reducing off-target effects: nickases and high-
fidelity Cas9 (SpCas9-HF1). Nickases are modified Cas9
molecules which can only cleave one strand of DNA. To
induce a double-stranded break into the DNA for gene
modification, one nickase must bind to either strand of
DNA (each guided by an sgRNA) in close proximity. The
use of nickases can reduce off-target effects by 50 to 1500
times compared to SpCas9 at the same site, and has been
successfully used to disrupt genes in mouse embryos [54].
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SpCas9-HF1 is a modified SpCas9 that has four altered
amino acids |55]. These result in decreased non-specific
binding and have been reported to have no detectable off-
target effects while efficiency remains comparable to the
wild-type SpCas9.

It has been proposed that reducing the temporal
expression of Cas9 will reduce the off-target eflects,
and so the use of a self-limiting Cas9 construct has been
explored. In a self-limiting Cas9. the Cas9 expression
system carries at least one copy of the sgRNA target site.
The sgRNA will guide the Cas9 to both the genomic
target site and the Cas9 vector, inactivating it and halting
Cas9 transcription. This has been shown to successfully
reduce Cas9 expression to negligible levels while
maintaining targeted gene editing in vitro [25]. While
limiting transgene expression may have advantages from
a regulatory approach, its usefulness is debated, with
some papers reporting that long-term Cas9 expression is
not associated with an increased risk of off-target effects
[33].

Heterogeneity of Disease

Despite  retinal — dystrophics  having — many
characteristics which make them a useful target for
gene therapy, the heterogeneity of these discases remain
a challenge for widescale treatment therapies. Many
diseases have hundreds of identified causative mutations
(over 100 variants in over 20 loci for LCA [56,57]), with
some mutations specific to singular lamilies or even
individuals [36.,41].

Cellular reprogramming, largeting of disease
symptoms, and iPSC-derived retinal grafts (described
in more detail in Treatment Strategies). have been
suggested as potential solutions to this problem. Cellular
reprogramming and targeting disease symptoms via
CRISPR/Cas9 can be applied to patients without an
identified causative mutation, but these are still in early
stages of research [37.38]. Stem cell derived retinal
grafts, alternatively, have been used in multiple clinical
trials and have demonstrated efficacy and safety [43.44].
Using patients own iPSC would allow the pathogenic
mutation to be corrected in vitro before differentiation
into photoreceptors. This would allow rare mutations to
be targeted on a case-by-case basis and detailed screening
of on and off-target effects to be conducted before
transplantation into the eye.

Rates of HDR in the Eye

Precise gene correction with CRISPR/Cas9 relies on
the HDR pathway. While HDR occurs most frequently
in the late S and G2 stages of the cell cycle phase, retinal
cells are post-mitotic, and therefore the HDR rate is
low. Some studies have concluded these HDR rates are

currently too low to have a therapeutic value.

The use of small molecules to suppress the NHEJ
pathway and force cells to repair the double-stranded
break with HDR has demonstrated efficacy in increasing
the rates of HDR. SCR7 is an inhibitor of DNA ligase
and has been shown (o increase rates of HDR by 5-fold
and 19-fold in separate in vifro studies [31.58]. It was
subsequently used to enhance CRISPR/Cas9 editing of
the HSV-1 viral genome and found to increase HDR rates
by over 10-fold [59].

In 2016, a new CRISPR/Cas9 technique was
described: Homology-Independent Targeted Integration.
This allows precise gene knock-in without the HDR
pathway. In this, the DNA insert is flanked by Cas9
cleavage sites. Following cleavage of both the genomic
DNA target site and the DNA insert. the insert will be
ligated into the genomic target site via NHEJ. The
DNA insert is designed in such a way that integration
in the reverse orientation will generate a CRISPR/Cas9
cleavage site allowing it to be removed by Cas9 again
until it is integrated in the correct orientation. This was
found to have higher knock-in efficiency than HDR both
invitro in HEK293 cells and in vivo, where it was used to
correct a rat model of RP [32].

CONCLUSION

CRISPR/Cas9 is an cxciting arca of study which
is revolutionizing all aspects of genctics, from basic
biology to potential medical interventions. Duc to
its favorable characteristics and track rccord in genc
therapy. retinal discascs arc likely to be onc of the
carliest targets of CRISPR/Cas9 mediated therapy. /n
vivo studies demonstrate a promising future for CRISPR/
Cas9 therapies, with rescue effects seen across a range
of diseases. Its versatility lends itself to a variety of
approaches to tackle these debilitating diseases. Despite
all this, there is still a long way to go. HDR rates are
currently below the therapeutic range, although there are
avenues around this being explored. Reduction of off-
target effects remains a priority as if CRISPR/Cas9 is to
have a future in gene therapy, its off-target effects must be
predictable and minimized.
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Abstract: The treatment of dominantly inherited retinal diseases requires silencing of the pathogenic
allele. RNA interference to suppress gene expression suffers from wide-spread off-target effects,
while CRISPR-mediated gene disruption creates permanent changes in the genome. CRISPR
interference uses a catalytically inactive ‘dead” Cas9 directed by a guide RNA to block transcription of
chosen genes without disrupting the DNA. It is highly specific and potentially reversible, increasing its
safety profile as a therapy. Pre-clinical studies have demonstrated the versatility of CRISPR interference
for gene silencing both in vivo and in ex vivo modification of iPSCs for transplantation. Applying
CRISPR interference techniques for the treatment of autosomal dominant inherited retinal diseases is
promising but there are few in vivo studies to date. This review details how CRISPR interference
might be used to treat retinal diseases and addresses potential challenges for clinical translation.

Keywords: CRISPR interference; CRISPRi; CRISPR/Cas9; RNAi; knock-down; gene therapy;
retinal disease; transcriptional repression; dCas9; KRAB

1. Introduction

Inherited retinal diseases are an irreversible and devastating cause of blindness for an estimated
2 million individuals worldwide [1]. They are the result of genetic mutations that generally affect
photoreceptors, the light-sensitive retinal cells at the back of the eye, typically causing progressive loss
of sight over several years or decades. Over 250 individual genes have been implicated in inherited
retinal disease, with autosomal recessive, autosomal dominant and X-linked inheritance patterns
observed [2]. As most are monogenic disorders, gene therapy offers a potential treatment.

The eye has several advantages as a gene therapy site. It is easily accessible using ophthalmic surgical
techniques allowing direct delivery to the target organ using local anaesthesia; it is immune privileged
which reduces the likelihood of immune responses or rejection, and the presence of the blood retina barrier
helps to prevent systemic spread of the introduced material [3-5]. These factors have driven dozens of gene
therapy clinical trials, culminating in the first FDA approved ocular gene therapy treatment in 2017 [6,7].

Retinal gene therapy clinical trials have focused on treating recessive or X-linked loss-of-function
mutations through gene augmentation, where a wild-type copy of a gene is introduced into affected
cells. For successful treatment of dominant gain-of-function mutations, the pathogenic gene must be
silenced [3,8]. Both the CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR
associated protein 9) system and CRISPR interference (CRISPRi) can be used to silence pathogenic genes.
The CRISPR/Cas9 system is a naturally occurring bacterial defence mechanism against invading viruses.
The bacteria contain two specialized RNA molecules called crRNA and tracrRNA, which form a complex
with the endonuclease protein Cas9. This complex is guided to viral DNA that share sequence homology
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with crRNA. Cas9 requires a DNA element called a Protospacer Adjacent Motif (PAM) site immediately
downstream of the crRNA binding sequence in order to bind to and cleave the DNA. The PAM site is a short
nucleotide sequence (usually 3 to 8 bp long), the exact sequence requirements of which vary with bacterial
species (for example Streptococcus pyogenes Cas9 has the PAM site 5'-NGG-3’). Following binding, Cas9 will
cleave both strands, preventing viral colonization [9-12] (Figure 1a).

This system is used within biological research to disrupt genes of interest. The target gene is
screened for PAM sites, and then a single guide RNA (gRNA, which is an artificial amalgamation that
links both the crRNA and tracrRNA) is designed to match the region immediately upstream of this. By
providing the cell with both the gRNA and Cas9, Cas9 will induce a double stranded break in the target
gene. The cell then attempts to repair this break, but in the absence of a DNA template, this process is
extremely error prone. This causes small insertions and deletions to be incorporated at the DNA break
site, resulting in frame shifts or premature stop codons within the DNA [10,13] (Figure 1b).

CRISPRi uses a modified version of the Cas9 protein. The native Cas9 protein contains two
DNA cleavage domains called HNH and RuvC, which cleave the gRNA complementary and gRNA
non-complementary DNA strands, respectively [14]. By changing a single amino acid at each domain
(for the Streptococcus pyogenes Cas9, the amino acid changes are D10A and H840A [15]), the Cas9

becomes catalytically inactive. This “dead” dCas9 can still bind to DNA but can no longer cleave it.

The dCas9 causes transcriptional repression of the target gene. This is either through blocking the
passage of RNA polymerase or through a dCas9-fusion protein altering the histone state of the gene
(See Opportunities for Gene Regulation in Eukaryotes and Mechanisms of CRISPRi) (Figure 1c—d).

This review will outline the technique of CRISPRi, how it might be applied to treat dominantly
inherited retinal dystrophies, and discuss important considerations for its clinical use.

(a) CRISPR/Cas9 mechanism in bacteria (b) CRISPR/Cas9 gene disruption
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(d) CRISPRi with dCas9-KRAB
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Figure 1. Mechanisms of CRISPR/Cas9 and CRISPRi. (a) CRISPR/Cas9 mechanism as a bacterial defence
against invading viruses. (b) Using CRISPR/Cas9 to disrupt target genes. (c) Using CRISPRi with
dCas9 to block transcription initiation or transcriptional elongation. (d) CRISPRi using a dCas9-KRAB
fusion protein to alter the chromatin state of the gene.
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2. Opportunities for Gene Regulation in Eukaryotes

The regulation of gene expression within eukaryotes is complex and occurs at multiple levels
within the cell. Each of these levels offers an opportunity for expression to be manipulated with
molecular techniques (see Table 1). The following is a brief introduction to the main regulatory systems
in eukaryotic cells that can be targeted with interference methods.

Regulation begins at a DNA level, where cells can alter the rate of transcription from the gene’s
promoter. Transcription initiation varies between genes, but generally, transcription factors form a complex
with RNA polymerase II, which allows it to bind to the transcriptional start site (TSS) [16]. Following
binding, the interaction with distal regulatory elements dictates whether transcription will begin [17,18].

During early development of multi-cellular organisms, promoters can be permanently inactivated
via an epigenetic mechanism called DNA methylation. Regions of DNA called “CpG islands” are
common in eukaryotic promoters and contain repetitive sequences of 5'-CG-3’. DNA methyltransferase
adds a methyl group to cytosines, which results in permanent silencing of that gene, which is inherited
by daughter cells [19].

Following successful transcription of the DNA and subsequent processing, mRNA is translated
into an amino acid chain. The lifespan of the mRNA molecule determines how much protein is
produced (a longer half-life produces more protein), and cells employ a range of mechanisms to trigger
or prevent degradation of the mRNA molecule. RNA interference (RNAi) acts to either block translation
or trigger early degradation of the mRNA [20]. In RNAI, short double stranded micro-RNAs are
produced that are complementary to the target mRNA. Micro-RNAs associate with the RNA-induced
silencing complex and bind to the target mRNA, which is then either cleaved and rapidly degraded,
or has its translation inhibited. This results in gene suppression.

The final level of gene regulation is at a histone level. Within the nucleus of a cell, the DNA
is wound around histone proteins. In an open confirmation (euchromatin), the genes are active.
In a tightly wound state (heterochromatin), transcription factors and RNA polymerase II cannot access
the genes, making them inactive. The histone proteins have tails that can be chemically “tagged”,
changing their confirmation and therefore altering DNA accessibility. Transcription factors recruit
histone modifying proteins, such as histone acetyltransferase or histone deacetylase, altering the
transcription rate of the gene [21].

Table 1. Molecular methods used to target different gene regulation systems in eukaryotes.

Gene Regulation Method
Gene transcription CRISPRi
DNA methylation dCas9-methyltransferase
mRNA lifespan/gene translation RNAIi
Histone state CRISPRi

3. Mechanisms of CRISPRi

Targeting a genetic locus with CRISPRi requires only three main components. The first component
is a PAM site in the DNA target region. The second component is a gRNA, which is designed with
a region that is homologous to the area immediately 5" adjacent to the chosen PAM site. The third
component is the dCas9 protein, which forms a complex with the gRNA. The gRNA portion of the
dCas9:gRNA complex will bind to the target DNA via sequence homology while dCas9 binds to the
adjacent PAM site [10].

The basic CRISPRi mechanism uses the dCas9 protein to sterically block key regions of the target
gene, preventing access of crucial transcriptional proteins. This reduces transcription and therefore
downregulates expression. CRISPRIi is either targeted to the TSS to prevent initiation of transcription
or to downstream transcribed regions to block transcriptional elongation [15,22] (Figure 1c).
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When blocking transcription initiation, either strand of DNA can be targeted. Large-scale analysis
studies have identified the optimal binding site for blocking transcription initiation using CRISPRi as
—50 to +250 base pairs relative to the TSS [23,24].

During transcriptional elongation, RNA polymerase II unwinds double stranded DNA and
uses the template strand (also called the non-coding strand, reverse strand, or anti-sense strand) to
create mRNA. gRNAs targeted to the template strand have reduced knock-down [15,22,25], although
knock-down targeting this strand has been observed [23,26]. This could be due to RNA polymerase II
unwinding the gRNA:DNA complex as they are “facing” each other. When the gRNA is targeted to the
non-template strand of DNA the dCas9:gRNA complex acts as a physical barrier to the passage of RNA
polymerase II, preventing further transcription [15,22]. Unlike targeting the TSS, there is currently no
consensus on which regions of DNA are optimal and there is high variability between genes [24,27].

To increase the impact of CRISPRi, a 2013 study fused dCas9 with a range of transcriptional
repressor domains [25]. These domains are typically eukaryotic protein domains which regulate
transcription. The Kriippel Associated Box (KRAB) repressor is most commonly used. It interacts
with the scaffold protein KAP1, which recruits histone modifying proteins, ultimately creating
a tightly-wound, inactive heterochromatin histone state [28] (Figure 1d). Gilbert et al. found that
addition of KRAB significantly increased the repression of genes at most tested loci, with one site
reducing the ubiquitous EGFP expression by 15-fold in a GFP+HEK293 cell line [25]. Unlike when
using dCas9 alone to block transcriptional elongation, dCas9-KRAB can be targeted to either strand of
the DNA, dramatically increasing the potential target sites [27].

Although not typically defined as CRISPR;, it is worth noting that dCas9 can be fused to various

proteins, which alter the epigenome of the cell and can result in down- or up- regulation of target genes.

dCas9 has been successfully fused to proteins which alter the chemical tags on histone molecules:
fusion to methyltransferase domains inactivates genes, and fusion to proteins, which remove methyl
groups, activates repressed genes [29,30]. For a recent review on this, see [29].

4. Alternatives to CRISPRi

4.1. CRISPRi vs. CRISPR/Cas9

CRISPR/Cas9 causes permanent changes to the genome, whereas CRISPRi does not. After binding
to DNA, Cas9 cleaves it, introducing small insertions and deletions into the target site, which alter
the amino acid sequence and cause premature stop codons [10]. CRISPRi, on the other hand, does

not alter the DNA sequence and will only affect transcription while dCas9 and gRNA are present.

Experiments using inducible promoters have demonstrated that the effects of CRISPRi can be reversed
following termination of dCas9 expression. In mRFP-expressing E. coli cells transduced with a plasmid
carrying dCas9, suppressed mRFP fluorescence levels returned to baseline 300 min after switching off
dCas9 expression [15]. In eukaryotic K562 cell lines stably transduced with dCas9-KRAB, target mRNA

and protein expression returned to baseline 6 days after switching off dCas9-KRAB expression [23].

This provides safety benefits for gene therapies as CRISPRi treatment could be reversed if driven with
an inducible promoter.

CRISPR/Cas9 and CRISPRi have different optimal target requirements. CRISPR/Cas9 is most
successful when targeted to the exon of a gene, as insertions and deletions in introns can be removed
through splicing leaving an unaltered coding sequence [31]. CRISPRi, on the other hand, can in
theory be targeted anywhere in the transcribed region. In practice, however, the optimal target site for
CRISPRI is quite narrow, at =50 to +250 relative to the TSS [23,24]. If there is a particular locus of the
gene that is being targeted, it may only be possible using either CRISPR/Cas9 or CRISPRIi.

While CRISPRi can be highly efficient for some targets, with one paper reporting a 1000-fold
repression of the mRNA target, it is generally accepted that the active cutting form of CRISPR/Cas9 is
more efficient at knocking down target gene expression than CRISPRi [15,27,32]. This is likely because
the efficiency of CRISPRi gene repression is not only dictated by the gRNA:DNA binding, as with
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active Cas9, but by the ability of that locus to successfully block transcription [23]. This makes the
knock-down rates seen with CRISPRi highly variable across the sequence of a gene [15,23,24].
CRISPRi may have greater specificity than CRISPR/Cas9. Both systems rely on sequence homology
between their gRNA and DNA, and the presence of an immediately adjacent PAM site to bind.
Off-target binding occurs when DNA with partial homology to the gRNA sequence is adjacent to
a PAM site. CRISPR/Cas9 has variable tolerance for mismatches between its gRNA and target DNA
sequence and off-target effects are common; some have been reported at sites with a 5 bp gRNA:DNA
mismatch [10,33-36]. This has led to the development of “high-fidelity” Cas9 species, which are
engineered to have reduced off-target activity; in some cases, they have no detectable off-target
effects [37-40]. CRISPRi, on the other hand, has very low tolerance for gRNA:DNA mismatches [23].
One paper reported that a 1 bp mismatch at every gRNA position prevented CRISPRi activity with
their tested gRNA (although they noted a trend of gRNA:DNA mismatches at sites distal to the
PAM being better tolerated, as observed for active Cas9) [9,10,34,35,41]. Another paper reported that
a single gRNA:DNA mismatch significantly reduced the knock-down rate at every gRNA position,
while a combination of two or more mismatches was enough to abolish knock-down entirely [23].
This might be due to the different mechanisms between CRISPR/Cas9 and CRISPRi: CRISPR/Cas9 may
be able to cleave DNA whilst in contact with it only briefly, which might be the case with mismatched
nucleotides, whereas for CRISPRIi to be effective, it is likely to need to be in contact with the DNA target
for considerably longer. In support of this notion, genome-wide analyses of the effects of CRISPRi
commonly report no detected off-target effects on the cell’s transcriptome [15,25,42] (see Table 2).

4.2. CRISPRi vs. RNAi

Until the creation of inactive dCas9, RNAi was the leading technique for suppressing gene
expression in eukaryotic cells. It utilizes the cells natural RNAi pathway (see Opportunities for Gene
Regulation in Eukaryotes). In RNAIi, a short RNA sequence complementary to the target is introduced
to the cell. It associates with the RNA-induced silencing complex and binds to the target mRNA via
sequence homology. This triggers a pathway that will cause either mRNA degradation or a reduction
in translation [20].

RNAI is arguably a simpler technique than CRISPRi, requiring only successful cellular delivery of
a short double stranded RNA molecule. In ocular diseases, chemically modified RNA molecules are
delivered directly to the eye without a delivery vehicle [43]. It has been used for gene knock-down since
2001 and is well characterized, with numerous therapies in clinical trials (including treatments for ocular
diseases such as age-related macular degeneration, non-arteritic anterior ischaemic optic neuropathy,
and dry eye disease) and two FDA-approved treatments for hereditary transthyretin-mediated
amyloidosis and acute hepatic porphyria [43,44].

While RNAI reduces translation, CRISPRi reduces transcription. As it binds to DNA, rather than
mRNA, the CRISPRi system has access to more potential binding sites in the untranscribed regions of
DNA, such as the promoter and distal regulatory elements. It can also be targeted to introns, which are
not accessible to RNAI as it generally targets mRNA [42].

Efficiency and specificity of the treatment strategies have been compared. Off-target effects of
CRISPRIi are rare, with multiple studies reporting no significant off-target effects detectable with
RNA-Seq [23,25,27,41]. With RNAi on the other hand, off-target effects are commonly reported [15,45—
47]. Wide-scale studies have identified that CRISPRi and RNAi have comparable efficiencies, but these
are highly variable and target-specific [46]. At an individual gene level, CRISPRi is often able to
outperform RNAi, with one study achieving CRISPRi-mediated protein knock-down of almost 90% for
the 4 tested genes, compared to more variable knock-down with RNAI [41] (see Table 2).
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Table 2. Comparison of CRISPRi, CRISPR/Cas9 and RNAi methods for knock-down of eukaryotic
genes. + indicates lower levels, ++ indicates higher levels.

Feature CRISPRi CRISPR/Cas9 RNAi
Target DNA DNA mRNA
Requirements gRNA complementary to  gRNA complementary to  Short interfering RNA
target. dCas9 protein target. Cas9 protein complementary to target
Efficiency % ++ +
Specificity ++ + +

5. Clinical Treatment Strategies

CRISPRi allows highly specific and efficient gene repression and is therefore a promising clinical
treatment if targeted to genes involved in disease pathology. This has high applicability in retinal
diseases but there is currently only one published in vivo study targeting the retina [48]. The two main
therapeutic strategies being explored across diseases are in vivo knock-down of a target gene, in which
the CRISPRi construct is applied directly to the target organ, and ex vivo knock-down, where CRISPRi
is applied to cells, which are then transplanted into a patient. Pre-clinical studies in animal models
using CRISPRI to target human disease are outlined in Table 3. CRISPRi has also proven a useful
tool for biological research in vivo for creating knock-down mouse models [49] and identifying gene
function [41,50], but these are not discussed here.

5.1. In Vivo Knock-Down

CRISPRIi can be used to knock-down expression of genes involved in retinal disease by delivering
the construct with gene therapy via a subretinal injection.

5.1.1. Targeting the Pathogenic Mutation

For diseases caused by dominant gain-of-function mutations, such as retinitis pigmentosa caused
by rhodopsin mutations, CRISPRi must be targeted exclusively to the pathogenic allele. This can
be done in two ways: targeting the pathogenic mutation directly or targeting a single nucleotide
polymorphism (SNP) on the same allele as the pathogenic mutation. The mutation or SNP must either
generate a novel PAM site or be in the gRNA binding region. Generating a PAM site not present on the
non-targeted allele allows the gRNA:dCas9 complex to bind specifically to the target allele. A mutation
or SNP in the binding region of the gRNA creates a mismatch of at least 1 bp with the wild type strand.
As discussed in “CRISPRi vs. CRISPR/Cas9”, CRISPRi is extremely sensitive to mismatches between
its gRNA and the target DNA, with 1 bp mismatches often sufficient to prevent dCas9 binding and
therefore gene repression [23,41].

Allele-specific targeting of the pathogenic mutation has been used to treat in vivo models of
autosomal dominant retinitis pigmentosa with active CRISPR/Cas9. Bakondi et al. and Li et al.
targeted pathogenic mutations in Rho occurring in the PAM site and gRNA binding region, respectively.
In both cases, only the pathogenic allele was disrupted, resulting in significantly improved visual
outcomes [51,52]. Bakondi et al. measured increased retinal preservation and a 35% improvement
in optokinetic response, a surrogate measurement for visual function, in the treated eye of S334ter-3
rats compared to the untreated eye. Li et al. found significantly more photoreceptor cells in the
CRISPR-treated retinal areas of P23H mice, indicating the retinal degeneration was slowed.

5.1.2. Cellular Reprogramming

Cellular reprogramming aims to convert a diseased cell type into a cell type that is unaffected by
the pathogenic mutation [53]. This was potentially demonstrated with CRISPRi to treat autosomal
recessive retinitis pigmentosa in the Rd10 mouse model. Rd10 mice contain a mutation in the Pde6f
gene, which causes complete rod cell death by P60 but allows relative preservation of cone cells.
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Moreno et al. targeted the rod cell transcription factor Nrl, which is a regulator determining rod cell
fate over cone cell fate in photoreceptors. The treated mice developed a more cone-like phenotype,
which was associated with increased photoreceptor cell layers and visual acuity [48]. While patients
treated in this way would lose vision characteristics driven by rod cells, such as night vision, relative
preservation of cone cells may allow patients to maintain visual acuity and central vision.

5.1.3. Treating Disease Pathways

A final strategy for in vivo knock-down is targeting genes that drive damaging disease pathways,
therefore slowing the disease progression. This technique is useful for polygenic conditions where
targeting a single pathogenic gene is not possible.

CRISPRi has been used in this way to treat familial hypercholesterolemia and obesity in mouse
models in vivo by knocking down genes that are involved in the disease pathology. In treating familial
hypercholesterolemia, the gene Pcsk9, which functions in the regulation of low-density lipoprotein
receptor degradation, was targeted. Over 80% reduction in PCSK9 protein was achieved in the liver,
and a significant reduction in serum low-density lipoproteins was found in the treated mice [54].
For the treatment of obesity, the expression of lipid chaperone protein Fabp4 was significantly reduced
in the high-fat diet-induced mice, which lead to a reduction in body weight, fat mass, and blood
glucose levels in the CRISPRi-treated mice [26].

Wet age-related macular degeneration can lead to the loss of the central visual field due to
the development of choroidal neovascularization. Current treatment of wet age-related macular
degeneration uses drugs to block growth factors that contribute to this disease pathway, such as
vascular endothelial growth factor. Disruption of this pathway using RNAi and CRISPR/Cas9 has been
demonstrated in principle, achieving potentially significant therapeutic effects, and similarly, CRISPRi
could be used to knock-down key genes [55,56].

5.2. Ex Vivo Knock-Down

As well as downregulating a target gene in vivo, CRISPRi has demonstrated effectiveness at
suppressing gene function in stem cell-derived cells for implantation into patients [57]. In a paper
aiming to improve the low rates of calvarial bone healing, CRISPRi was used alongside CRISPR
activation to repress and activate genes involved in the inhibition and promotion of cartilage formation,
respectively. dCas9-KRAB reduced its target PPAR-y expression by 30.3% in bone marrow-derived
mesenchymal stem cells. The cells were then cultured into engineered cartilage and implanted
into calvarial bone defects in rats. The CRISPR-untreated cartilage had negligible bone growth,
while the CRISPR-treated cartilage saw significant bone repair, filling 28.6% and 23.3% of the original
defect area [58].

This method has application in retinal diseases, where late stage patients have wide-spread
loss of retinal cells causing significant gaps in their field of vision. In cases of autologous
transplantation, CRISPRi could be used to suppress the pathogenic gene in induced pluripotent stem
cells (iPSCs) pre-implantation before reprogramming into the desired retinal cell type, and autologous
transplantation. The potential of this treatment has been demonstrated with successful CRISPR/Cas9
gene correction of pathogenic retinal mutations in iPSCs for retinitis pigmentosa and Leber congenital
amaurosis [59-61]. Following correction of three different RPGR frame shift mutations in patient iPSCs,
Deng et al. cultured the iPSCs into retinal organoids and found that the X-linked retinitis pigmentosa
phenotype was completely alleviated [60].

Clinical studies using stem cell-derived cells for the treatment of inherited retinal disease are
currently underway. Among them, Stargardt disease and retinitis pigmentosa are being investigated,
with stem-cell-derived retinal pigment epithelium cells, and retinal progenitor cells, respectively,
injected into patient’s eyes. Initial results have documented good tolerance of the introduced cells,
with some indications of symptom improvement, although full results are not yet published [62].
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Table 3. In vivo gene therapy CRISPRi studies.

8of14

e Experimental
Reference Treatment Method Condition gRNA Target Methodology Results
Dual subretinal injection Rods developed a more
of AAV.gRNA.dSpCas9- “cone-like” phenotype.
i In vivo knock-down Autosomal recessive KRAB.N-terminus and Increased photoreceptor
Morenoletal 2015148) Cellular reprogt ing retinitis pi N AAV.dSpCas9-KRAB layer thickness.
C-terminus into Significantly improved
Rd10 mouse. visual function.
. Dual injection of 80% reduction in target
. High LDL cholesterol S
2 In vivo knock-down e i AAV.dSaCas9-KRAB and protein. Significant
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2 las tail vein, cholesterol.
Intraperitoneal injection of  5/8"ifcant reduction in
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Chung et al. 2019 [26] 4 3 Obesity Fabp4 L e R symptoms including
Treating disease pathways oligoplex into dbas by waight
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% E = at mass,
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Treating disease pathways | o cell dSpCas9-KRAB.gRNA to o,
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methodology required ex “ Xenograft then injected SOl
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Bacilloviral delivery of
PPAR-y all-in-one CRISPRai
Truongetal. 2019[58]  Exvivoknock-down  Calvarial bone healing (repression) mnr::ri:‘v‘\r:ldne:"el:ionc Slgnilticant Incregse In
: and Sox9 calvarial bone healing.

mesenchymal stem cells.
These were implanted into
rat calvarial bone defects.

(activation)

6. Challenges to Clinical Application

6.1. Target Selection and Efficacy

As covered in “CRISPRi vs. RNAi”, optimally designed CRISPRi has comparable efficiency to
RNAI, the technique previously favored to knock-down clinically relevant genes [46]. Unfortunately,
CRISPRi knock-down is highly variable throughout the gene as not all regions will block transcription
effectively [15]. Outside the optimal —50 to +250 (relative to TSS) target region, one paper found only
56% of gRNAs achieved knock-down of over 20% [24]. While the —50 to +250 region gives plenty
of potential target sites for a knock-down and replace strategy, it is relatively limited if the strategy
involves targeting a specific region of the gene, for example targeting the pathogenic mutation for
allele-specific knock-down.

Improvements have been made to methods for predicting successful target sites. The FANTOM5/CAGE
atlas is a database annotating regulatory elements of mammalian genomes. By identifying the transcriptional
start site using this software and then using traditional CRISPR software to analyse the gRNA:DNA binding
success, gRNA efficiency predictions were significantly improved [24].

Gene repression rates can often be increased with the addition of the KRAB repressor [25,27].
A triple fusion protein of dCas9, KRAB repressor, and MeCP2 repressor domain (which initiates
chromatin remodelling via a different pathway from the KRAB repressor) was found to further increase
gene repression [27].

When targeting pathogenic gain-of-function mutations, it is useful to note that wild type
phenotypes can often be restored with less than 100% knock-down of the mutant gene. In Bakondi et al.
2016, for example, retinal morphology was significantly improved in a rat model of autosomal dominant
retinitis pigmentosa with CRISPR/Cas9 editing rates of 33% and 36%. Photoreceptor layers were
increased from 1 layer in the control group to 8 layers in the CRISPR-treated group [51]. Even partial
reduction in the expression of toxic genes may slow the rate of degeneration and result in preservation
of visual function and delay of vision loss [53,55,63,64].

6.2. Delivery to the Retina

Once a CRISPRi construct is created, the next challenge is successfully delivering it to the target
cell. Clinical retinal gene therapy trials to date have used Adeno-Associated Virus (AAV). AAV vectors
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are non-integrating and offer strong expression, an excellent safety profile, and the ability to effectively
transduce photoreceptors and RPE when subretinally injected [65]. The main limitation of AAV is its
roughly 4.7 kb DNA packaging capacity. Cas9s have a relatively large coding sequence and in vivo
experiments using the traditionally favoured 4104 bp SpCas9 have adopted a dual vector approach to
overcome this [66]. Multiple shorter variants of Cas9 have been identified which can be packaged into
a single AAV along with their regulatory elements, and a gRNA [55,67-69]. In particular, Cas9 species
from Staphylococcus aureus, Streptococcus thermophiles, Neisseria meningitides, and Campylobacter jejuni are
all under 3.5 kb, and their inactive dCas9 form has been used in vitro experiments [70]. The 3159 bp
Staphylococcus aureus Cas9 has also been used in in vivo CRISPRi studies and successfully reduced
target protein expression by 80% [48].

Lentiviruses are integrating vectors with high efficiency of transgene expression. Unfortunately,
efficient transduction of photoreceptors is currently limited to newborn animals [7,71,72].
The integration site is also difficult to predict, which raises concerns of off-target effects and potential
oncogenesis. For these reasons, lentivirus is usually unsuitable for in vivo knock-down but is frequently
used for ex vivo knock-down, where all potential off-target effects can be screened before the cells are
transplanted into the patient.

Non-viral delivery methods include ribonucleoproteins (RNPs) or plasmid DNA. RNPs consist
of a Cas9 protein bound to a gRNA, which is delivered to cells through lipid-based transfection or
electroporation. While RNPs have successfully induced CRISPR-mediated gene disruption in mouse
RPE cells, none of the neural retina took up the RNP successfully [73]. The turnover rate of RNP in
the eye was very high, with all Cas9 protein degraded 3 days after injection, making it unsuitable for
CRISPRIi delivery. Multiple studies have used plasmid electroporation to deliver CRISPR/Cas9 into
newborn rat retinas with successful transduction in multiple retinal layers [51,74,75]. Despite this,
therapeutic application is limited as delivery to post-mitotic cells (as in adult retinas) appears to be
less efficient [72].

6.3. Immune Response

Immune responses to gene therapy are a concern in the field. Reactions to the transgene,
transgene product or the packaging method can cause inflammation, reduced efficacy, and pose
health risks to patients. Advantageously, the eye benefits from immune privilege. The blood-ocular
barrier allows the eye to function as a separate microenvironment, altering immune cell activity,
suppressing inflammation, and improving tolerance of introduced foreign elements [76]. Unfortunately,
this system is not impenetrable, and breakdown of the blood-ocular barrier can introduce adaptive
immune cells to the eye [77]. Intraocular inflammation has been reported in multiple AAV gene
therapy trials, and therefore, the potential immune response to introduced CRISPRi elements must
be considered [78-80].

The two most popular Cas9 species are from pathogenic bacteria: SaCas9 from Staphylococcus aureus
and SpCas9 from Streptococcus pyogenes. It is therefore unsurprising that antibodies and cytotoxic T cells
against SaCas9 and SpCas9 have been documented in healthy humans [81-83]. If activated, these could
destroy Cas9 proteins found extracellularly or kill cells expressing Cas9 internally.

Immune responses also occur against gRNAs that are transcribed in vitro and used in RNPs.
These gRNAs contain a 5’-triphosphate group which is associated with viruses and triggers the type-I
interferon-mediated innate immune response within the cell. In one study, this caused cytotoxicity of
both the treated and surrounding untreated cells in vitro but was completed alleviated by chemically
converting the viral 5'-triphosphate group to a 5’-hydroxyl group [84].

No immune response experiments have been conducted with dCas9, although the response is
assumed to be similar to that from Cas9. Successful CRISPRi requires long term stable expression of
dCas9, which gives a wide window for potentially dangerous immune responses to occur, so this area
must be researched thoroughly.
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7. Conclusions

CRISPRi is a promising tool for the treatment of inherited retinal diseases. CRISPRi has a strong
safety profile, as off-target repression is extremely rare, and the effects are completely reversed upon
degradation of dCas9 or gRNA. Its low tolerance of gRNA:DNA mismatches makes it especially useful
for allele-specific knock-down of dominant toxic gain-of-function mutations. While its efficiency can
be highly variable, strong gene repression is achievable, and advances in fusion protein modifications
and target site predictions are improving experimental outcomes.
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