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Significance

 Acute knockout of the rod-
photoreceptor-specific 
transcription factor Nrl  delays 
degeneration in multiple mouse 
models of retinitis pigmentosa 
(RP), but the downstream 
therapeutic mechanisms are 
unknown. Here, we show that 
acute knockout of the Nrl  
-downstream transcription factor 
﻿Nr2e3  is neuroprotective in mice 
with mutations in Pde6b  but 
ineffective in two mouse models 
with mutations in Rhodopsin . The 
therapeutic effect in Pde6b  
mutant mice depends on 
upregulation of Pde6c . 
Conversely, Nrl  knockout is 
effective in all three models, and 
rescue in Pde6b  mutant mice is 
independent of Pde6c  
upregulation. These findings 
underscore the broad 
therapeutic efficacy of acute Nrl  
knockout and suggest that the 
effects of acute Nrl  knockout are 
both overlapping and 
independent of those caused by 
acute Nr2e3  knockout.
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Acute knockout of the rod photoreceptor transcription factor Nrl delays retinal 
degeneration in multiple mouse models of blindness, but the downstream tran-
scriptomic changes that mediate these therapeutic effects are unknown. Here, we 
show that acute Nrl knockout causes upregulation of a subset of cone genes in rods 
as well as downregulation of rod genes, including the rod-specific transcriptional 
repressor Nr2e3. We hypothesized that Nr2e3 downregulation might mediate some 
of the therapeutic effects of Nrl knockout. Indeed, acute knockout of Nr2e3 pre-
vents photoreceptor degeneration and preserves visual function in mice with muta-
tions in the catalytic subunit of the rod-specific phosphodiesterase (Pde6brd10/rd10). 
Upregulation of Pde6c, the cone-specific paralog of Pde6b, in Nr2e3-knockout 
rods is required to prevent degeneration in Pde6brd10/rd10 mice, suggesting that this 
therapeutic effect is mediated, at least in part, by a gene-replacement mechanism. 
In contrast, acute Nr2e3 knockout fails to prevent degeneration caused by loss- or 
gain-of-function mutations in Rhodopsin (Rho−/− and RhoP23H/P23H), whereas acute 
Nrl knockout delays degeneration in both models. Surprisingly, the therapeutic 
effect of acute Nrl knockout in Pde6brd10/rd10 mice does not depend on Pde6c 
upregulation. These results suggest that acute Nrl knockout may exert its thera-
peutic effects via a mechanism independent of Nr2e3 downregulation, perhaps by 
downregulating other rod genes. We conclude that acute NRL knockout may be a 
promising gene-independent strategy for preventing photoreceptor degeneration 
in human patients.

retina | photoreceptor | retinitis pigmentosa | Nrl | Nr2e3

 Retinal degeneration is a major cause of blindness afflicting millions of people world-
wide ( 1     – 4 ). Retinitis pigmentosa (RP) is the most common form of retinal degeneration 
and can be caused by mutations in nearly 70 genes ( 2 ,  3 ). In RP, mutations in 
rod-expressed genes cause rod dysfunction and death, which is subsequently followed 
by secondary cone loss. The death of cones, which mediate daytime vision, is particu-
larly disabling for patients and represents the primary source of morbidity in RP ( 2 ,  3 ). 
Preventing secondary cone loss is therefore a key goal of therapy for this disease, but 
the genetic heterogeneity of RP poses a fundamental challenge for the development 
of broadly applicable treatments. Thus, there is a strong motivation to develop gene- 
and mutation-independent therapies that could be used to treat diverse genetic forms 
of RP ( 5 ,  6 ).

 We previously hypothesized that converting adult rods into cones—via knockout of 
the rod photoreceptor determinant Nrl —would make the cells resistant to the effects of 
mutations in rod-specific genes, thereby preventing secondary cone loss ( 7 ). To test this 
idea, we engineered a conditional allele of Nrl  to acutely inactivate the gene in adult rods 
( 7 ). Acute Nrl  knockout converted the rods into hybrid photoreceptors expressing both 
rod and cone genes, and this cellular transformation delayed rod death and preserved 
native cones in a mouse model of RP (Rho−/−  ) ( 7 ). Subsequent work by other groups 
replicated our findings and extended them to additional mouse models of RP (Pde6brd10/rd10   
and RHOP347S   transgenic mice) ( 8 ,  9 ). Together, these studies demonstrated the first 
therapeutic effects that have ever been achieved via direct cellular reprogramming in the 
mammalian central nervous system and suggested that acute Nrl  knockout may represent 
a promising gene-agnostic therapy for RP patients. Despite these advances, the downstream 
transcriptomic changes that mediate the therapeutic effects of acute Nrl  knockout remain 
unknown. Furthermore, recent studies have reported a therapeutic effect upon both 
germline and acute knockout of the Nrl﻿-downstream transcription factor Nr2e3  ( 10 ,  11 ). 
Yet, the mechanistic relationship, if any, between the effects of Nrl  and Nr2e3  knockout 
have not been examined. The goal of the present study is to investigate these questions. D
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Results

Transcriptomic Effects of Acute Nrl and Nr2e3 Knockout. Nrl 
acts as a molecular toggle switch during retinal development: If 
a photoreceptor precursor turns on Nrl, it differentiates as a rod, 
otherwise it differentiates as a cone (12, 13). In contrast, acute 
Nrl knockout transforms mature rods into cells with features 
intermediate between those of normal rods and cones (“cods”) 
(7). We previously showed by in  situ hybridization that acute 
Nrl knockout causes upregulation of selected cone genes in 
rods and downregulation of a subset of rod genes (7). To more 
comprehensively evaluate the transcriptomic changes induced 
by acute Nrl knockout, we reexamined previously unpublished 
microarray data obtained at the time of our original study. In that 
analysis, we crossed mice carrying a “floxed” allele of Nrl with a 
transgenic line carrying a tamoxifen-inducible Cre recombinase 
(CAG-CreERTM). We injected both experimental (Nrl flox/flox; CAG-
CreERTM) and control (Nrl flox/+; CAG-CreERTM) mice daily with 
4-hydroxytamoxifen from postnatal day 42 (P42) to 44, to induce 
acute Nrl knockout, and then harvested retinas at P63 and profiled 

them by microarray analysis in two biological replicates (Fig. 1A). 
In contrast to germline Nrl knockout which induces changes in 
the expression of nearly 2,000 genes (14), acute Nrl knockout 
alters the expression of only 144 genes (Fig. 1B). Approximately 
38% (32 out of 85) of upregulated genes are enriched in adult 
cones, while 71% (42 out of 59) of downregulated genes are 
rod-enriched and include genes encoding components of the rod 
phototransduction cascade (Rho, Gnat1, and Gnb1) as well as the 
transcriptional repressor, Nr2e3 (Dataset S1). The ability of NRL 
to repress cone genes in rods depends, in part, on induction of 
Nr2e3 expression (Fig. 1C) (15–17). Germline mutation of Nr2e3 
in mice causes upregulation of diverse cone genes in rods but only 
modest effects on rod gene expression (16–18). Thus, analysis of 
acute Nr2e3 knockout might permit us to determine whether 
cone gene upregulation or rod gene downregulation mediates the 
therapeutic effects observed upon acute Nrl knockout.

 To acutely knock out Nr2e3  in adult rods, we engineered an 
adeno-associated virus (AAV) carrying a guide RNA (gRNA) 
against Nr2e3  and a photoreceptor-specific fluorescent reporter 
to label infected cells ( Fig. 1D  ). We quantified the efficacy of 

Fig. 1.   Transcriptomic effects of acute Nrl and Nr2e3 knockout. (A), Experimental timeline for expression profiling of acute Nrl knockout retinas by microarray. 
(B), Volcano plot showing gene expression changes in Nrlflox/flox; CAG-CreERTM retinas relative to controls (Nrlflox/+; CAG-CreERTM). Mice were given daily intraperitoneal 
injections of 4-hydroxytamoxifen from postnatal day 42 (P42) to 44, to induce acute Nrl knockout, and then whole retinas were harvested for microarray analysis 
at P63. Fold change and adjusted p-values were generated with Limma (19) based on two biological replicates for each condition. Dark green and dark red 
data points indicate genes that were previously shown to be enriched in adult cone and rod photoreceptors, respectively (14). Selected rod- and cone-enriched 
genes are labeled. (C), Schematic depicting the transcriptional regulatory network downstream of NRL in rods. Solid and dotted lines denote major and minor 
regulatory relationships, respectively. Green and red lines indicate activation and repression, respectively. (D), AAV construct used for acute Nr2e3 knockout. 
(E), Experimental timeline for evaluating the efficiency of acute Nr2e3 knockout. (F), Top: Schematic of the Nr2e3 locus with a magnified view of the sequence 
around the gRNA target site (highlighted in yellow). Middle: The seven most common mutations identified in DNA from photoreceptors transduced with an AAV 
expressing Nr2e3 g1. The predicted cut site is indicated by a black arrowhead. Bottom: Pie charts showing the percentage of mutant (blue) and wild-type (WT) 
(gray) sequence reads from cells treated with Nr2e3 g1 or an NTC gRNA at P21 and harvested four weeks later. (G), Volcano plot showing gene expression changes 
in Nr2e3 g1-treated photoreceptors relative to NTC-treated cells. One-month-old Rosa26-Cas9 mice were injected with AAV, infected cells were isolated 6 mo 
postinjection by fluorescence-activated cell sorting (FACS), and bulk RNA-seq analysis was performed. Color coding of dysregulated genes is as in B. Selected 
cone-enriched genes are labeled. The following categories of transcript were omitted from the plot for clarity: Long noncoding RNAs, pseudogenes, and those 
genes for which no rod or cone gene expression data were available (n = 19; all dysregulated genes are listed in Dataset S2). (H), In situ hybridization reveals 
upregulation of cone markers in rods upon acute Nr2e3 knockout. The Left column shows sections of a whole retina infected with an AAV carrying Nr2e3 g1 
at one month of age and harvested 8 wks later. The area of AAV infection (indicated by mCherry expression) is highlighted with a white dotted line. Weak red 
autofluorescence is present throughout the outer segment layer, even in uninfected areas. Yellow and white boxes correspond to AAV-infected (Middle column) 
and uninfected regions (Right column), respectively. In situ hybridization shows expression of cone markers Gnat2 and Gnb3 throughout full thickness of the 
ONL, indicative of expression in rods. Gnb3 is also expressed in bipolar cells in the INL. Gnb3 is clearly upregulated in infected cells, although RNA-seq profiling 
(shown in G) failed to detect a statistically significant change in its expression. ONL, Outer nuclear layer; INL, Inner nuclear layer.D
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﻿Nr2e3  knockout by injecting this virus into the subretinal space 
of P21 Rosa26﻿- Cas9  mice that express Cas9 in all cells and then 
used fluorescence-activated cell sorting (FACS) to isolate infected 
photoreceptors four weeks after injection ( Fig. 1E  ). We performed 
PCR across the gRNA-targeted region using genomic DNA 
extracted from the sorted cells and found that 89.8% of all Nr2e3  
alleles contained a mutation ( Fig. 1F   and SI Appendix, Table S1 ). 
Next, we repeated this experiment, but this time we harvested 
retinas at six months post-injection and performed bulk RNA-seq 
analysis on the FACS-purified cells and compared their transcrip-
tome to that of cells infected with a virus expressing a nontargeting 
control (NTC) gRNA. We found that only 66 genes changed 
expression by ≥2-fold ( Fig. 1G   and Dataset S2 ). Consistent with 
NR2E3’s role as a transcriptional repressor ( 15   – 17 ), nearly all 
dysregulated genes were upregulated, and about one-third of these 
upregulated genes were cone-enriched ( Fig. 1G  ). In situ hybridi-
zation for two cone-enriched genes (Gnat2  and Gnb3 ) confirmed 
upregulation specifically in AAV-infected cells ( Fig. 1H  ). In con-
trast, germline Nr2e3  knockout alters the expression of 141 genes 
in mouse retina by ≥2-fold (Dataset S3 ) ( 18 ). Thus, both acute 
﻿Nrl  and Nr2e3  knockouts have milder effects on gene expression 
than the corresponding germline knockouts.  

Acute Nr2e3 Knockout Prevents Degeneration in Pde6brd10/rd10 
Mice. Next, we tested whether acute Nr2e3 knockout could 
prevent photoreceptor degeneration in Pde6brd10/rd10 mice, a 
model of RP (20). Pde6b is a rod-specific gene which encodes 
part of the catalytic subunit of phosphodiesterase, an essential 
component of the rod phototransduction cascade (21). Mutations 
in PDE6B cause RP in humans (22), and Pde6brd10/rd10 mice 
display an early, rapid phase of rod loss starting around P15, 
followed by secondary cone death (Fig.  2A) (21, 23). By P60 
essentially all rods are gone, and cone death is advancing (21). 
We previously showed that a germline mutation in Nr2e3 (rd7) 
prevents photoreceptor degeneration in Pde6brd10/rd10 mice (10). 
Furthermore, another study suggested that acute Nr2e3 knockout 
may be neuroprotective in this model as well as in FVB/N mice 
which are homozygous for the rd1 allele of Pde6b (11). To more 
comprehensively evaluate the therapeutic effect of acute Nr2e3 
knockout, we injected Rosa26-Cas9; Pde6brd10/rd10 mice at P7 
with an AAV carrying a gRNA targeting Nr2e3 (g1) or an NTC 
gRNA and then harvested retinas for histologic evaluation at P60 
(Fig. 2A). Retinas infected with the Nr2e3 g1 virus showed excellent 
preservation of photoreceptors in the outer nuclear layer (ONL), 
including cones (Fig. 2B and SI Appendix, Fig. S1). In contrast, 
the ONL of NTC-infected retinas had degenerated to a single 
layer of cells lacking cone opsin immunoreactivity. To evaluate 
the durability of this therapeutic effect, we injected Rosa26-Cas9; 
Pde6brd10/rd10 mice at P15 with Nr2e3 g1 virus or an NTC-control 
and quantified photoreceptors at P60 and P180. We observed 
persistent preservation of photoreceptors at P180 (SI Appendix, 
Fig. S2 A–C). Sequence analysis of Nr2e3 g1-infected wild-type 
(WT) rods demonstrated mutations at a predicted off-target site 
deep within an intron of Vps13b (SI Appendix, Fig. S3A). To rule 
out the possibility that the therapeutic effect of Nr2e3 g1 was 
mediated by off-target mutations, we repeated the experiment 
using a second Nr2e3 gRNA (g2) with a distinct spectrum of 
predicted off-target sites (Fig. 3B). Nr2e3 g2 showed therapeutic 
efficacy comparable to that of Nr2e3 g1, indicating that the 
therapeutic effects are attributable to Nr2e3 knockout (Fig. 2B). 
Finally, we performed the experiment using a gRNA against 
Nrl (g1) which showed highly efficient knockout (SI Appendix, 
Fig. S3C) and therapeutic efficacy comparable to that of the two 
Nr2e3 gRNAs (Fig. 2C).

 To determine whether acute Nr2e3  knockout preserves photo-
receptor function in Pde6brd10/rd10   mice, we performed in vivo 
electroretinography (ERG) recordings. We examined the function 
of rods and M-cones by determining the b-wave ERG response 
under scotopic and photopic conditions, respectively ( Fig. 2D  ). 
To allow comparison with the morphological results, we performed 
the ERG recordings on 60-d-old Rosa26﻿-Cas9; Pde6brd10/rd10   mice 
that had been injected with Nr2e3  g1 at P7. Consistent with the 
observed morphological protection, animals with retinas infected 
with the Nr2e3  g1 virus showed significantly larger ERG responses 
compared to their NTC-infected counterparts under both scotopic 
and photopic conditions ( Fig. 2D  ). The extent of ERG rescue 
varied from eye to eye (SI Appendix, Fig. S2 ), which we attribute 
to variability in the extent of retinal surface area infected. Most 
retinas analyzed had ~25 to 30% of the retinal surface infected 
and the corresponding eyes showed moderate ERG rescue. In con-
trast, one eye with a particularly well-infected retina (i.e., with 
>90% of its surface area expressing mCherry) showed exceptional 
preservation of ERG responses (SI Appendix, Fig. S2 D–F﻿ , green 
trace). Taken together, these findings indicate that acute Nr2e3  
knockout preserves rod and cone photoreceptor function in 
﻿Pde6brd10/rd10   mice.

 To further quantify rescue of visual function, we evaluated 
treated mice using the Morris water maze, a test of vision-guided 
spatial learning. In this assay, a mouse is placed in a circular tub 
filled with opaque, milky water and must swim to a submerged 
platform marked by a red ball to “escape” from the water. Over 
the course of multiple trials, mice with intact vision learn to swim 
more directly toward the ball, while blind mice fail to learn the 
task ( Fig. 2E  ). We evaluated three cohorts of 2-mo-old Rosa26﻿- Cas9; 
Pde6brd10/rd10   mice which had been injected at P7 with an AAV 
either expressing the Nr2e3  g1 gRNA or an NTC gRNA. We tested 
each mouse in two blocks per day for two consecutive days, each 
block consisting of two trails. In each trial, we measured swimming 
speed, total path length, and time required for the mouse to reach 
the hidden platform. A mixed-samples ANOVA revealed a signif-
icant difference between Nr2e3  knockout mice and controls for 
both path length and time (P  = 5.0 × 10−4  and P  = 1.0 × 10−3 , 
respectively;  Fig. 2E  ), but no difference in swimming speed (P  = 
0.5). As expected, pairwise post hoc comparisons showed no dif-
ference between acute Nr2e3  knockout and control mice for any 
measurement in the initial block of trials (i.e., before the mice 
learned the task). In contrast, in trial blocks 2 to 4, mice injected 
with Nr2e3  g1 virus escaped over a shorter path and in less time 
than controls ( Fig. 2E  ). Additionally, the Nr2e3  knockout animals 
showed evidence of vision-based learning, as demonstrated by a 
shortening of both path length and escape time between blocks 1 
and 4 (P  = 1.3 × 10−4  and P  = 6.2 × 10−5 , respectively). Control 
mice showed no learning across trials. These results demonstrate 
that acute Nr2e3  knockout preserves vision-guided behavior in 
﻿Pde6brd10/rd10   mice.  

Acute Knockout of Nrl but not Nr2e3, Delays Degeneration 
in Rho Mutants. We next evaluated the therapeutic efficacy of 
acute Nr2e3 knockout in mice with loss- and gain-of-function 
mutations in Rhodopsin (Rho−/− and RhoP23H/P23H, respectively) 
(24, 25). Rhodopsin conjugated to 11-cis retinal constitutes visual 
pigment, the light-sensing molecule of rods. Loss-of-function 
mutations in human RHO cause autosomal recessive RP, and the 
gain-of-function P23H mutation is the most common cause of 
autosomal dominant RP in human patients (26). Rho−/− mice show 
loss of rods starting around P30, followed by secondary cone death 
(Fig. 3A) (24, 27). By P90, almost all rods are gone, and cone 
dysfunction is advanced (27). We injected H11-Cas9; Rho−/− mice D
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at P21 with an AAV carrying a gRNA targeting Nr2e3 or an NTC 
gRNA and then harvested retinas for histologic evaluation at P90. 
We used H11-Cas9 mice to express Cas9 because Rho and Rosa26 
are both located on mouse chromosome 6 and can therefore not 

be combined in the same animal. We found that acute knockout 
of Nr2e3 failed to prevent retinal degeneration in Rho−/− mice 
(Fig. 3 B and C). In contrast, mice injected with a gRNA against 
Nrl showed substantial rescue of photoreceptors (Fig. 3 B and 

Fig. 2.   Acute Nr2e3 knockout prevents photoreceptor degeneration and preserves visual function in Pde6brd10/rd10 mice. (A), Experimental timeline for evaluating 
therapeutic efficacy of acute knockout in Pde6brd10/rd10 mice. The genotype of the injected mice and the temporal progression of rod and cone degeneration are 
shown. (B), Evaluation of histologic rescue upon acute Nr2e3 or Nrl knockout. Whole-retina cross-sections (Top row) or close-ups (Bottom row; corresponding to 
the yellow box in Top row) show AAV-infected areas (indicated by mCherry expression) in retinas harvested at P60 from Rosa26-Cas9; Pde6brd10/rd10 mice injected 
at P7 with AAVs expressing the indicated gRNA. Immunohistochemistry for M-opsin is in green. D, dorsal; V, ventral; GCL, ganglion cell layer. (C), Quantification 
of results in B. Data are represented as mean ± SEM; individual values are shown as dots. Conditions were compared using an independent samples t test. 
(D), Evaluation of electrophysiologic rescue upon acute Nr2e3 knockout. Example ERG trace is shown on the Left. Scotopic (Middle panel) and photopic (Right 
panel) b-wave measurements were obtained from in vivo ERGs performed at P60 on Rosa26-Cas9; Pde6brd10/rd10 mice injected with AAV expressing either Nr2e3 
g1 or an NTC gRNA at P7. Each flash intensity was compared using an independent samples t test. Data are presented as mean ± SEM (n = 9 for Nr2e3 g1 and  
n = 10 for NTC gRNA). (E), Evaluation of vision-guided spatial learning after acute Nr2e3 knockout. Experimental setup of the Morris water maze assay (Left). The 
total path length (Middle panel) and amount of time (Right panel) required to find the hidden platform decrease over successive trials in 2-mo-old Rosa26-Cas9; 
Pde6brd10/rd10 mice injected at P7 with AAV expressing Nr2e3 g1 but not in those injected with AAV expressing an NTC gRNA. Successive trials were performed over 
the course of two days. Statistical significance was determined using a mixed samples ANOVA, n = 14 for Nr2e3 g1 and n = 16 for NTC gRNA. For all statistical 
tests: *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 3.   Acute Nrl knockout, but not acute Nr2e3 knockout, delays photoreceptor degeneration in Rho mutant mice. (A), Experimental timeline for evaluating 
therapeutic efficacy of acute knockout in Rho−/− mice. (B), Evaluation of histologic rescue upon acute Nr2e3 or Nrl knockout. Whole-retina cross-sections (Top 
row) or close-ups (Bottom row; corresponding to the yellow box in Top row) show AAV-infected areas (indicated by mCherry expression) in retinas harvested 
at P90 from H11-Cas9; Rho−/− mice injected at P21 with AAVs expressing the indicated gRNA. (C), Quantification of results in B. Data are represented as mean ± 
SEM; individual values are shown as dots. Conditions were compared using an independent samples t test. (D), Experimental timeline for evaluating therapeutic 
efficacy of acute knockout in H11-Cas9;RhoP23H/P23H mice. (E), Evaluation of histologic rescue upon acute Nr2e3 or Nrl knockout. Whole-retina cross-sections (Top 
row) or close-ups (Bottom row; corresponding to the yellow box in Top row) show AAV-infected areas (indicated by mCherry expression) in retinas harvested at 
P30 from H11-Cas9; RhoP23H/P23H mice injected at P7 with AAVs expressing the indicated gRNA. (F), Quantification of results in E. Data are represented as mean ± 
SEM; individual values are shown as dots. Conditions were compared using an independent samples t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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C), as previously reported (8). Next, we evaluated therapeutic 
efficacy in RhoP23H/P23H mice which experience rapid degeneration 
of rods starting shortly after P10; by P30, nearly all rods are gone 
and cone loss is progressing (Fig. 3D) (28). We injected P7 H11-
Cas9; RhoP23H/P23Hmice with an AAV carrying a gRNA targeting 
Nr2e3, Nrl, or an NTC gRNA and then harvested retinas for 
histologic evaluation at P30. Again, we found that acute knockout 
of Nr2e3 failed to prevent photoreceptor degeneration while acute 
Nrl knockout afforded substantial neuroprotection (Fig. 3 E and 
F). Taken together, our findings indicate that acute Nrl knockout 
delays retinal degeneration in three mechanistically distinct RP 
models (Pde6brd10/rd10, Rho−/−, and RhoP23H/P23H), while acute 
Nr2e3 knockout is protective in only one of them (Pde6brd10/rd10).

Pde6c Upregulation Mediates the Therapeutic Effect of Nr2e3 
Knockout. Next, we sought to determine the mechanistic 
basis for the selectivity of Nr2e3-knockout-mediated rescue in 
Pde6brd10/rd10 mice. We hypothesized that one or more of the 
63 genes upregulated upon acute Nr2e3 knockout (Fig.  1G) 
might mediate the therapeutic effect. One promising candidate 
is Pde6c, which encodes the catalytic subunit of the cone-specific 
phosphodiesterase. Prior studies showed that ectopic expression 
of Pde6c in rods rescues degeneration in Pde6b mutant mice (29, 
30). To determine whether increased levels of Pde6c transcripts 
correlate with increased protein expression after acute Nr2e3 
knockout, we used antibody staining to evaluate PDE6C levels 
in Rosa26-Cas9 mice injected with Nr2e3 gRNA g1 or an NTC 
gRNA. Consistent with our hypothesis (Fig. 4A), we found that 
acute Nr2e3 knockout results in widespread upregulation of 
PDE6C in rod outer segments (Fig. 4B). If upregulation of Pde6c 
is required for the therapeutic effect of acute Nr2e3 knockout, 
deletion of Pde6c should abrogate this effect. To test this idea, we 
generated mice with mutations in both Pde6b and Pde6c (Rosa26-
Cas9; Pde6brd10/rd10; Pde6ccpfl1/cpfl1), injected them at P7 with Nr2e3 
gRNA g1 or an NTC gRNA, and evaluated cellular rescue at P42 
(Fig. 4C). We found that mutation of Pde6c largely abrogates the 
therapeutic effect of acute Nr2e3 knockout, but some residual 
histologic rescue persists (Fig. 4D, orange bars in E). To determine 
the proportion of cellular rescue which is dependent on Pde6c 
upregulation, we repeated the experiment in mice with intact 
Pde6c (Fig.  4D, red bars in E). We found that approximately 
83% of the cellular rescue is dependent on Pde6c upregulation, 
and the remainder is Pde6c-independent (Fig. 4E and Materials 
and Methods). Acute Nrl knockout causes downregulation of 
Nr2e3 and corresponding upregulation of Pde6c (Fig.  1B), 
suggesting that it may mediate rescue in the Pde6brd10/rd10 model 
by a similar mechanism. To test this hypothesis, we repeated the 
experiment, this time with Nrl g1. Surprisingly, Pde6c deficiency 
did not diminish the therapeutic effect of acute Nrl knockout 
(Fig. 4 D and E). Taken together, these results indicate that in 
the Pde6brd10/rd10 degeneration model, the therapeutic effect of 
acute Nr2e3 knockout is mediated by a combination of Pde6c-
dependent and Pde6c-independent mechanisms, whereas the 
therapeutic effect of acute Nrl knockout is independent of Pde6c 
upregulation.

Discussion

 Targeting the Nrl –Nr2e3  pathway—either by germline or acute 
knockout—delays photoreceptor degeneration in multiple mouse 
models of RP ( Fig. 4F  ) ( 7   – 9 ,  11 ). Here, we confirm that acute Nrl  
knockout is neuroprotective in three models (Rho−/−  , RhoP23H/P23H  , 
and Pde6brd10/rd10  ), while acute Nr2e3  knockout prevents retinal 
degeneration in only one (Pde6brd10/rd10  ) ( Fig. 4F  ). The therapeutic 

effect in Pde6brd10/rd10   mice is largely mediated by upregulation of 
﻿Pde6c  in rods, suggesting a “gene replacement” mechanism. We 
previously reported that germline Nr2e3  knockout is neuropro-
tective in three models of photoreceptor degeneration (light dam-
age, Rho−/−  , and Pde6brd10/rd10  ) ( 10 ). Thus, rescue of degeneration 
in Pde6brd10/rd10   is the only therapeutic effect shared by all three 
knockouts (i.e., acute Nrl , acute Nr2e3 , and germline Nr2e3 ) 
( Fig. 4F  ). A comparison of transcriptomic changes in these three 
knockouts reveals only four upregulated genes in common 
(Ccdc175 , Clca1 , Gnat2 , and Pde6c ) (SI Appendix, Fig. S4 ), raising 
the possibility that Pde6c  upregulation might represent a shared 
therapeutic mechanism in Pde6brd10/rd10   mice. Surprisingly, rescue 
by acute Nrl  knockout was independent of Pde6c  upregulation. 
This result and the broader therapeutic efficacy of acute Nrl  knock-
out compared to acute Nr2e3  knockout implies the existence of 
alternative therapeutic mechanisms downstream of acute Nrl  
knockout. It remains to be determined whether the therapeutic 
efficacy in Rho  mutants (and potentially other models) is attribut-
able to upregulation of additional cone genes in rods or downreg-
ulation of rod genes, but a recent study points to the latter ( 31 ) 
(see below). In either case, the present results define a testable list 
of alternate candidate effector genes and reconfirm the broad ther-
apeutic efficacy of acute Nrl  knockout.

 A prior study reported morphologic and electroretinographic 
rescue of Pde6brd10/rd10  and FVB/N mice (which are homozygous 
for the rd1  allele of Pde6b ) via acute Nr2e3  knockout ( 11 ). Our 
study expands upon these findings in four ways: We evaluate the 
therapeutic efficacy of acute Nr2e3  knockout in two additional 
models, Rho−/−   and RhoP23H/P23H  ; we include results of a Morris 
water maze assay for rescue in Pde6brd10/rd10  ; we demonstrate the 
dependence of the rescue in Pde6brd10/rd10  on upregulation of Pde6c ; 
and we present RNA-seq analysis of the gene expression changes 
that occur downstream of acute Nr2e3  knockout. While our find-
ings suggest that the therapeutic efficacy of acute Nr2e3  knockout 
may be restricted to a single mouse mutant, NR2E3  mutations in 
human appear to have more widespread effects on rod gene expres-
sion than in mouse ( 32 ). Thus, acute NR2E3  knockout in human 
rods may have broader therapeutic potential.

 A recent study showed that photoregulin3—a small molecule 
that putatively acts as a modulator of NR2E3—causes selective 
downregulation of rod genes and delays photoreceptor loss in 
﻿RhoP23H/P23H   mice ( 31 ). The downregulation of rod genes after 
photoregulin3 treatment contrasts with the almost exclusive 
upregulation of cone genes we observed upon acute Nr2e3  knock-
out. The reason for this discrepancy remains unclear. Nonetheless, 
downregulation of a similar set of rod genes (e.g., Rho , Gnat1 , 
﻿Pde6g,  etc.) after photoregulin3 treatment and acute Nrl  knockout 
suggests that rod gene downregulation may be responsible for the 
delay in photoreceptor degeneration observed in RhoP23H/P23H   mice 
after both treatments.

 Another recent study suggested that overexpression of Nr2e3  
in mouse rods slows disease progression in multiple RP models, 
including Rho−/−  , RhoP23H/+  , and Pde6brd1/rd1   ( 33 ). We find these 
results to be unconvincing as the histologic images (their  Fig. 4A  ) 
show no appreciable difference in ONL thickness between treated 
mice and controls, despite the authors’ claims to the contrary 
(their  Fig. 4C  ). More systematic analysis of the therapeutic efficacy 
of Nr2e3  overexpression is warranted since clinical trials are cur-
rently underway in patients with RP and Leber congenital amau-
rosis ( 34 ).

 Taken together, these findings suggest that targeting the NRL –
﻿NR2E3  pathway may be a viable approach to treating multiple 
genetically and mechanistically distinct forms of RP in human 
patients. We find that multiple downstream therapeutic effectors D
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Fig. 4.   Upregulation of Pde6c after acute Nr2e3 knockout prevents photoreceptor degeneration in Pde6brd10/rd10 mice. (A), Hypothesized mechanism of rescue by 
acute Nr2e3 knockout. WT rods and cones express distinct opsin, transducin, and phosphodiesterase (PDE) components (Top row). Pde6brd10/rd10 mice express an 
unstable form of the β-subunit of rod phosphodiesterase (Bottom row). Upon acute Nr2e3 knockout, Pde6c expression is upregulated in rods, thereby reconstituting 
a fully functional hybrid phosphodiesterase (Bottom row). (B), Antibody staining demonstrates PDE6C expression in Nr2e3-knockout rods. Rosa26-Cas9 mice 
were injected with either Nr2e3 g1 or an NTC gRNA at P7, and retinas were harvested, sectioned, and stained at ~8 mo postinjection. Acute Nr2e3 knockout 
(Bottom row) results in a continuous band of PDE6C staining in the outer segment layer consistent with its expression in rods, whereas retinas infected with 
an AAV expressing an NTC gRNA show staining restricted to cone outer segments (Top row). (C), Experimental timeline for evaluating therapeutic efficacy of 
acute knockout in Pde6brd10/rd10; Pde6ccpfl1/cpfl1 mice. (D), The full therapeutic effect of acute Nr2e3 knockout in Pde6brd10/rd10 mice depends on Pde6c. Rosa26-Cas9; 
Pde6brd10/rd10; Pde6ccpfl1/cpfl1 mice were injected with AAV expressing either Nr2e3 g1, Nrl g1, or an NTC gRNA at P7, and retinas were harvested for histologic 
evaluation at P42. Only the Pde6c genotype is indicated at the Top. (E), Quantification of results in D. Pde6c deficiency greatly diminishes the therapeutic effect 
of acute Nr2e3 knockout, but some residual rescue remains. Conversely, the therapeutic effect of acute Nrl knockout is independent of Pde6c. The therapeutic 
effect of acute Nr2e3 knockout is greater than that of acute Nrl knockout at this time point. Data are represented as mean ± SEM; individual values are shown 
as dots. Conditions were compared using an independent samples t test. (F), Summary of transcriptomic changes and therapeutic effects of germline or acute 
knockout of Nr2e3 or Nrl in four different mouse models of RP with mutations in phototransduction components. The asterisk indicates that rescue was shown 
in Pde6brd1/rd1 mice, which display a more rapid degeneration than Pde6brd10/rd10 mice. ND, not done. *P < 0.05, **P < 0.01, ***P < 0.001.
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are operative in distinct mouse models, and the same may prove 
true in humans. In Pde6brd10/rd10   mice, the most potent therapeutic 
effect depends, at least in part, on upregulation of Pde6c , which 
encodes the cone-specific paralog of Pde6b . This mechanism—
induced upregulation of the “cone equivalent” of a rod-specific 
gene—is analogous to a recently reported treatment strategy in 
which the authors used CRISPR-mediated gene activation to 
upregulate the cone-specific M-opsin gene (Opn1mw ) in the rods 
of Rho−/−   mice ( 35 ). The latter strategy requires delivery of a cat-
alytically “dead” Cas9 fused to a transcriptional activation domain 
via a “split” dual AAV system. The general applicability of this 
“gain-of-function” approach could be limited by the efficiency of 
dual AAV delivery and the extent of target gene upregulation 
achievable by CRISPR activation. In contrast, the Nrl –Nr2e3  
pathway can be targeted using small molecules—as shown with 
photoregulin3—or potentially via intraocular delivery of antisense 
oligonucleotides against Nrl  or Nr2e3 . Antisense oligonucleotides 
have shown considerable promise in the treatment of neurological 
diseases ( 36   – 38 ). Furthermore, this strategy has the added advan-
tage over AAV-based therapies that treatment can be discontinued 
if adverse side effects occur.  

Materials and Methods

Animals. Animals were fed with standard chow (LabDiet 5053; Purina Mills, 
Gray Summit, MO) and raised under a 12-h dark/light cycle. Experimental proce-
dures were carried out in accordance with the NIH Guide for the Care and Use of 
Laboratory Animals and the ARVO Statement for the Use of Animals in Ophthalmic 
and Vision Research and were approved by the Institutional Animal Care and Use 
Committee of Washington University in St. Louis (protocol #22-0430). Additional 
details are provided in SI Appendix, Materials and Methods.

Genotyping. All mouse genotyping reactions were performed according to 
established protocols (20, 24, 25, 39, 40) except for Pde6ccpfl1/cpfl1mice (41). In 
this case, DNA primers (listed in SI Appendix, Table S2) were used to amplify a 
312 bp region encompassing a 1 bp deletion in exon 7 of Pde6ccpfl1 which gen-
erates a unique Fok1 site (GGATG). Additional details are provided in SI Appendix, 
Materials and Methods.

AAV Vectors. The vector for delivery of CRISPR gRNAs was modified from pAAV-
U6-gRNA-CBh-mCherry (a gift from Jimok Kim; Addgene plasmid # 91947) (42). 
The NTC gRNA sequence (GCTTTCACGGAGGTTCGACG) was selected from the 
GeCKO v2 mouse library (43). The gRNA targeting Nrl (GTATGGTGTGGAGCCCAACG) 
is the same one used in a previous study (8). All oligonucleotides used for cloning 
guide RNAs are listed in SI Appendix, Table S2. Additional details are provided in 
SI Appendix, Materials and Methods.

AAV Vector Packaging. AAV genomes were packaged with a 7m8 coat (44) 
according to a standard procedure. Additional details are provided in SI Appendix, 
Materials and Methods.

Subretinal Injection of AAV. Subretinal AAV injections were performed either 
manually or with the aid of a stereotactic apparatus. Additional details are pro-
vided in SI Appendix, Materials and Methods.

ERG. Mice were dark-adapted overnight and anesthetized with an intraperitoneal 
injection of ketamine (100 mg/kg) and xylazine (4 mg/kg). Scotopic and photopic 
ERG responses were measured from both eyes. Further details are provided in 
SI Appendix, Materials and Methods.

Morris Water Maze Assay. The Morris water maze assay was performed as 
described previously (45) with some modifications as described in SI Appendix, 
Materials and Methods.

Retinal Dissociation and FACS. Retinas isolated from AAV-injected mice were 
dissociated using papain incubation followed by trituration with additional details 
provided in SI Appendix, Materials and Methods. The filtered cells were sorted 
using an Aria II FACS machine (BD Biosciences, Franklin Lakes, NY) with appro-
priate gating based on forward scatter, side scatter, and mCherry fluorescence.

Evaluation of gRNA Efficacy. To assess gRNA efficacy, genomic DNA was purified 
from FAC sorted cells using the Qiagen DNEasy Blood and tissue kit (Qiagen; 
Germantown, MD). Library preparation and sequencing are described in detail in 
SI Appendix, Materials and Methods. The paired-end reads, amplicon sequences, 
and original gRNA target sequences were used as input to CRISPResso2 with 
default parameter settings (46). The results of CRISPResso2 for each gRNA at each 
target site are summarized in SI Appendix, Table S1.

RNA Sequencing. AAV-infected photoreceptor cells were sorted by FACS and 
collected into TRIzol LS reagent (Thermo Fisher Scientific, Waltham, MA). Total RNA 
was then purified according to the manufacturer’s instructions. Details on RNA 
quality control, library preparation, and sequencing are available in SI Appendix, 
Materials and Methods. Paired-end reads were aligned to the mouse genome 
(GRCm38/mm10) using STAR (v2.7.3a) (47). Read counts were calculated using 
HTSeq (0.12.4) (48). Differential gene expression was calculated using DESeq2 
(v1.42.0) (49), requiring a minimum log2 fold-change of 1 and an adjusted 
p-value of 0.05. Previously published RNA-seq data from Nr2e3rd7/rd7 and WT 
retina (18) were reprocessed in parallel using identical methods. The results of 
these analyses are presented in Datasets S2 and S3. Sequence data for acute 
Nr2e3 knockout have been deposited in the NCBI Gene Expression Omnibus 
(GEO) and are available under accession GSE256407.

Microarray Analysis. Nrlflox/flox; CAG-CreERTM and Nrlflox/+; CAG-CreERTM mice were  
injected intraperitoneally on a daily basis from P42 to P44 with 4-hydroxytamoxifen 
(dissolved in 15% ethanol/85% corn oil; Sigma Aldrich, St. Louis, MO) to induce 
recombination of the Nrlflox alleles, and retinas were then harvested at P63 for 
microarray analysis. Total RNA was extracted from retinas using TRIzol LS reagent 
(Thermo Fisher Scientific; Waltham, MA) and purified using the RNeasy kit 
(Qiagen; Germantown, MD). Two biological replicates, each consisting of total 
RNA from four retinas (two animals), for each genotype were analyzed. Details on 
target preparation, hybridization, and differential expression analysis are provided 
in SI Appendix, Materials and Methods. The results of this analysis are presented 
in Dataset S1. Microarray data have been deposited in GEO and are available 
under accession GSE256408.

Histology. Eyes were fixed, embedded in Optimal Cutting Temperature com-
pound (OCT; Sakura Finetek USA; Torrance, CA), sectioned, mounted, and 
imaged using either an Olympus BX51 compound microscope or a Zeiss 880 
laser-scanning confocal microscope in the Washington University Center for 
Cellular Imaging (WUCCI) at Washington University in St. Louis. Further details 
are provided in SI Appendix, Materials and Methods.

Quantification of Photoreceptor Cells. Photoreceptor nuclei were quantified 
in AAV-infected (i.e., mCherry+) regions of the central or mid-peripheral retinas 
of AAV-injected mice. Sections in which the ONL was severely detached from the 
retinal pigment epithelium were excluded from the analysis. Further details are 
provided in SI Appendix, Materials and Methods.

Immunohistochemistry. Immunohistochemistry against PDE6C was performed 
on retinal sections from Rosa26-Cas9 mice injected subretinally at three weeks 
of age with AAV expressing either Nr2e3 g1 or a NTC gRNA and harvested eight 
months later. Immunohistochemistry against M-opsin and S-opsin was per-
formed on sections from Rosa26-Cas9; Pde6brd10/rd10 mice injected subretinally 
at P7 with AAV expressing gRNA targeting Nr2e3, Nrl, or control, and harvested 
at P60. Further details are provided in SI Appendix, SI Materials and Methods.

In Situ Hybridization. In situ hybridizations were performed as previously 
described (50). The retinal frozen sections used for the procedure derive from 
Rosa26-Cas9 mice injected subretinally at P30 with AAV expressing either Nr2e3 
g1 or a NTC gRNA and harvested eight weeks later. Antisense RNA riboprobes for 
Gnat2 and Gnb3 were synthesized from templates generated by PCR using mouse 
retinal cDNA and primers listed in SI Appendix, Table S2.

Data, Materials, and Software Availability. Sequencing data and Microarray 
and RNA-seq data have been deposited in NCBI Gene Expression Omnibus under 
accession numbers GSE256407 (51) and GSE256408 (52). All study data are 
included in the article and/or supporting information.
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