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Massive parallel sequencing enables identification of 
numerous genetic variants in mutant organisms, but 
determining pathogenicity of any one mutation can 
be daunting. The most commonly studied preclinical 
model of retinitis pigmentosa called the “rodless” (rd1) 
mouse is homozygous for two mutations: a nonsense 
point mutation (Y347X) and an intronic insertion of a 
leukemia virus (Xmv-28). Distinguishing which mutation 
causes retinal degeneration is still under debate nearly 
a century after the discovery of this model organism. 
Here, we performed gene editing using the CRISPR/Cas9 
system and demonstrated that the Y347X mutation is 
the causative variant of disease. Genome editing in the 
first generation produced animals that were mosaic for 
the corrected allele but still showed neurofunction pres-
ervation despite low repair frequencies. Furthermore, 
second-generation CRISPR-repaired mice showed an 
even more robust rescue and amelioration of the dis-
ease. This predicts excellent outcomes for gene editing 
in diseased human tissue, as Pde6b, the mutated gene in 
rd1 mice, has an orthologous intron–exon relationship 
comparable with the human PDE6B gene. Not only do 
these findings resolve the debate surrounding the source 
of neurodegeneration in the rd1 model, but they also 
provide the first example of homology-directed recom-
bination–mediated gene correction in the visual system.
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INTRODUCTION
A major goal of precision medicine is gene-specific intervention 
that corrects illness at the nucleotide level, a goal the CRISPR/
Cas9 system now puts within reach. Many potential target dis-
ease mutations have been implicated by massive parallel sequenc-
ing techniques and the Human Genome Project, but the inherent 

genomic variance between individuals and patterns of polygenic 
inheritance makes it challenging to distinguish benign variants 
from pathogenic mutations. Similarly, for mouse models, every 
inbred line carries its own set of mutations that cumulatively 
result in its unique characteristics, complicating interpretation 
of data. A longstanding example of this challenge is found in the 
Pde6brd1/Pde6brd1 or “rodless” (rd1) mouse,1 the most extensively 
studied mouse model of retinitis pigmentosa (RP).

Discovered in 1924, the rd1 mouse has spurred controversy, 
as the cause of the blinding RP phenotype has been aggressively 
sought yet remains undetermined. In a “wild-type” (WT) mouse 
background (e.g., C3H/He, CBA, and FVB/N, the latter two being 
the primary strains for generation of transgenic mice worldwide), 
the rd1 phenotype is linked to two relatively close yet distinct 
alterations in the Pde6b locus of chromosome 5: a murine leu-
kemia virus (Xmv-28) insertion in the reverse orientation (3′ to 
5′) in intron 1; and a nonsense mutation (Y347X, C to A) in exon 
7 of the Pde6β subunit.2–4 Pde6β functions as part of a heterotet-
ramer, composed of α-, β, and γ-subunits (αβγ2), that normally 
downregulates cGMP levels.5,6 The nonsense mutation in rd1 mice 
is thought to truncate more than half of the predicted protein, 
including the catalytic domain. The consequence is improper 
regulation of cGMP levels and toxically high Ca2+ influx through 
cyclic nucleotide-gated alpha 1 (CNGA1) cation channels. This is 
believed to induce rod neuronal death, thus recapitulating the dis-
ease course of RP, for which there is no therapeutic cure.

Here, we report the first CRISPR-mediated, homology-directed 
recombination (HDR) in the retina of a live mouse. Unlike previous 
ophthalmic gene editing approaches in ablating the diseased allele, 
we repaired the nonsense point mutation, leaving the Xmv-28 inser-
tion intact. Our results definitively show that the viral insertion is 
benign and the Y347X mutation in rd1 mice to be pathogenic.

RESULTS
To repair the mutation, we designed a single guide RNA 
(sgRNA) and a donor template with four wobble-nucleotide 
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substitutions and a novel NdeI restriction site (Figure 1a). 
The substitutions ensured the WT donor template was resis-
tant to targeting, and the NdeI restriction site allowed track-
ing of HDR. To ensure efficient binding to the target site, 
four sgRNAs were designed and their targeting efficiency was 
assessed (Supplementary Figure S1); the one with highest 

binding efficiency was selected. The sgRNA plasmid was coin-
jected with the single-stranded oligodeoxynucleotide (ssODN) 
donor template and the Cas9 protein into FVB/N zygotes 
to generate 11  F0 founders. Tail DNA was analyzed by two 
methods: Surveyor mismatch-specific endonuclease cleavage 
assay detected nonhomologous end joining, and a restriction 

Figure 1  CRISPR/Cas9-mediated repair of Y347X was achieved in a mosaic fashion in 2 of 11 Founders (F0). (a) sgRNA targets exon 7 of the 
Pde6b locus (yellow box, top). Donor template (blue box, middle) encoding the wild-type allele corrects Y347X through homology-directed recom-
bination. Donor template was made resistant to Cas9 by two modifications: (i) NdeI site and (ii) four wobble base pairs. Primers amplify an 845-bp 
fragment. (b) Surveyor assay reveals that 7 of 11 F0 mice have CRISPR-induced DSBs. NdeI digestion detects correction of Y347X in F03 and F05. In F08 
and F07, INDELs were incorporated alongside the ssODN. (c) Pde6b was repaired in 35.7% of F03 and 18.8% of F05 somatic cells. Allelic heterogeneity 
due to nonhomologous end joining was apparent as small deletions (1–10 bp) in F03 and F07, and large INDELs in F08, were detected. (Red letters: 
Y347X mutation; blue letters: wobble nucleotides carried by donor template; yellow letters: PAM sequence; brown letters: INDELs).
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fragment polymorphism (RFLP) assay detected HDR events 
that incorporated the novel NdeI site.

Double-strand breaks were detected in 7 of 11 mice (F01, 2, 3, 
5, 7, 8, 10), indicating that the targeting efficiency of the sgRNA 
was ~64% (Figure 1b). RFLP verified HDR in four animals (F03, 

5, 7, 8), although the molecular weights of the PCR products from 
F08 suggested indels were incorporated into the genome alongside 
the donor template. The target region was sequenced, revealing 
that F03 and 5 incorporated the donor template precisely in 35.7% 
and 18.8% of somatic cells, respectively (Figure 1c), while F07 and 

Figure 2 CRISPR-mediated repair of Y347X in Pde6b restored neurophysiology. (a) Uniform coloration of the fundus of an age-matched wild-type 
(WT) control. “Salt and pepper” retinopathy in the dorsal fundus of the rd1 mutant as well as vascular attenuation were observed (ON, optic nerve; 
arrows point to vessels; arrow head points out an imaging artifact). CRISPR-corrected F03 displays a fundus similar to that of WT, with preservation 
of vasculature. (b) Electroretinogram (ERG) (μV) revealed neurophysiological rescue in 1-month-old gene-corrected mice. Rd1 mice (red) had extin-
guished mixed maximum rod–cone, rod-specific, and cone ERG responses. In CRISPR-repaired F03 (dark blue) and F05 (light blue) mice, maximum, 
rod, and cone ERG responses were comparable with WT (black) and significantly heightened compared with the rd1 mutant. (c) Greater magnitude 
represents improved neurophysiology. Maximum a- and b-wave values obtained at 1 and 2 months in rd1 (red), F03 (dark blue), F05 (light blue), and 
WT (black) mice. Rd1 consistently displayed significantly diminished a-waves, which are photoreceptor mediated, and b-waves, which are inner retina 
mediated. F03 OS originally registered as nearly equivalent to the WT, but gradually decreased over time. a- and b-wave magnitudes in F03 OD and 
F05 OS/OD were poorer than that of WT but still greater than that of the rd1 mutant.
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8 incorporated indels in the integration, corroborating the unex-
pected results in the RFLP data. These data also reveal that the 
F0 animals were mosaic, a phenomenon that has been reported 
previously7,8 and likely arises from CRISPR/Cas9 repair occurring 
after the zygote stage.

Live retinal imaging compared CRISPR-repaired and 
untreated controls to assess whether correction of the Y347X 
mutation could restore retinal structure (Figure 2a). Whereas the 
rd1 fundus appeared granulated and its vasculature attenuated by 
retinopathy, the CRISPR-repaired F03 fundus coloring was uni-
form, with robust vessels resembling a WT eye. CRISPR repair 
of neurofunction was assessed by electroretinogram (ERG) in F03 
and 5, rd1 mutant, and WT mice (Figure 2b). At P30, ERG of 
Y347X-repaired F0 mice showed that their rod, cone, and mixed 
rod–cone (maximum) responses were comparable with WT. In 
contrast, rd1 no longer displayed an ERG response (Figure 2b). 
This result indicates that neurofunction was restored in Y347X-
repaired mice, while light-induced neural responses were lost in 
the unedited rd1. Serially re-recorded ERGs revealed a long-term 

functional rescue in both F03 and 5, lasting at least 2 months 
(Figure 2c). Interestingly, in F03, the right (OD) verses left (OS) 
eyes differed in their maximum a-wave amplitude (the electrical 
response of photoreceptors) and b-wave amplitude (the response 
of optic nerve-bipolar cells). Dissimilarities in ERG responses 
between eyes from the same mouse suggest that the CRISPR-
mediated correction was mosaic. This outcome aligns with other 
studies that demonstrated a greater degree of rescue in tissues 
containing a higher prevalence of CRISPR-mediated repair.9 
While F03 and 5 both had robust ERG rescues compared with rd1, 
their a- and b-wave magnitudes were not completely restored to 
that of WT, which can be explained by the low HDR rate. Notably, 
F03, with 35.7% of somatic cells corrected, had amplitudes closer 
to WT levels than did F05, with only 18.8% of cells corrected, 
verifying the dose-dependent rescue observed in other studies.9 
This confirms that correcting every cell is not necessary for pres-
ervation of ERG function or to halt degeneration,10,11 as a 35.7% 
HDR in photoreceptors was sufficient for restoration of ERG wave 
amplitudes (Figure 2c).

In F0 founder, these functional data were corroborated by opti-
cal coherence tomography (OCT) live imaging, which indicated 
that a partial rescue of the outer nuclear layer, which contains 
photoreceptor nuclei, was achieved in F03 and 5 (76% and 50% 
of normal thickness, respectively) as far out as P90 (Figure 3a). 
In histopathological studies, CRISPR-repaired F0 had normal 
retinal layers, with photoreceptor nuclei density comparable with 
WT, whereas the retinal layers of rd1 had collapsed (Figure 3b). 
These data, combined with ERG functional analysis, indicate that 
greater rescue cause greater retinal preservation, as F03 (35.7% 
correction) showed greater a- and b-wave magnitudes and thicker 
retinal sections on OCT compared with F05 (18.8% correction).

To assess whether the mosaic pattern of expression in the eyes 
was also prevalent throughout the body, organs were collected 
and subjected to RFLP assay. In F03 and 5, cells containing the 
repaired or uncorrected alleles were uniformly distributed among 
organs regardless of the organ’s developmental origin, with 
32–37% of somatic cells corrected in F03 and 11–20% corrected in 
F05 (Figure 4a). This implies that CRISPR/Cas9-mediated repair 
occurred after the zygote stage but before the preimplantation 
stage. Additionally, the correction levels were the highest in the 
retina in both mice. This is because by P90, the cells that did not 
contain the correction likely died, increasing the ratio of corrected 
cells.

Backcrossing F03 with homozygous rd1 mice produced 10 F1 
mice, three of which (F11, 2, and 3) contained the ssODN-cor-
rected allele (Figure 4b). ERG functional assay of F11 displayed 
results comparable with WT (Figure 4c). OCT comparing wild-
type and F11 showed robust rescue of the outer nuclear layer (90% 
the thickness of WT) (Figure 4d). These data show that the cor-
rection in F0 is mosaic in the germ line, and it is passed on in a 
non-Mendelian fashion to the F1 generation, which have a near 
complete functional and morphological rescue.

The Pde6brd1 locus also harbors an Xmv-28 provirus integrated 
into the first intron (Figure 4e), which has been suspected to be 
the cause of pathogenesis2,3 in the rd1 preclinical model. This pos-
sibility seems less likely, since PCR analysis of F03 and 5, and F11, 2, 
and 3 confirmed the presence of the Xmv-28 insertion, even after 

Figure 3 CRISPR-mediated repair of Y347X in Pde6brd1 restored reti-
nal structure. (a) Optical coherence tomography data at 3 months from 
wild-type (WT), rd1, F03, and F05 mice reflected partial preservation of 
retinal layers in the CRISPR-rescued mice compared with the rd1 mutant. 
The outer nuclear layer (ONL) was not detectable in rd1. Yellow bar 
indicates the ONL thickness, which was normalized to WT and mea-
sured to be 76% and 50% in F03 and F05, respectively. (b) Hematoxylin– 
eosin-stained retinal section from WT, rd1, and F03 mice at 3 months 
revealed that retinal layers were preserved in F03 and were comparable 
with that of WT, whereas the rd1 mutant layers had collapsed and loss 
the photoreceptor (ONL) layer. INL, inner nuclear layer; RGC, retinal 
ganglion cell; RPE, retinal-pigmented epithelium.
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CRSIPR-mediated restoration of the WT phenotype (Figure 4f). 
Complete restoration of neuronal function and structure by cor-
rection of the Y347X mutation suggests that the Xmv-28 provirus 
insertion is clinically irrelevant to the disease phenotype in rd1 mice. 
Hence, our data resolve this controversy by demonstrating that repair 
of the nonsense mutation is sufficient to restore the WT phenotype, 
even while leaving the Xmv-28 insertion intact in the genome.

DISCUSSION
Mutations in the human rd1 gene, PDE6B, are responsible for 
36,000 cases of RP worldwide each year,6,12–14 and the ability for 

CRISPR-mediated gene therapy to rescue photoreceptors in pre-
clinical models is encouraging for both researchers and patients 
alike. The improvement in mosaic animals was also seen in a 
gene correction of Duchenne muscular dystrophy)9 and sug-
gests that postnatal CRISPR delivery systems might eventually 
be developed into a precision medicine protocol that can safely 
restore retinal function in adults.8 Indeed, we previously showed 
both adeno-associated virus (AAV) and lentivirus-mediated gene 
therapy approaches could efficiently deliver functional genes 
to retinal cells, and we observed marked efficacy even in pho-
toreceptor mosaics.10,11,15–18 Results from Figure 2 suggest that 

Figure 4 Xmv-28 viral insertion was retained but benign in gene-repaired mice. (a) Restriction fragment polymorphism (RFLP) revealed CRISPR-mediated 
correction in 24–37% of cells comprising organs in F03, and 11–30% in F05. Data show that the CRISPR-mediated correction occurred at preimplantation, 
since repaired and uncorrected alleles were uniformly distributed in endoderm, mesoderm, and ectoderm organ lineages. (b) RFLP demonstrates that F03 
backcrossed with the Rd1 mutant transmitted the corrected Y347X allele to 3 of 10 offspring (F11, 2, and 3). (c) Mixed maximal rod–cone electroretinogram 
(ERG) recordings from F1 at P30. F11 (blue) registered a- and b-wave amplitudes similar to that of the wild-type (WT) control (black); rd1 (red) registered a 
flat ERG. (d) Optical coherence tomography compared retinal layer thicknesses in WT and F11. The latter’s outer nuclear layer (ONL) was 90% of WT thick-
ness, confirming rescue was transmitted to F1. (e) Schematic representation of the Xmv-28 insertion (yellow box). CRISPR repairs the Y347X mutation (red), 
restoring it to the WT sequence (blue) while leaving the insertion intact. Dark blue and orange arrows represent primers used to screen the 5′ and 3′ ends of 
the viral insertion. Primer 10 targeted Pde6b exon 1, while JS610 targeted the Xmv-28 env gene, together amplifying the 5′ end of the insertion. Primer 81 
targeted intron 1 of Pde6b, while primer 80 targeted the Xmv-28 gag gene, together amplifying the 3′ end of the insertion. (f) PCR confirmed that Xmv-28 
insertion was retained in CRISPR/Cas9-repaired rd1 mice. This suggests that the Y347X mutation, rather than the viral insertion, causes the disease phenotype.
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CRISPR repair of the diseased allele in only a fraction of the cells 
can have significant therapeutic effects.

More importantly, our results extend beyond identifying the 
causative mutation in the strains most frequently studied in trans-
genesis. This CRISPR clarification approach is applicable to any 
condition where two or more single-nucleotide polymorphisms 
associated with disease pathology have yet to be distinguished, 
including inflammatory bowel diseases, schizophrenia, autism, 
Parkinson’s, and age-related macular degeneration,19 among oth-
ers. To determine which variant should in fact be targeted, each 
could be swapped via CRISPR-mediated HDR, creating isogenic 
lines that differ by a single allele. In this way, suspected muta-
tions could be systematically screened and characterized. As the 
efficacy of CRISPR is enhanced and the off-targeting effects are 
reduced, the translational utility of this technique will only con-
tinue to increase.

MATERIALS AND METHODS
Mouse lines and husbandry. FVB/N mice, which are inbred and homo-
zygous for the retinal degeneration 1 allele of Pde6brd1, were purchased 
from The Jackson Laboratory, (Bar Harbor, ME). Albino B6 (Cg)-TyrC-

2J/J mice were used as the normal control and FVB/N mice without 
CRISPR-mediated correction as the functional-deficient control. All 
mice were used in accordance with the Statement for the Use of Animals 
in Ophthalmic and Vision Research of the Association for Research in 
Vision and Ophthalmology, as well as the Policy for the Use of Animals in 
Neuroscience Research established by the Society for Neuroscience.

sgRNA construction. pX335 was obtained from Addgene.20 Complimentary 
oligonucleotides (Integrated DNA Technologies, Iowa, IA) containing 
the Pde6b sgRNA target sequences (Figure 1) were annealed and cloned 
into the BbsI site of pX335. This plasmid (RD1-sgRNA_pX335) was then 
sequenced to verify correct insertion of the target sequences.

RNA injections into mouse zygotes. A mixture of 3 ng/µl of sgRNA plas-
mid, 3 ng/µL of Cas9 protein (NEB, Ipswich, MA), and 1 µM of ssODN 
(Integrated DNA Technologies) was injected into the pronuclei and cyto-
plasm of FVB/N inbred zygotes. Zygotes that survived injection were 
transferred into oviducts of 0.5-day postcoitum, pseudopregnant B6xCBA 
F1 females and carried to term. The resulting gene-corrected mice were 
backcrossed, initially into the FVB/N background, to determine the germ-
line transmission efficiency of the repair.

Detection of gene correction and nonhomologous end joining. To identify 
CRISPR/Cas9-mediated gene correction in the Pde6brd1 locus, tail genomic 
DNA from mice with zygote injections was isolated and amplified by PCR, 
using the primer set: RD1-check-F: 5′-caagaaggcagtaggattccg-3′ and RD1-
check-R: 5′-ttgtcttgcctgcttctcatc-3′. The amplified products were subjected 
to NdeI restriction enzyme digestion. For detecting nonhomologous end 
joining, PCR products were analyzed by the Surveyor assay (Integrated 
DNA Technologies, Iowa, IA). PCR products of mouse F0, 5, 7, and 8 were 
subcloned into pCR™4Blunt-TOPO® vector (Invitrogen, Carlsbad, CA). 
Individual clones were sequenced and compared with WT. Sixteen clones 
were sequenced from each mouse. To detect mosaicism, 3-month-old F0 
mice were sacrificed, and genomic DNA from organs was harvested and 
subjected to PCR following the RFLP assay.

Analysis of Xmv-28 insertion. PCR analysis of Xmv-28 insertion  
was performed according to Bowes et al.3 Briefly, a 3.3-kb DNA 
sequence of the 5′ junction was amplified using primers 10: 5′- ATGTA 
CCGCCAGCGCAATGG-3′ and JS610: 5′- CCCCGCCTTCTCAACAACC 
TGGGACGGGAG-3′, which recognizes the sequence of exon 1 of the  

Pde6brd1 gene and the env gene of Xmv-28, respectively. A 2.4-
kb DNA sequence of 3′ junction that spans the 5′ LTR of Xmv-28  
and flanking genomic Pde6brd1 sequences was amplified using prim-
ers 80: 5′- CTCTGTTTCTCTCCTGATACG-3′ and 81: 5′- ACCT 
GCATGTGAACCCAGTATT-3′.

Electroretinograms. Electroretinograms (ERGs) were conducted as 
described.11,17 In dark-adapted mice, rod and mixed rod–cone responses 
were obtained using pulses of 0.001 and 3 cd × s/m2 (white 6,500 K) light, 
respectively, while cone responses were recorded under rod-suppressing 
continuous background illumination of 30 cd/m2 (white 6,500 K) using 
pulses of 30 cd × s/m2 (xenon). ERG a- and b-wave magnitudes and maxi-
mal scotopic and photopic recordings were collected serially at 1 and 2 
months in F0 and F1.

Fundoscopy and autofluorescence imaging. Infrared images were 
obtained with the Spectralis scanning laser confocal ophthalmoscope 
(OCT-SLO Spectralis 2; Heidelberg Engineering, Heidelberg, Germany) as 
previously described.10,11,17,18,21,22 Autofluorescence imaging was performed 
as described previously.10,11,17,18,21,22

Histology. H&E histology was carried out as previously described.23,24

Statistics. Data were collected in Excel, and statistical analyses used the 
two-tailed unpaired t-test and error bars display the mean value ± standard 
deviations. P < 0.05 was considered to be statistically significant.

SUPPLEMENTARY MATERIAL
Figure  S1.  In vitro digestion assay demonstrates targeting efficiency 
of sgRNA.
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