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Cone-rod dystrophy 6 (CORD6) is caused by gain-of-function
mutations in the GUCY2D gene, which encodes retinal guany-
late cyclase-1 (RetGC1). There are currently no treatments
available for this autosomal dominant disease, which is charac-
terized by severe, early-onset visual impairment. The purpose
of our study was to develop an adeno-associated virus (AAV)-
CRISPR-Cas9-based approach referred to as “ablate and
replace” and evaluate its therapeutic potential in mouse models
of CORD6. This two-vector system delivers (1) CRISPR-Cas9
targeted to the early coding sequence of the wild-type and
mutant GUCY2D alleles and (2) a CRISPR-Cas9-resistant
cDNA copy of GUCY2D (“hardened” GUCY2D). Together,
these vectors knock out (“ablate”) expression of endogenous
RetGC1 in photoreceptors and supplement (“replace”) a
healthy copy of exogenous GUCY2D. First, we confirmed that
ablation of mutant R838S GUCY2D was therapeutic in a trans-
genic mouse model of CORD6. Next, we established a proof
of concept for “ablate and replace” and optimized vector
doses in Gucy2e+/�:Gucy2f�/� and Gucy2f�/� mice, respec-
tively. Finally, we confirmed that the “ablate and replace”
approach stably preserved retinal structure and function in a
novel knockin mouse model of CORD6, the RetGC1
(hR838S, hWT) mouse. Taken together, our results support
further development of the “ablate and replace” approach for
treatment of CORD6.

INTRODUCTION
Gain-of-function mutations in retinal guanylate cyclase 2D (GU-
CY2D) are the leading cause of dominant cone-rod dystrophies, ac-
counting for 35% of cases.1 Patients with GUCY2D-associated
cone-rod dystrophy 6 (CORD6) experience early-onset cone cell
loss with variable rod involvement, which leads to loss of central/color
vision, nystagmus, photophobia, and degeneration of the macula
beginning in the first decade of life. By the third decade, the majority
of CORD6 patients have no remaining cone-mediated vision.2 Most
CORD6-causing mutations are localized to a nucleotide mismatch
at or near residue 838 of the encoded protein.3,4 The variations in dis-
ease onset/progression reflect the heterogeneity in the underlying
mutations, with one of the most severe disease presentations caused
by a transversion resulting in arginine-838 substitution by serine
(R838S).5
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GUCY2D encodes retinal guanylate cyclase 1 (RetGC1), a protein ex-
pressed in photoreceptor outer segments.6 Light stimulation causes
hydrolysis of cyclic guanosine monophosphate (cGMP) by cGMP
phosphodiesterase 6 (PDE6).7 The reduction of available cGMP leads
to closure of cGMP-gated ion channels, which causes a reduction of
intracellular Ca2+ and hyperpolarization of photoreceptors.8,9 When
intracellular Ca2+ levels are high, Ca2+-bound guanylate cyclase-acti-
vating proteins (GCAPs) inhibit RetGC1 activity.10 When intracel-
lular Ca2+ levels drop, Mg2+-bound GCAPs activate RetGC1.10 This
interplay ensures that RetGC1 is only active when photoreceptors
are hyperpolarized by light.11 CORD6-associated mutations cause
conformational changes in RetGC1 that favor binding ofMg2+-bound
GCAPs, altering calcium sensitivity and leaving the enzyme in a
constitutively active state.12 The dysregulation of RetGC1 in the outer
segments causes photoreceptor dysfunction but accounts for only a
portion of the CORD6 phenotype. Retinal degeneration 3 (RD3) pro-
tein is expressed exclusively in the inner segments of photoreceptors
and strongly represses RetGC1 function in that compartment by dis-
placing GCAP from the cyclase during trafficking to the outer seg-
ments.13,14 Constitutive GCAP-mediated activation of RetGC1 in
the outer segment,15 together with its aberrant activation in the inner
segment, leads to rapid-onset photoreceptor cell death.16,17 RD3
binds heterodimers of R838S mutant/wild-type (WT) RetGC1 with
lower affinity than either form of RetGC1 homodimer (WT:WT or
mutant:mutant).18 Additionally, the heterodimer binds Mg2+-bound
GCAP with much higher affinity than either form of homodimer.18

For this reason, it is hypothesized that photoreceptor dysfunction
in CORD6 patients relates to constitutive activation of RetGC1 in
the outer segments, aggravated by aberrant activation of RetGC1 het-
erodimers in the inner segments.

Traditional gene replacement is not sufficient to treat CORD6
because the gain-of-function allele must be removed. We previously
established a proof of concept that an adeno-associated virus
(AAV)-CRISPR-Cas9 system could efficiently disrupt theWTGucy2e
ber 2023 ª 2023 The Author(s).
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and GUCY2D loci in mice and macaques, respectively, knocking out
RetGC1 expression in the injected retinas of both species.19 This in-
discriminatory, mutation-agnostic approach, which targets the
same early coding sequence in each allele, is attractive because of
the heterogeneous etiology of CORD6 (it avoids development and
verification of a new CRISPR-Cas9 system for each individual muta-
tion). Building on this result, here we propose use of an “ablate and
replace” approach to address CORD6, whereby AAV is used to co-
deliver (1) CRISPR-Cas9 to disrupt both GUCY2D alleles (WT and
mutant) and (2) a Cas9-resistant (“hardened”) copy of GUCY2D to
provide normal RetGC1 function. We first evaluated reagents in
R838S transgenic (R838S Tg) mice, which harbor random insertions
of CORD6-causing human GUCY2D-R838S.11,20 R838S Tg mice
model the retinal degeneration seen CORD6 patients but not their ge-
netic landscape (chromosomal location/copy numbers and photore-
ceptor cell type expression pattern). To address this discrepancy, we
developed a novel knockin mouse model that accurately recapitulates
the CORD6 genotype, the RetGC1 (hR838S, hWT) mouse. Similar to
patients, this mouse model exhibits progressive loss of retinal struc-
ture and function. Finally, we provide evidence in RetGC1 (hR838S,
hWT) mice that an AAV-CRISPR-Cas9-based “ablate and replace”
approach is therapeutic in a genetic landscape similar to the human
CORD6 condition and lay the groundwork for clinical application
of this approach.

RESULTS
AAV-CRISPR-Cas9-based gene editing preserves retinal

structure and function in a Tg mouse model of CORD6

R838S Tg mice harbor random insertions of R838S GUCY2D cDNA
under control of the rhodopsin promoter. They exhibit early-onset,
progressive rod degeneration; aberrant rod morphology; and no evi-
dence of a cone cell phenotype (because of rod-specific expression of
the mutant transgene mediated by the rhodopsin promoter).11,20

While R838S Tg mice are an imperfect model of CORD6 because
of the random insertions of a mutant transgene into the genome,
expression in rods only (versus rods and cones), and residual expres-
sion of endogenous WT Gucy2e, they do have a phenotype (retinal
degeneration) against which we could score the effects of gene editing.
Our strategy took advantage of the species specificity of our guide
RNA (gRNA) to edit/knock out the deleterious R838S GUCY2D allele
while leaving the endogenous Gucy2e allele intact. Because of the
early-onset degeneration seen in these mice, subretinal injections
were carried out at first eye opening (�post-natal day 15). Right
(OD) eyes were injected with AAV-SaCas9 and AAV-GUCY2D
gRNA-GFP at a 1:1 ratio. Contralateral eyes served as a no-editing
control and were injected with AAV-GUCY2D gRNA-GFP alone.
Mice were treated with a low [3E9 vector genomes (vg)/eye] or
high (3E10 vg/eye) dose (Table 1).

AAV-CRISPR-Cas9 treatment significantly preserved photoreceptor
structure relative to that seen in control eyes. This was observed as
early as 4 and 8 weeks post injection (p.i.) at the low and high dose,
respectively (Figures 1A and 1B). Outer nuclear layer (ONL) preser-
vation in treated eyes was stable over 32 weeks p.i., the latest time
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point evaluated. At 36 weeks p.i., retinal sections from mice in the
low-dose cohort were immunostained for rhodopsin to label the
rod outer segments and counterstained with DAPI. Transduced cells
were identified by AAV-mediated GFP expression. In addition to
markedly reduced ONL thickness, photoreceptors in retinas treated
with control vector exhibited shortened inner segments (ISs) and
outer segments (OSs). In contrast, retinas treated with editing re-
agents exhibited thicker ONLs and longer, properly organized OSs,
confirming that editing of the mutant R838S GUCY2D sequence in
R838S Tgmice preserved photoreceptor nuclei and IS/OS length (Fig-
ure 1C). Despite this maintenance of retinal structure, neither treat-
ment dose resulted in significant improvement in rod-mediated func-
tion at any time point tested (Figure S1). At 36 weeks p.i., animals
were sacrificed, and eyes were collected for analysis. Neural retinas
treated with doses of 3E9 vg/eye (n = 7) and 3E10 vg/eye (n = 4) un-
derwent UDiTaS analysis to quantify on-target editing rates achieved
at each dose.21 Editing rates of 8.45% and 20.1% were observed in the
low- and high-dose cohorts, respectively. Because (1) subretinally in-
jected AAV vectors do not transduce all retinal cells, (2) the hGRK1
promoter restricts expression of editing reagents to photoreceptors,
and (3) only a fraction of the neural retina is comprised of photore-
ceptors, these values significantly underrepresent the overall editing
efficiency in the target cell.

Significant and stable preservation of photoreceptors and rod
morphology in R838S Tg mice provides support for a gene editing-
based approach to treat CORD6. However, R838S Tgmice are a prob-
lematic model for further progressing our “ablate and replace”
approach because they endogenously express RetGC1 and RetGC2
via Gucy2e and Gucy2f, respectively, and therefore do not allow eval-
uation of the “replace” arm of this approach.

Establishing a proof of concept for “ablate and replace”

We previously demonstrated the ability to “replace” by delivering
therapeutic Gucy2e to photoreceptors via AAV to treat models of
recessive GUCY2D-associated Leber congenital amaurosis.22,23 We
have also demonstrated the ability to “ablate” by knocking outGucy2e
and GUCY2D using AAV-CRISPR-Cas9 in mice and macaques,
respectively.19 The “ablate and replace” system combines these two
approaches by knocking out the mutant and WT alleles of Gucy2e/
GUCY2D with AAV-CRISPR-Cas9, and supplementing them with
a CRISPR-Cas9-resistant (“hardened”) copy of Gucy2e/GUCY2D in
trans (Figure 2A). A similar system has been used to successfully treat
a mouse model of autosomal dominant retinitis pigmentosa.24,25 Our
murine CRISPR-Cas9 system targets exon 2 of Gucy2e, well upstream
of the exon harboring the CORD6 mutation site in the homologous
GUCY2D gene.19 In silico analysis confirmed that our gRNA is un-
likely to induce off-target editing in the murine genome.19 The “hard-
ened” Gucy2e cDNA contains five silent mutations in the gRNA
recognition site and two silent mutations in the protospacer adjacent
motif (PAM) sequence (Figure 2B). Because of the limited packaging
capacity of AAV, elements of the “ablate and replace” system had to
be divided between two vectors, with the first vector containing the
gRNA upstream of the “hardened” Gucy2e and the second containing
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Table 1. A summary of all in vivo experiments performed

Mouse line OD injection OS injection Doses

Gene editing in R838S Tg mice

R838S Tg
AAV.SPR-hGRK1-SaCas9
+
AAV.SPR-U6-GUCY2D gRNA-hGRK1-GFP

AAV.SPR-U6-GUCY2D gRNA-hGRK1-GFP
3E9 vg/eye
3E10 vg/eye

Mouse line Group OD injection OS injection Dose

A + R in Gucy2e+/�:Gucy2f�/� mice

Gucy2e+/�:Gucy2f�/� treatment
AAV.SPR- hGRK1-SaCas9
+
AAV.SPR-U6-Gucy2e gRNA-hGRK1-’hardened’ Gucy2e

AAV.SPR-hGRK1-SaCas9
+
AAV.SPR-U6-Gucy2e gRNA-hGRK1-GFP

3E9 vg/eye

RetGC1 “toxicity control” AAV.SPR-U6-Gucy2e gRNA-GRK1-‛hardened’ Gucy2e vehicle 3E9 vg/eye

Mouse line Group OD injection OS injection Doses

“Ablate only” dose-ranging study in Gucy2f�/� mice

Gucy2f�/�

treatment
AAV.SPR-hGRK1-SaCas9
+
AAV.SPR-U6-Gucy2e gRNA-hGRK1-Dead-RetGC1

vehicle

1E8 vg/eye
3E8 vg/eye
1E9 vg/eye
3E9 vg/eye

Cas9 “toxicity control”
AAV.SPR-hGRK1-SaCas9
+
AAV.SPR-U6-control gRNA-hGRK1-Dead-RetGC1

vehicle

1E8 vg/eye
3E8 vg/eye
1E9 vg/eye
3E9 vg/eye

Mouse line OD injection OS injection Doses

“Replace only” dose-ranging study in Gucy2e�/� mice

Gucy2e�/� AAV.SPR-U6-Gucy2e gRNA-hGRK1-“hardened” Gucy2e vehicle

1E8 vg/eye
3E8 vg/eye
1E9 vg/eye
3E9 vg/eye

Mouse line OD injection OS injection Dose

A+ R in RetGC1 (hR838S, hWT) mice

RetGC1 (hR838S, hWT)
AAV.SPR- hGRK1-SaCas9
+
AAV.SPR-U6-Gucy2e gRNA-hGRK1-“hardened” Gucy2e

vehicle 1E9 vg/eye

RetGC1 (hWT, hWT) vehicle vehicle N/A
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SaCas9 (Table 1). The systemwas designed so that the combined Cas9
and gRNA expression will occur only when the same cell is trans-
duced by both vectors, ensuring that editing could not occur in the
absence of exogenous, “hardened” Gucy2e.

The “ablate and replace” systemwasfirst tested inGucy2e+/�:Gucy2f�/�

mice (Figure 2A). This model was chosen because it relies on a
single Gucy2e allele to support retinal guanylate cyclase activity.
Gucy2e+/�:Gucy2f�/� mice lack a retinal phenotype, but it was antici-
pated that knocking out the remaining copy of Gucy2e (via editing)
would lead to robust retinal degeneration as seen in RetGC1/RetGC2
double knockout (Gucy2e�/�:Gucy2f�/�, here referred to as GCdko)
mice.19,26,27 We compared the efficacy of the “ablate and replace” sys-
tem to an “ablate only” system. Right eyes were subretinally injected
with the “ablate and replace” vectors (AAV-Gucy2e gRNA-“hardened”
Gucy2e + AAV-SaCas9), and left eyes were subretinally injected with
the “ablate” vectors alone (AAV-Gucy2e gRNA-GFP + AAV-SaCas9).
An additional cohort of mice received subretinal injections of the
50 Molecular Therapy: Methods & Clinical Development Vol. 30 Septem
AAV-Gucy2e gRNA-“hardened” Gucy2e vector in their right eyes to
control for any potential negative impacts of overexpressing “hardened”
Gucy2e. Their left eyes were injected with vehicle (buffered saline solu-
tion [BSS]) to control for the impactof subretinal surgery itself (Table 1).
Each vectorwas injected at a dose of 3E9 vg/eye, with eyes receiving two
vectors having a total viral load of 6E9 vg/eye.

At 20 weeks p.i., significant preservation of scotopic (rod-mediated)
and photopic (cone-mediated) function (Figures 2C and 2D) and sig-
nificant preservation of ONL thickness (Figure 2E) were observed in
the eyes of Gucy2e+/�:Gucy2f�/� mice that received “ablate and
replace” vectors relative to “ablate only” controls. However, rod-
and cone-mediated function and ONL thickness in the “ablate and
replace” eyes remained significantly reduced relative to vehicle-in-
jected controls. Eyes from the “hardened only” control group also
showed significantly reduced scotopic and photopic electroretinog-
raphy (ERG) responses andONL thickness relative to vehicle-injected
controls. These results provided a proof of concept for use of the
ber 2023



Figure 1. AAV-CRISPR-Cas9 preserves retinal structure in the R838S Tg mouse model of CORD6

(A and B) The outer nuclear layer (ONL) is significantly thicker and stably maintained in eyes treated at a dose of 3E9 vg/eye (A) and 3E10 vg/eye (B). A two-way ANOVA

followed by a post-hoc Tukey’s range test was performed (*p < 0.05). (C) Representative images of retinal cross-sections from R838S Tg mice taken at 36 weeks p.i. with

either control vector (AAV-GUCY2D gRNA-GFP, left) or AAV-SaCas9 and AAV-GUCY2D gRNA-GFP (right) at a dose of 3E9 vg/eye. All images were taken at 40�
magnification. Retinas were immunostained for rhodopsin (red) and counterstained with DAPI (blue). GFP (green) shows raw expression (no immunostain). Scale bars in (C),

50 mm.
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“ablate and replace” system in a mouse model otherwise lacking an
underlying retinal phenotype. However, the significant reductions
in retinal structure/function in eyes injected with only “hardened”
Gucy2e vector at 3E9 vg/eye confirmed and the fact that eyes injected
with “ablate and replace” reagents had reduced retinal structure/func-
tion relative to vehicle controls suggested that further dose optimiza-
tion was warranted.

Optimizing doses of the “ablate and replace” CRISPR-Cas9

vectors

Dose-ranging studies were performed to optimize the doses of the
requisite “ablate and replace” components. The first study sought to
determine the minimum dose of editing reagents required to induce
a physiological response. For this purpose, we cloned a stop codon
into the “hardened” Gucy2e gene directly downstream of the
would-be gRNA recognition site to create a truncated RetGC1
(“deadGC1”) lacking the entire cytoplasmic portion (Figure 3A).
This ensured that only the editing elements (CRISPR-Cas9) of the
Molecular Th
system were active. Gucy2f�/� mice have no associated phenotype
because of the presence of Gucy2e. Editing of both Gucy2e alleles in
this model, however, would induce a RetGC-null state and lead to
profound retinal degeneration, as described previously.27,28 This
model was chosen to assess editing capability because editing of
two Gucy2e alleles is required to observe a physiological effect, and
the ability to edit two alleles will ultimately be essential for treating
CORD6 via this approach. Right eyes ofGucy2f�/�mice were injected
with AAV-SaCas9 and AAV-Gucy2e-deadGC1 in equal proportion.
Left eyes were injected with vehicle alone. Cohorts of mice (n = 4–
7) were subretinally injected with each vector at a dose of 1E8 vg/
eye, 3E8 vg/eye, 1E9 vg/eye, or 3E9 vg/eye (Table 1). Retinal degener-
ation was used as an indirect measure of biallelic, on-target editing
(editing of a single allele is insufficient to cause retinal degenera-
tion).19 At 24 weeks p.i., there was a dose-dependent decline in
scotopic and photopic ERG responses (Figures 3B and 3C). Statisti-
cally significant reductions in scotopic and photopic b-wave ampli-
tudes were observed at doses of 3E8 vg/eye and above. Injection of
erapy: Methods & Clinical Development Vol. 30 September 2023 51
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AAV-SaCas9 and AAV-Gucy2e-deadGC1 at the two highest doses
(1E9 vg/eye and 3E9 vg/eye) also led to significant ONL thinning
starting at 8 weeks p.i. that progressed through the end of the study
(Figure 3D). By 24 weeks p.i., the 1E9 vg/eye treatment group had a
20% reduction in ONL thickness, while the dose of 3E9 vg/eye had
a 37% reduction compared with vehicle controls (Figure 3E). There
were no detectable changes in ONL thickness in eyes injected with
1E8 vg/eye or 3E8 vg/eye at any time point. Subretinal injections of
our editing reagents at 3E8 vg/eye led to a significant decline in photo-
receptor function but did not cause structural degeneration. Doses of
1E9 vg/eye and 3E9 vg/eye led to significant declines in photoreceptor
function and number. Therefore, 1E9 vg/eye was selected as the min-
imum dose of editing reagents required to produce a biologically
meaningful level of editing in injected animals.

Using retinal degeneration as a measure of on-target editing is poten-
tially problematic because we cannot distinguish between degenera-
tion caused by on-target Gucy2e editing vs. that caused by potential
toxic overexpression of Cas9. For this reason, we took advantage of
the species specificity of our gRNAs and subretinally injected addi-
tional cohorts of Gucy2f�/� mice (n = 5) with AAV-SaCas9 and
AAV-GUCY2D gRNA-deadGC1 (primate-specific guide). Contralat-
eral eyes were injected with vehicle alone. Together, these vectors ex-
press a stable CRISPR-Cas9 system that is incapable of editing murine
Gucy2e, meaning any observed retinal degeneration will have been
caused by toxic overexpression of Cas9. Vectors delivered at a dose
of 1E9 vg/eye did not lead to any significant changes in photoreceptor
function or structure for at least 24 weeks p.i. compared with vehicle
controls (Figures S2A and S2B). The dose of 3E9 vg/eye caused signif-
icant loss of photoreceptor structure, but not function, at 24 weeks p.i.
(Figures S2C and S2D). These results suggested that AAV-mediated
Cas9 delivered at a dose of 3E9 vg/eye is detrimental to retinal health
over the long term. These results contrast what is seen in Figure 1,
where similar doses of Cas9 were protective in R838S Tg mice. It is
important to note that, in the latter setting, the protective effects of
editing the mutant R838S transgene likely would have masked any
potential negative impact of persistent Cas9 expression.
Optimizing the dose of “hardened” Gucy2e

Next, we determined the maximum tolerated dose of “hardened” Gu-
cy2e-containing reagents following subretinal injections in the right
eyes ofGucy2e�/�mice with AAV-Gucy2e gRNA-“hardened”Gucy2e
at doses of 1E8 vg/eye, 3E8 vg/eye, 1E9 vg/eye, and 3E9 vg/eye (Ta-
ble 1). Left eyes were injected with vehicle alone. Gucy2e�/� mice
exhibit early loss of cone-mediated function, reduced rod-mediated
function, and loss of cone structure beginning at 5 weeks of
Figure 2. Effect of the “ablate and replace” system on retinal structure and fun

(A) A schematic showing details of the approach. (B) Alignment showing the silent mutatio

mouse Gucy2e (center), and “hardened” sequence (bottom) are shown. Highlighted nu

are five silent mutations in the gRNA-recognition sequence and two silent mutations in

Average photopic a- and b-wave amplitudes at 20 weeks p.i. (n = 8–9 animals per treatm

by a post-hoc Tukey’s range test was performed on all groups at all time points (C and D

range test was used to compare all test groups over time (E). A + R, “ablate and replace
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age.29,30 In previous studies that aimed to treat Gucy2e�/� mice
with AAV-Gucy2e supplementation, significant improvements in
cone function and survivability were observed. However, compara-
tively low levels of functional rescue were seen in the rods.22 For
this reason, we classified an effective dose of “hardened” Gucy2e as
one that rescues cone-mediated function without showing signs of
toxic overexpression, as measured through loss of rod photoreceptors
(ONL thickness).

Gucy2e�/� mouse eyes injected with 3E8 vg/eye of AAV-Gucy2e
gRNA-“hardened” Gucy2e displayed small but statistically significant
improvements in cone-mediated function that emerged at 12 weeks
p.i. and were maintained through the duration of the study (Fig-
ure 4A). Doses of 1E9 vg/eye and 3E9 vg/eye produced significant im-
provements in cone function at all time points p.i. relative to vehicle
controls. Notably, the magnitude of functional rescue in eyes injected
with 3E9 vg/eye was markedly reduced between 12 and 16 weeks p.i.,
while all other doses led to stable functional improvements. While
treatment with 1E9 vg/eye did not lead to any loss of photoreceptors
(Figure 4B), there was significant ONL thinning in eyes that received
3E9 vg/eye at 16 weeks p.i. (Figure 4C) relative to vehicle controls. The
loss of structure coincided with the loss of photopic b-wave amplitude
(Figure 4A) in that dose cohort, suggesting that 3E9 vg/eye is at or
above the maximum tolerated dose of the “hardened” Gucy2e vector.

In summary, the loss of retinal structure in Gucy2f�/� mice injected
with 3E9 vg/eye of AAV-SaCas9 and AAV-GUCY2D gRNA-
deadGC1 and in Gucy2e�/� mice injected with 3E9 vg/eye of AAV-
Gucy2e gRNA-“hardened” Gucy2e led to exclusion of the 3E9 vg/
eye dose from future studies. Our “ablate” (CRISPR-Cas9) reagents
were capable of achieving biologically meaningful on-target editing
at 1E9 vg/eye (Figure 3) in the absence of detectable Cas9-mediated
toxicity (Figure S2). Additionally, our “replace” (“hardened” Gucy2e)
reagent was capable of conferring functional rescue in a RetGC1-null
environment in the absence of detectable toxicity emanating from the
transgene product at 1E9 vg/eye (Figure 4). Taken together, our re-
sults support administration of “ablate and replace” vectors at 1E9
vg/eye.
Development and characterization of the RetGC1 (hR838S, hWT)

mouse model

R838S Tg mice harbor multiple copies of the entire human GUCY2D
gene bearing the R838S mutation randomly inserted into their
genome and thus do not accurately recapitulate the genomic land-
scape of human CORD6. For this reason, we designed the RetGC1
(hR838S, hWT) knockin mouse model, which has exon 13 of Gucy2e
ction following subretinal injection in Gucy2e+/–:Gucy2f–/– mice

ns introduced in “hardened”Gucy2e. The gRNA sequence (top), sense strand ofWT

cleotides represent a silent mutation introduced in the “hardened” sequence. There

the PAM site. (C) Average scotopic a- and b-wave amplitudes at 20 weeks p.i. (D)

ent). (E) Average ONL thickness in all groups over time. An ANOVA analysis followed

) (*p < 0.05). A two-way repeated measure ANOVA followed by a post-hoc Tukey’s

” test group, p < 0.05. Significance (*) in (E) is only shown for A + R vs. “ablate only.”
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Figure 3. Dose-ranging study performed inGucy2f–/–mice to determine optimal doseof editing reagents (AAV-SaCas9 andAAV-Gucy2e-deadGC1) to elicit a

physiological response

(A) Alignment showing the dead-GC1 sequence, gRNA sequence, WT Gucy2e, and “hardened” Gucy2e sequences. Nucleotides highlighted in yellow represent silent

mutations introduced in the “hardened” sequence. Nucleotides highlighted in blue represent the stop codon inserted directly adjacent to the gRNA recognition site. (B)

Average scotopic a- and b-wave amplitudes at 24 weeks p.i. (C) Average photopic a- and b-wave amplitudes at 24 weeks p.i. (n = 4–7 animals per treatment). (D) Average

ONL thickness in vector- vs. vehicle-treated eyes over time from 4 weeks p.i. to 24 weeks p.i., normalized to that seen in vehicle-injected eyes. (E) Percentage of ONL

thickness remaining in vector-treated eyes normalized to buffer-injected controls at 24 weeks p.i. An ANOVA analysis followed by a post-hoc Tukey’s range test was

performed, comparing each dose with buffer-injected controls (B, C, and E). A two-way repeated-measure ANOVA followed by a post-hoc Tukey’s range test was per-

formed, comparing each dose over time (D). *p < 0.05 relative to buffer-injected controls.
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replaced with the corresponding genomic sequence from human GU-
CY2D (Figure 5A). A small portion of exon 14 was replaced, but the
replacement did not alter the amino acid sequence of that exon. One
allele contains the WT GUCY2D sequence (hWT), while the other
allele contains the GUCY2D sequence bearing the R838S point muta-
tion (hR838S). We characterized the retinal phenotype of the RetGC1
(hR838S, hWT) mice along with RetGC1 (hWT, hWT) mice in which
exon 13 of both alleles is replaced with the WT GUCY2D sequence
(Figure 5A). These “humanized” alleles containing exon 13 from hu-
man GUCY2D were designed so that the intronic region flanking
54 Molecular Therapy: Methods & Clinical Development Vol. 30 Septem
exon 13 as well as a small portion of exon 14 consist of the human
GUCY2D sequence. Fragment insertion was not predicted to affect
splicing.

We confirmed expression of our “humanized” alleles by western
blot analysis on neural retina lysates from the following
mouse lines: (WT) C57BL/6J, RetGC1 (hWT, hWT), RetGC1
(hR838S, hR838S), Gucy2e+/�, RetGC1 (hWT, �), RetGC1
(hR838S, �), and Gucy2e�/� mice (Figure 5B). We confirmed
that RetGC1 expression was equivalent in RetGC1 (hWT, hWT)
ber 2023



Figure 4. Dose-ranging study performed in Gucy2e–/– mice to determine a safe and effective dose of “hardened” Gucy2e vector

(A–C) Average photopic b-wave amplitudes (A) and ONL thickness (B and C) over time (n = 4–7 mice) in vehicle-injected eyes vs. eyes injected with AAV-Gucy2e gRNA-

“hardened” Gucy2e at four doses. Average ONL thickness data are shown over time in eyes injected with “hardened” Gucy2e reagents at a dose of 1E9 vg/eye vs. vehicle-

injected eyes (B) and 3E9 vg/eye vs. vehicle-injected eyes (C). A two-way repeated-measure ANOVA followed by a post-hoc Tukey’s range test was used to compare each

dose at every time point. *p < 0.05 relative to vehicle-injected eyes.

www.moleculartherapy.org
and C57BL/6J (WT) mice (Figure 5C). RetGC1 (hR838S, hR838S)
mice express approximately 60% RetGC1 relative to C57BL/6J
(WT) mice. This pattern was confirmed at the single-allele level
because RetGC1 expression in the RetGC1 (hR838S, �) mouse
was approximately 60% that of the heterozygous Gucy2e+/� mouse.
This suggests that the hR838S allele is expressed at roughly 60%
that of the WT Gucy2e allele. Despite the lower overall expression,
immunohistochmistry (IHC) analysis confirmed that the human-
ized alleles encode RetGC1 proteins that traffic properly to photo-
receptor OSs (Figure S3).

RetGC1 (hR838S, hWT) mice exhibited significantly reduced rod-
and cone-function relative to RetGC1 (hWT, hWT) mice at all
time points tested (Figures 6A and 6B). No differences in retinal
structure or function were observed between RetGC1 (hWT,
hWT) and C57BL/6J mice at any time point through 52 weeks of
age (data not shown). For this reason, RetGC1 (hWT, hWT) mice
served as our “WT controls.” As expected, age-related declines in
Molecular Th
ERG amplitudes were observed in both mouse strains. However,
loss of rod-mediated function was more pronounced in RetGC1
(hR838S, hWT) mice (75% reduction in average scotopic b-wave
maximum amplitudes between 4 and 52 weeks) than in WT con-
trols (50% reduction). Photopic b-wave amplitudes were also signif-
icantly reduced in RetGC1 (hR838S, hWT) mice relative to WT
controls at all time points (Figure 6B), but both strains exhibited
similar rates of functional decline over time (WT mice displayed
a 40% decrease in photopic b-wave amplitudes from 4 to 52 weeks
of age, while RetGC1 [hR838S, hWT] mice displayed a 35%
decrease over the same time frame).

Additional parameters of the ERG waveform (besides the b-wave
amplitude) can point to signs of photoreceptor dysfunction. In
cone-rod dystrophies, altered photopic ERG waveform kinetics
can also be used to diagnose functional impairment.31 RetGC1
(hR838S, hWT) mice exhibit notably delayed photopic waveform
kinetics relative to RetGC1 (hWT, hWT) mice (Figure S4A). We
erapy: Methods & Clinical Development Vol. 30 September 2023 55
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Figure 5. Creation and characterization of retGC1 expression in a novel knockin mouse model of CORD6

(A) Schematic showing Gucy2e alleles in the RetGC1 (hR838S, hWT) (top) and RetGC1 (hWT, hWT) (bottom) mouse models. The thin lines within the gene represent the

intronic sequence, while thicker blocks represent the exonic sequence. Green portions of the gene represent the murine Gucy2e sequence, while blue portions of the gene

represent the human GUCY2D sequence. The location of the R838S mutation is indicated with an arrow. (B) RetGC1 expression in the chemiluminescent channel (top) and

rhodopsin (RHO) in the NIR channel (bottom) of a western blot generated via ProteinSimple Jess. (C) RetGC1 protein expression from five mouse lines is expressed relative to

WT expression (C57BL/6J). A one-way ANOVA followed by a post-hoc Tukey’s range test was performed to compare retGC1 expression in RetGC1 (hWT, hWT) andRetGC1

(hR838S, hR838S) with WT levels as well as to compare RetGC1 expression in the RetGC1 (hWT, KO) and RetGC1 (hR838S, KO) mice with that of Gucy2e+/� mice

(*p < 0.05).
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quantified five separate measures of wave kinetics to quantify
trends in the photopic waveforms for each respective mouse line.
The “latency” of the a- and b-waves are defined as the time
from stimulus onset to the beginning of the wave. The a- and
b-wave “implicit times” are defined as the time from stimulus
onset to waveform peak. The “time to baseline” measurement re-
fers to the time between stimulus onset and return of the b-wave
to pre-stimulus levels. The “time to baseline’” measurement was
not shown to correlate with b-wave amplitude for either mouse
line. Photopic a-wave latencies increased with age in both mouse
models and, beginning at 28 weeks of age, were significantly longer
in RetGC1 (hR838S, hWT) mice relative to WT controls (Fig-
ure S4B). Photopic a-wave implicit times were significantly longer
in RetGC1 (hR838S, hWT) mice relative to WT controls at some
but not all time points (Figure S4C). Photopic b-wave measure-
ments (latency, implicit time, and return to baseline) revealed sig-
nificant delays in RetGC1 (hR838S, hWT) mice relative to WT
controls at all time points. (Figures S4D–S4F). These results
56 Molecular Therapy: Methods & Clinical Development Vol. 30 Septem
further indicate that the mutant R838S cyclase leads to aberrant
cone function in RetGC1 (hR838S, hWT) mice.

RetGC1 (hR838S, hWT) mice exhibited significantly reduced
average ONL thickness compared with RetGC1 (hWT, hWT)
mice as early as 4 weeks of age (Figure 6C). Loss of ONL continued
over the lifetime of the mouse, decreasing by 51% from 4 to 52 weeks
of age. Mouse retinas are predominantly composed of rods, and
thus a decrease in ONL thickness primarily indicates rod degenera-
tion. Loss of structure and function were contemporaneous in
RetGC1 (hR838S, hWT) mice (Figure 6A). Because cone cell loss
is not readily evident via optical coherence tomography (OCT),
we conducted a cone survivability assay using immunostained
retinal whole mounts from RetGC1 (hR838S, hWT) and WT con-
trol mice. Retinas from 52-week-old mice were stained with a
cone cell marker, and punctate cone staining was quantified (Fig-
ure S5). There was no significant difference in the number of cones
in RetGC1 (hR838S, hWT) mice relative to WT controls at 52 weeks
ber 2023



Figure 6. Characterization of retinal structure and function in the RetGC1 (hR838S, hWT) mouse model

(A and B) Average scotopic (A) and photopic (B) a- and b-wave amplitudes over time in RetGC1 (hR838S, hWT) mice (n = 10) vs. RetGC1 (hWT, hWT) controls (n = 10). (C)

Average ONL thickness over time in RetGC1(hR838S, hWT) vs. RetGC1 (hWT, hWT) controls. A two-way repeated-measure ANOVA followed by a post-hoc Tukey’s range

test was performed comparing, a- and b-wave amplitudes between groups over time (*p < 0.05). (D) Cone cell counts from RetGC1 (hWT, hWT) (n = 5) and RetGC1 (hR838S,

hWT) (n = 7) mouse retinas at 52 weeks of age. A Student’s t test was used to determine significance between the two test groups (*p < 0.05).
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of age (Figure 6D). Despite their aberrant function (reduced b-wave
amplitudes and delayed response kinetics), cones remain structur-
ally intact in RetGC1 (hR838S, hWT) mice.
Validating the ‘ablate and replace’ approach in the RetGC1

(hR838S, hWT) mouse model of CORD6

RetGC1 (hR838S, hWT)mice are the first availablemodel to accurately
replicate the genetic landscape of CORD6. Their underlying mutation
is associated with retinal dysfunction and rod degeneration, providing
outcome measures against which we could measure efficacy of the
“ablate and replace” system. Because of the early-onset phenotype
seen in these mice (detectable as early as 4 weeks of age), all injections
were performed at weaning (�post-natal day 21 [P21]). Based on re-
sults of the dose-ranging studies described above, “ablate and replace”
vectors were each injected at a dose of 1E9 vg/eye. RetGC1 (hWT,
Molecular Th
hWT) mice were bilaterally injected with vehicle as a control (Table 1).
A schematic showing injection details is shown in Figure 7A.

RetGC1 (hR838S, hWT) mouse eyes treated with “ablate and replace”
vectors (AAV.SPR-hGRK1-SaCas9 + AAV.SPR-U6-Gucy2e gRNA-
hGRK1-“hardened”Gucy2e) had increased scotopic b-wave amplitudes
relative to vehicle-injected control eyes for at least 24 weeks p.i. This
achieved statistical significance by 24 weeks p.i. (Figure 7B). At that
point, there was no significant difference in scotopic b-wave amplitudes
between treated RetGC1 (hR838S, hWT)mice andWT controls. Func-
tional improvements were more obvious at lower stimulus intensities.
At 2.5 candela permeter squared (cd s/m2) (akin to lighting 15min after
sunset), significant functional improvements in treated eyes vs. contra-
lateral controls took between 20 and 24 weeks to emerge, while at
0.025 cd s/m2 (dimmer condition akin to full moonlight), treated eyes
displayed significant functional improvements as early as 8 weeks p.i.
erapy: Methods & Clinical Development Vol. 30 September 2023 57
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Figure 7. Validation of the A + R approach in the RetGC1(hR838S, hWT) mouse model of CORD6

(A) Schematic illustrating details of the approach. (B and C) Average scotopic (B) and photopic (C) a- and b-wave amplitudes in RetGC1(hR838S, hWT) eyes injected with

AAV.SPR-hGRK1-SaCas9 + AAV.SPR-U6-Gucy2e gRNA-hGRK1-“hardened” Gucy2e (here labeled “A + R”) (n = 8), contralateral eyes injected with vehicle (n = 8), and

RetGC1(hWT, hWT) eyes injected with vehicle (n = 12). (D) Average ONL thickness over time in RetGC1(hR838S, hWT) eyes injected with A + R, contralateral eyes injected

with vehicle, and RetGC1(hWT, hWT) eyes injected with vehicle. A two-way repeated measure ANOVA followed by a post-hoc Tukey’s range test was performed to compare

(legend continued on next page)
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(Figure S6). No significant improvements in photopic ERG were
observed inRetGC1 (hR838S, hWT)mouse eyes treatedwith the “ablate
and replace” vectors. In fact, treated eyes displayed slightly reduced
photopic b-waves relative to vehicle-injected controls at multiple time
points, but these differences were never significant (Figure 7C).

As mentioned previously, the photopic waveform kinetics of RetGC1
(hR838S, hWT)mice are abnormal relative to those of RetGC1 (hWT,
hWT) mice (Figure S5). While significant improvements in photopic
b-wave amplitudes were not achieved with our “ablate and replace”
approach, we did observe partial correction of waveform kinetics in
treated RetGC1 (hR838S, hWT) mice under photopic conditions
(Figure S7A). Reductions (improvements) in b-wave implicit times
and time-to-baseline were seen RetGC1 (hR838S, hWT) mice treated
with “ablate and replace” vectors relative to vehicle-injected controls
(Figures S7E and S7F). Next we asked whether improvements in
photopic waveform kinetics translated to gains in useful vision. Opto-
kinetic reflex testing performed under photopic conditions showed
that treated eyes of RetGC1 (hR838S, hWT) mice had higher spatial
frequency thresholds than vehicle-injected controls, although this dif-
ference was not statistically significant. There was no difference in the
spatial frequency threshold of RetGC1 (hR838S, hWT) treated eyes
and RetGC1 (hWT, hWT) eyes (Figure S8). The absence of a differ-
ence between RetGC1 (hR838S, hWT) mice and the WT controls in-
dicates that performing optokinetic reflex testing (OKN) in this
model is of limited value.

Finally, we evaluated the impact of the “ablate and replace” approach
on retinal structure. Treated RetGC1 (hR838S, hWT) eyes exhibited
significant and stable preservation of ONL thickness relative to
vehicle-injected controls beginning at 8 weeks p.i. and continuing
to 24 weeks p.i. (Figure 7D). However, the ONL was not maintained
at the same thickness as seen in WT controls. Taken together, we
demonstrated that the “ablate and replace” system was capable of
partially preserving photoreceptor structure and function in the
RetGC1 (hR838S, hWT) mouse model of CORD6. UDiTaS analysis
in 6 neural retinas injected with the “ablate and replace” reagents re-
vealed an average on-target editing rate of 24% with a maximum edit-
ing rate of 35%. In 4 of 6 retinas, editing was between 30% and 35%.
The other two retinas had between 0% and 10% editing, suggestive of
less efficient subretinal injections. As before, this underrepresents the
total percentage of edited photoreceptors.

DISCUSSION
In this study, we employed multiple AAV-CRISPR-Cas9-based ap-
proaches and mouse models to develop a potential treatment for GU-
CY2D-associated CORD6. First, we established a proof of concept that
disrupting the early coding sequence to “ablate” expression of mutant
R8383S GUCY2D was therapeutic in a Tg mouse model. R838S Tg
groups over time (*p < 0.05). In (B) and (C), significance markers (*) located adjacent to th

groups. All other markers (*) represent significance between A + R vs. vehicle-injecte

RetGC1(hWT, hWT) vehicle data indicate a significant difference relative to all other gr

significant difference relative to RetGC1(hR838S, hWT) mice treated with vehicle alone
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mice harbor multiple copies of the R838S GUCY2D coding sequence
under control of the rhodopsin promoter inserted randomly into their
genome and, like CORD6 patients, display early-onset retinal degener-
ation. Ablation of the mutant transgene via AAV-CRISPR-Cas9 suc-
cessfully halted disease progression. Limitations of the R838S Tg
mouse, however, include the unknown number of mutant transgene
copies inserted randomly into the genome (editing at the natural
genomic location cannot be assessed) and their endogenous Gucy2e
expression. The species specificity of our gRNA (directed against GU-
CY2D) leaves endogenous Gucy2e intact. As a result, even successfully
edited photoreceptors in R838S Tgmice retain RetGC1 function, which
is inconsistent with the human condition. For these reasons, we devel-
oped the RetGC1 (hR838S, hWT) knockin mouse model to ensure
evaluation of editing at the natural genomic location in a model where
the numbers of WT and mutant alleles were balanced and physiologi-
cally relevant. It was only in this model of CORD6 that the “ablate and
replace” system could be tested reliably.

RetGC1 (hR838S, hWT) mice incorporate the GUCY2D sequence
from the critical exon 13,with one allele harboring theR838Smutation
and the other allele containing theWT human sequence. They exhibit
reduced cone function and aberrant cone-mediated ERG waveform
kinetics but no loss of cone photoreceptors. In contrast, rod photore-
ceptors are dysfunctional and degenerate progressively. This suggests
that the R838S mutant cyclase more negatively impacts rod photore-
ceptors in the context of the mouse retina. This differs from the
CORD6 patient phenotype, which is characterized by early-onset
cone dysfunction/degeneration and variable rod involvement.32

Why does the R838S mutant cyclase more negatively impact rods in
the mouse retina? Perhaps aberrant activation of RetGC1 in the ISs,
which is thought to bring about photoreceptor degeneration, occurs
at similar rates in rods and cones. It is possible that rod-derived
cone viability factor (RdCVF), or something similar/rod derived, pro-
tects cone photoreceptors from degeneration in RetGC1 (hR838S,
hWT) mice. RdCVF, a protein secreted by rods, is known to protect
cone cells from death in humans and mice.33 It is possible that the
unique retinal morphology of the human vs. mouse retina accounts
for the phenotypic differences we observed. The cone-exclusive hu-
man fovea potentially has low/no access to viability factor because
of its seclusion from rod photoreceptors. In contrast, mouse cones,
which are evenly dispersed among rods throughout the retina, may
survive because of an abundance of viability factor secreted by adja-
cent rods despite an accumulation of mutant RetGC1 in their OSs.
Despite their structural maintenance, cone photoreceptors in
RetGC1 (hR838S, hWT) mice are dysfunctional, a result likely
owed to the buildup of the mutant cyclase with altered calcium sensi-
tivity in the OSs of these cells.20 We have begun generating the “all-
cone” Nrl�/�;hR838S mouse to investigate whether the impact of
e RetGC1(hWT, hWT) vehicle data indicate a significant difference relative to all other

d RetGC1(hR838S, hWT) mice. In (D), significance markers (*) located above the

oups. Significance (*) markers above RetGC1(hR838S, hWT) A + R data indicate a

.
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the mutant cyclase would be different in a cone-dominant retina. It
may also be informative to evaluate the “ablate and replace” approach
in CORD6-patient derived retinal organoids.

Despite these phenotypic differences, administration of “ablate and
replace” vectors in RetGC1 (hR838S, hWT) mice at the optimal
dose of 1E9 vg/eye led to significant preservation of ONL thickness,
significant preservation of rod-mediated function, and partial correc-
tion of cone-mediated ERG waveform kinetics. These results provide
critical preclinical support for development of a CORD6 treatment.
One shortcoming of the RetGC1 (hR838S, hWT) mouse model is
that it is only “partially humanized” (it only contains a human
sequence in exons 13/14) and thus still relies on a gRNA targeted
to the early murine coding sequence to ablate expression. Future di-
rections of this study include creation of a double knockinmouse con-
taining human GUCY2D from exon 13 (the site of mutation) and
exon 4 (the GUCY2D gRNA recognition sequence). Successful treat-
ment of this double knockin mouse with an AAV-CRISPR-Cas9-
based “ablate and replace” system targeting the human locus would
provide additional support for clinical development of this approach
for CORD6.

MATERIALS AND METHODS
CRISPR-Cas9 system design and optimization

Design and optimization of CRISPR-Cas9 reagents that target murine
Gucy2e and human GUCY2D have been published previously.19 In
brief, gRNAs were designed using Godot, a custom gRNA design soft-
ware based on the publicly available software Cas-OFFinder, to target
early coding regions of Gucy2e and GUCY2D.34 Prioritization was
given to gRNAs that were species specific. Transfections were per-
formed in vitro using polyethylenimine (PEI) and a plasmid contain-
ing Staphylococcus aureus Cas9 (SaCas9) driven by the cytomegalo-
virus (CMV) promoter and linear DNA expressing gRNAs driven
by the U6 promoter. Murine Gucy2e-targeting gRNAs were trans-
fected into NIH3T3cells (originally obtained from Dr. Nicolas Mu-
zyczka, University of Florida), while human GUCY2D-targeting
gRNAs were transfected into HEK293 cells (ATCC). Three days
post transfection, cells were harvested, genomic DNA was isolated
(Agencourt DNAdvance kit, Beckman Coulter), and editing rates
were determined using PCR followed by a T7 endonuclease assay
(New England Biolabs). The gRNAs that most effectively edited Gu-
cy2e and GUCY2D while maintaining species specificity were carried
forward.

Experimental animals

The Tg(Rho-GUCY2D*R838S)362Amd mouse model, commonly
known as the R838S Tg slow mouse model (and here referred to as
“R838S Tg”) in the C57BL6 background has been described previ-
ously11,20 and provided by the Dizhoor lab (Salus University). Mice
were bred to homozygosity and then crossed with WT C57BL/6J
mice, yielding the heterozygous mice used in experiments. RetGC1
knockout (Gucy2e�/�) mice on the 129/SvJ background originating
from the Garbers lab (University of Texas Southwest Medical Center)
have been described previously.29 Homozygosity was maintained
60 Molecular Therapy: Methods & Clinical Development Vol. 30 Septem
through inbreeding, and heterozygous Gucy2e+/� mice were pro-
duced by breeding with WT C57BL/6J mice, creating a mixed back-
ground. RetGC2, an isozyme of RetGC1, is encoded by X-linked Gu-
cy2f and is expressed exclusively in rods.10,29,35 The RetGC2 knockout
(Gucy2f�/�) mouse line has been described previously26 and was
generously provided by the Baehr lab (University of Utah). GCdko
mice have been described previously.26 These mice were bred with
Gucy2f�/� knockout animals to yield Gucy2e+/�:Gucy2f�/� mice,
which contain a single functional copy of Gucy2e. RetGC1 (hR838S,
hR838S) and RetGC1 (hWT, hWT) mice were generated in collabo-
ration with The Jackson Laboratory. RetGC1 (hR838S, hR838S) mice
contain exon 13 of human GUCY2D-R838S inserted in place of mu-
rineGucy2e exon 13. RetGC1 (hWT, hWT)mice containWT exon 13
of GUCY2D inserted in place of the murine Gucy2e exon 13. C57BL/
6J mouse zygotes were harvested 12 h post coitum, and pronuclear
microinjection of Cas9 in complex with two separate gRNAs and a
DNA donor sequence was performed. One gRNA targeted the early
coding sequence of exon 13, while the second targeted the early cod-
ing sequence of exon 14. Guides were selected based on their low like-
lihood to induce off-target editing, as determined by the CRISPOR
online software. The WT DNA template contained the GUCY2D
sequence spanning from exon 13 through the early coding sequence
of exon 14. The R838S DNA template sequence contained a C-to-A
transversion at GUCY2D position 2586 as well as three silent muta-
tions in the early coding sequence of exon 14 that aid in identification
of the locus when sequenced. Edited embryos were implanted into
pseudopregnant C57BL/6J females, and progeny were screened for
the desired genotype at weaning. Mice were bred to homozygosity
andmaintained at the University of Florida. RetGC1 (hWT, hWT) fe-
males were crossed with RetGC1 (hR838S, hR838S) males to produce
RetGC1 (hR838S, hWT) mice. RetGC1 (hR838S, hR838S) mice were
bred withGucy2e�/�mice to yield RetGC1 (hR838S,�) mice. Homo-
zygous RetGC1 (hWT, hWT) mice were bred withGucy2e�/�mice to
yield RetGC1 (hWT, �) mice.

Mice were bred, maintained, and housed at the University of Florida’s
Health Science Center Animal Care Services Facility. Food and water
were available ad libitum, and mice were maintained in a 12 h/12 h
light/dark cycle. The University of Florida’s Institutional Animal
Care and Use Committee approved all animal work, which we per-
formed in accordance with the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research.

AAV vectors

All AAV vector plasmids were constructed using standard ligation
methods. SaCas9 driven by the human rhodopsin kinase (hGRK1)
promoter was inserted into an AAV inverted terminal repeat
(ITR)-containing plasmid.19,36 A second plasmid contained the GU-
CY2D gRNA driven by the U6 promoter upstream of a CRISPR-
Cas9-resistant (“hardened”) cDNA copy of Gucy2e driven by the
hGRK1 promoter. The “hardened” Gucy2e construct harbors five si-
lent mutations in the gRNA-recognizing portion of the coding
sequence and two silent mutations in the PAM sequence, all of which
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were added using site-directed mutagenesis.23 The “ablate only” con-
trol plasmid was constructed by replacing the “hardened” Gucy2e
with green fluorescent protein (GFP). A non-functional “deadGC1”
transgene was created by introducing a stop codon directly adjacent
to the would-be gRNA recognition site of “hardened” Gucy2e. The
“toxicity control” was created by swapping the GUCY2D-targeting
gRNA with the species non-specific Gucy2e-targeting gRNA (because
Cas9 unpaired from gRNA can negatively impact transduced cells,
this ensured pairing of Cas9 with gRNA in the absence of editing).
For editing experiments in R838S Tg mice, the gRNA targeting the
GUCY2D early coding sequence was replaced by the Gucy2e gRNA
in the “ablate only” plasmid.

All vectors were packaged in AAV.SPR using a standard plasmid-
based transfection method in adherent HEK293 cells, purified by io-
dixanol density gradient centrifugation followed by buffer exchange
and concentration, and titered by dot blot in the Powell Gene Therapy
Vector Core at the University of Florida according to previously pub-
lished methods.37 Titers were confirmed by qPCR targeting the
bovine growth hormone polyadenylation signal (bgh-poly[A]) using
the following primers: bgh-poly(A) forward (50-CCATCTGTTGT
TTGCCCCTC-30) and bgh-poly(A) reverse (50-GACAATGCGATG
CAATTTCC-30). These primers produce an amplicon of 199 bp using
the following PCR conditions: (1) initial denaturation at 95�C for
10 min; (2) 34 cycles of 95�C denaturation for 30 s, 52�C annealing
for 30 s, and 72�C elongation for 30 s; and (3) final elongation at
72�C for 1 min. Vectors were tested for the presence of endotoxin
and were determined to be below the acceptable limit of 5 endotoxin
units (EU)/mL. Vectors were diluted using BSS supplemented with
0.014% Tween to the desired experimental concentrations.

Subretinal injections

Mice were subretinally injected between P15 and P40, as described pre-
viously.38 Eyes were dilated using 1% tropicamide (Bausch+Lomb) and
2.5% phenylephrine (Paragon Biotek) applied 15 min and 5 min before
sedation, respectively. Sedation was performed with ketamine (100mg/
kg) and xylazine (10 mg/kg) by intraperitoneal injection. A small
corneal hole wasmade to enable a trans-corneal subretinal injection us-
ing a Hamilton syringe attached to a 33G blunt needle. For all animals,
1 mL of the appropriate test article was delivered, and approximately
equal numbers of males and females were used. A summary of mouse
injections is provided in Table 1.

ERG analysis

Mice were dark adapted for a minimum of 12 h prior to testing. Pupils
were dilated, and mice were sedated as described above. Hypromellose
solution (2.5%, Akorn) was applied to eyes for hydration, and full-field
electroretinograms were recorded using the Celeris D430 (Diagnosys)
according to previously described methods.19 Briefly, scotopic electro-
retinograms were recorded at interstimulus intervals of 30 s and at
stimulus light intensities of 0.025 cds/m2, 0.25 cds/m2, and 2.5 cds/
m2. At each light intensity, five measurements were averaged, yielding
an average waveform. Light adaptation was carried out with a continual
white light stimulus at 5 cds/m2 for 5 min. Photopic responses were re-
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corded at stimulus light intensities of 1.25 cds/m2, 5 cds/m2, 10 cds/m2,
and 25 cds/m2. At each light intensity, 50 responses with an interstim-
ulus interval of 0.4 s were averaged. Scotopic and photopic a-wave am-
plitudes representing photoreceptor hyperpolarization and b-wave am-
plitudes representing higher-order neuron depolarization were
quantified and averaged for each test group. For experiments involving
RetGC1 (hR838S, hWT) and RetGC1 (hWT, hWT) mice, waveform
kinetics were also analyzed. These included implicit times, a-wave la-
tency, b-wave latency, and “time to baseline.” Implicit times refer to
the amount of time required from stimulus onset to either the a- or
b-wave peak amplitude. a-wave latency refers to the amount of time
from stimulus onset to the beginning of a detectable response.
b-wave latency refers to the amount of time from stimulus onset to
the time when the depolarizing response rises above baseline.39

“Time to baseline” refers to the amount of time between the b-wave
peak and its return to baseline. For all longitudinal measurements, a
two-way repeated-measure ANOVA (analysis of variance) followed
by a post-hoc Tukey’s range test was used. For all studies involving
more than two test groups, a one-way ANOVA followed by a
post-hoc Tukey’s range test was performed. For all tests comparing
two groups at a single time point, Student’s t tests were used to deter-
mine differences between groups. Significance is defined as p < 0.05.
OCT

Prior to OCT measurements, mouse pupils were dilated using tropi-
camide (1%) and phenylephrine (2.5%). Hypromellose solution
(2.5%) was applied to maintain hydration. Following sedation,
cross-sectional retinal images were obtained using the spectral
domain OCT system (Bioptigen, Durham, NC). ONL thickness was
measured as described previously using the InVivoView commercial
software (Bioptigen).40 For each OCT scan, one region 3 mm above
the optic nerve meridian, one region 3 mm below the optic nerve me-
ridian, and one region at the optic nerve meridian were selected. At
each meridian, 3 measurements were taken 3 mm apart, creating a
grid system of measurements centered at the optic nerve. Each scan
yielded 8 measurements per eye because ONL thickness cannot be
measured at the optic nerve head. ONL thickness was measured
from the outer plexiform layer to the external limiting membrane.
ONL thickness measurements from all mice in each test group were
averaged. For all longitudinal measurements, a two-way repeated-
measure ANOVA followed by a post-hoc Tukey’s range test was
used. For all studies involving more than two test groups, a one-
way ANOVA followed by a post-hoc Tukey’s range test was per-
formed. For all tests comparing two groups at a single time point, Stu-
dent’s t tests were used to determine differences between groups. Sig-
nificance is defined as p < 0.05.
Visually guided behavior (optokinetic reflex)

Photopic spatial frequency thresholds, markers of cone-mediated
visually guided behavior, were measured using the Optomotry system
(Cerebral Mechanics) according to previously established methods.41

Average thresholds were determined for each test group, and one-way
ANOVA followed by a post-hoc Tukey’s range test was used to
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analyze differences between groups. Statistical significance was
defined as p < 0.05.

Western blotting

We collected neural retinas from RetGC1 (hR838S, hR838S), RetGC1
(hWT, hWT), RetGC1 (hR838S,�), RetGC1 (hWT,�), Gucy2e+/�,
and Gucy2e�/� mice. Samples were homogenized in radioimmuno-
precipitation assay (RIPA) buffer (Thermo Scientific, 89901), and
protein concentrations were determined using the bicinchoninic
acid (BCA) assay (Thermo Scientific, 23225). Samples were run in
triplicate using the Jess Automated Western Blot System
(ProteinSimple, San Jose, CA, USA) following the standard 12-
230-kDa separation module procedure (ProteinSimple, SM-FL001).
Protein was diluted to a concentration of 0.5 mg/mL in 0.1� sample
buffer (ProteinSimple, 042-195). Following sample loading, running,
and ultraviolet immobilization, immunoprobing was performed us-
ing an anti-RetGC1 mouse monoclonal antibody (Santa Cruz
Biotechnology, sc-376217) diluted 1:25 in ProteinSimple diluent 2
(042-203) and an anti-visual arrestin rabbit polyclonal antibody
(Thermo Fisher Scientific, PA5-116378) diluted 1:200. Secondary im-
munoprobing was performed using anti-mouse horseradish peroxi-
dase (HRP) antibody (ProteinSimple, 042-205) and anti-rabbit
near infrared (NIR) antibody (ProteinSimple, 043-819). Quantifica-
tion was performed using the commercial Compass software
(ProteinSimple), with RetGC1 expression for each genotype calcu-
lated relative to visual arrestin expression as a loading control.

On-target editing analysis

Neural retinas were collected from 36-week-old Tg mice treated with
doses of 3E9 vg/eye and 3E10 vg/eye. DNA was isolated using the
DNeasy Blood and Tissue Kit (QIAGEN, 69506). On-target editing
ratesweredeterminedusing theUDiTaS systemaccording topreviously
established methods.21 Neural retinas were collected from 28-week-old
RetGC1 (hR838S, hWT)mice andwere analyzed using theUDiTaS sys-
temas before. The amplificationprimerwas placed in an intronic region
so that there was no detection of exogenous, “hardened” Gucy2e.

Tissue preparation and immunohistochemistry

Mice were sacrificed between 1 and 12 months of age. Eyes were
enucleated and fixed in 4% paraformaldehyde (PFA) for 12 h, and
eyecups were dissected and prepared for sectioning according to es-
tablished methods.22 Eyes were oriented vertically in optimal cutting
temperature medium (Sakura, 4583) and flash frozen, and then cry-
osections (12 microns) were cut and fixed to microscope slides. Sec-
tions were permeabilized using 5% Triton X-100 detergent in PBS and
blocked using 1% bovine serum albumin (BSA) in PBS. Cryosections
were immunostained overnight with either anti-RetGC1 rabbit poly-
clonal antibody (generously provided by Dr. Alex Dizhoor, Salus Uni-
versity) or anti-rhodopsin mouse polyclonal antibody (generously
provided by Dr. Clay Smith, University of Florida) diluted 1:500 in
PBS containing 0.3% Triton X-100 and 1% BSA. Immunoglobulin
G (IgG) secondary antibody Alexa Fluor 488 (Thermo Fisher,
Z25302) or Alexa Fluor 594 (Thermo Fisher, A11032) diluted 1:500
in PBS was added for 1 h at room temperature. Sections were counter-
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stained with DAPI diluted 1:10,000 for 5 min at room temperature.
Images were taken using the All-in-One Fluorescence Microscope
(Keyence, Itasca, IL, USA). Gain and exposure settings remained con-
stant across sections from the same experiment.

Immunohistochemistry of retinal whole mounts and cone cell

counting

Mice were sacrificed at 12 months of age. Eyes were enucleated and
fixed in 4% PFA for 12 h. Eyes were dissected, lenses were removed,
and eyecups were placed in 4% PFA overnight as before. The choroid
and retinal pigment epithelium (RPE) were carefully removed to yield
the neural retina, which was cut in four equidistant locations (from
the edge of the retina toward the optic nerve) to allow eventual flat-
tening on a slide. Retinas were permeabilized in 5% Triton X-100
in PBS for 24 h and blocked in 1% BSA in PBS for 24 h. Immunostain-
ing was carried out by adding the retinas directly into solution con-
taining anti-cone arrestin antibody (Millipore, AB15282) diluted
1:100 in 0.3% Triton X-100 and 1% BSA for 48 h. Retinas were
then washed and placed into solution containing IgG secondary anti-
body Alexa Fluor 488 (Thermo Fisher, Z25302) diluted 1:500 in PBS
for 24 h. Retinas were then mounted on a microscope slide and
imaged using the All-in-One Fluorescence Microscope (Keyence).
Gain/exposure settings were optimized for each individual retina to
obtain the clearest view of punctate cone photoreceptor staining.
Cone counting was carried out using the commercial software ImageJ
(National Institutes of Health).42 Each retina was divided into quad-
rants, where settings were optimized to ensure that each site of punc-
tate fluorescence was counted. The total number of punctate staining
sites (cones) was added together from all quadrants to yield the total
number of cones. For each test group, the number of cones per retina
was averaged. t tests were used to determine differences between
groups, with significance defined as p < 0.05.
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