
O R I G I N A L  R E S E A R C H

Gene Therapy for Rdh12-Associated Retinal 
Diseases Helps to Delay Retinal Degeneration and 
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Purpose: The aim of study was to establish Rdh12-associated inherited retinal disease (Rdh12- 
IRD) mouse model and to identify the best timepoint for gene therapy.
Methods: We induced retinal degeneration in Rdh12−/− mice using a bright light. We clarified 
the establishment of Rdh12-IRD mouse model by analyzing the thickness of retinal layers and 
electroretinography (ERG). Rdh12-IRD mice received a subretinal injection of adeno-associated 
virus 2/8-packaged Rdh12 cDNA for treatment. We evaluated the visual function and retinal 
structure in the treated and untreated eyes to identify the best timepoint for gene therapy.
Results: Rdh12-IRD mice showed significant differences in ERG amplitudes and photo-
receptor survival compared to Rdh12+/+ mice. Preventive gene therapy not only maintained 
normal visual function but also prevented photoreceptor loss. Salvage gene therapy could not 
reverse the retinal degeneration phenotype of Rdh12-IRD mice, but it could slow down the 
loss of visual function.
Conclusion: The light-induced retinal degeneration in our Rdh12−/− mice indicated that 
a defect in Rdh12 alone was sufficient to cause visual dysfunction and photoreceptor 
degeneration, which reproduced the phenotypes observed in RDH12-IRD patients. This 
model is suitable for gene therapy studies. Early treatment of the primary Rdh12 defect 
helps to delay the later onset of photoreceptor degeneration and maintains visual function in 
Rdh12-IRD mice.
Keywords: Rdh12, retinal diseases, mouse model, gene therapy

Introduction
Retinol dehydrogenase 12 (RDH12) is a nicotinamide adenine dinucleotide phos-
phate-dependent retinal reductase, which specifically localizes in the inner seg-
ments of rod and cone photoreceptor cells.1 RDH12 protects photoreceptors from 
intense illumination-induced cytotoxicity by reducing free all-trans-retinal.2–4 

Recessive RDH12 mutations are associated with inherited retinal diseases (IRDs), 
diagnosed as Leber congenital amaurosis type 13 or early-onset severe retinal 
dystrophy, which accounts for approximately 3.4–10.5% of IRD cases.5,6 RDH12- 
IRD is a complex disease in which vision loss is caused by two pathological 
mechanisms: visual dysfunction and photoreceptor degeneration.7,8 With the suc-
cess of retinal pigment epithelium-specific protein 65 kDa (RPE65) gene therapy, 
there is new hope for other retinal diseases.9

The most common retinal phenotypes in patients with RDH12-IRD are progres-
sive rod-cone dystrophy and severe macular atrophy.7,8 The clinical signs of RDH12- 
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IRD include universal reduction in rod and cone electro-
retinography (ERG) responses10 and abnormal macular 
structure with an almost undetectable outer nuclear layer 
(ONL) within a thinned foveal center by spectral domain 
optical coherence tomography (SD-OCT).8 The degree of 
retinal degeneration in RDH12-IRD is more serious than 
those of other types of IRD.11 However, Rdh12 knockout 
mice (Rdh12−/− mice) lack the rapid retinal degeneration 
phenotypes observed in humans.2,12,13 Without the retinal 
disease phenotypes of visual function and retinal structure, 
it is difficult to judge the effect of gene therapy. The estab-
lishment of Rdh12-IRD mouse model is essential for gene 
therapy research.

Studies have shown that C57BL/6 mice with RPE65 
(Met450Leu) variant are more susceptible to light 
damage.14 Rdh12−/− C57BL/6 mice with RPE65 
(Met450Leu) variant are also susceptible to light-induced 
photoreceptor apoptosis, and bright light could induce 
retinal degeneration.12 This phenotype is similar to that 
of human IRD, but it may be due to a joint influence of 
Rdh12 and Rpe65. Moreover, the changes in visual func-
tion and fundus phenotype induced by light are unknown. 
In our study, Rdh12−/− C57BL/6 with RPE65 (Met-450) 
was used as an Rdh12-IRD mouse model, which expresses 
RPE65 at a significantly low level.14 Since we want to 
study the effect of Rdh12 gene therapy, it is appropriate to 
study Rdh12 defect-only mice.

Adeno-associated virus 2/5 (AAV2/5) gene therapy has 
been performed in Rdh12−/− BALB/cJ with RPE65 (Leu- 
450), which prevents light-induced visual dysfunction in 
mice, but the changes of retinal structure remain unclear.6 

Presumably, the correction of potential cellular dysfunc-
tion will promote neuronal survival in human recessive 
retinal degeneration.15 Rdh12-IRD gene therapy should 
not only focus on the improvement of visual function, 
but also on slowing the progress of photoreceptor degen-
eration. Furthermore, the effect after the degenerative 
phase of IRD for gene therapy is also important.

In our study, we explored the effects of gene therapy 
before (preventive gene therapy) and after (salvage gene 
therapy) the onset of IRD. We aimed to determine (1) 
whether bright light could induce human IRD phenotypes 
of dysfunction and degeneration of photoreceptors in 
Rdh12 defect-only mice, (2) whether gene therapy had 
similar therapeutic effects in Rdh12−/− C57BL/6 mice as 
in Rdh12−/− BALB/cJ mice, (3) whether preventive gene 
therapy was effective for visual function and whether it 

had an effect on retinal degeneration, and (4) whether 
salvage gene therapy was effective.

Materials and Methods
Experimental Animals
The Rdh12−/− mice were generated by Biocytogen 
(Beijing, China) (license number: SCXK [Su] 2016- 
0004) using CRISPR/Cas9– based EGE system. Briefly, 
two single guide RNAs (sgRNAs) were designed to target 
the upstream of exon 1 and the downstream of exon 5 in 
the non-conservative region of Rdh12. The sgRNAs plas-
mid with Cas9 mRNA was co-injected into C57BL/6 with 
RPE65 (Met-450) mouse zygotes, and surviving zygotes 
were transferred into KM albino pseudo-pregnant mice. 
All treatment and care of animals were performed accord-
ing to the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals and approved by the 
Animal Care and Ethics Committee at Zhejiang 
Provincial People’s Hospital (Hangzhou, China).

Virus Preparation
The cDNA sequence (951 bp) of mRdh12 (NM_030017) 
was cloned into AAV2/8 plasmid that yielded AAV2/ 
8-CMV-mRdh12 and the control AAV2/8-CMV-GFP. 
After sequence verification, amplicons were packaged 
using a three-plasmid transient transfection of human 
embryonic kidney 293T cells (ATCC, Manassas, VA). 
The transfection and purification were performed by 
using a protocol as published16,17 (Supplementary 
Methods).

Rdh12-IRD Mouse Model Construction
Light damage was induced as previously 
published.12,14,18 6–8-week-old mice were dark-adapted 
overnight and exposed to 3 Klux diffuse white fluores-
cent light (lights on at 11:00 a.m.) for 48 h after pupil 
dilation with 0.01% atropine eye gel. After light expo-
sure and dark adaptation for 24 h, retinal structure was 
evaluated by analyzing the thickness of retinal layers. 
Moreover, visual function and fundus phenotype were 
detected by ERG recording and fundus imaging 7 days 
after exposure.

Subretinal Injections and Gene Therapy
Subretinal injections were performed as reported6 with 
slight modifications. Xylazine (7 mg/kg) and ketamine 
(70 mg/kg) were used as general anesthetics, and 2.5% 
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phenylephrine hydrochloride with 1% tropicamide was 
administered for pupil dilation. The tip of a 29-gauge 
hypodermic needle was used to make a small incision 
through the cornea adjacent to the limbus under an 
ophthalmic surgical microscope. After penetration, the 
needle orientation was changed to be parallel to the ante-
rior surface of the lens, which would avoid possible inju-
ries to the lens. A Hamilton syringe with 33-gauge blunt 
needle was inserted through the incision, avoiding the lens 
to go deeper into the vitreous cavity, and pushed through 
the retina. Mice received a subretinal injection of 1 µL 
each to produce bullous retinal detachment in the inferior 
or superior hemisphere within the nasal quadrant, covering 
approximately one-third of the retina. After 5 days, OCT 
imaging detected the disappearance of bullous retinal 
detachment and the restoration of retinal structure, which 
can be considered a successful injection. The successfully 
injected mice were used for further experiments.

The experiment of gene therapy was divided 6– 
8-week-old mice into four groups, Rdh12+/+ negative 
light-induced retinal degeneration (Rdh12+/+-LD) (nega-
tive control), Rdh12−/−-LD (positive control), preventive 
gene therapy (Rdh12−/− mice-preventive), and salvage 
gene therapy (Rdh12−/− mice-salvage) (n=8–10 each). 
The preventive and salvage groups received the subretinal 
injection of AAV2/8-mRdh12 (4.5×1010 vg) in one eye and 
no treatment in the contralateral eye. In the preventive 
group, gene therapy was performed first, and LD was 
performed after the expression of Rdh12 detected. In the 
salvage group, LD was performed first and then followed 
by gene therapy. Young adult mice were randomly 
grouped, and both sexes in equal numbers were used for 
injections. After 3 and 6 months of gene therapy, the 
effects of gene therapy were assessed by retinal structure 
and visual function.

Hematoxylin-Eosin Staining and 
Photography
Eye samples were enucleated and fixed in 75% ethanol: H2 

O: methanol: acetic acid (10:7:2:1) for 48 h. The tissues 
were embedded in paraffin, sectioned vertically through 
the optic nerve, and then stained with hematoxylin-eosin 
(HE). Images were taken using a microscope (Olympus 
BX61, Japan) equipped with a digital camera (Olympus 
DF72, Japan). The ce11Sens 1.14 software was used to 
measure the thicknesses of each retinal layer and total 

retina in the inferior and superior retina as per standard 
convention.

There were two measurement methods.19,20 First, dif-
ferences of each layer thickness in mice retina were mea-
sured at 1000 µm from the optic nerve head to determine 
the degree of light-induced photoreceptor degeneration. 
Second, Rdh12 located in the inner segment (IS) layer. 
The thicknesses of IS+OS and ONL were measured to 
determine the effects of gene therapy in the location: 400 
µm (S-3), 800 µm (S-2), and 1200 µm (S-1) superior and 
400 µm (I-3), 800 µm (I-2), and 1200 µm (I-1) inferior to 
the optic disc.

Electroretinography Recordings
ERG was recorded as previously published.21 Five inten-
sities for scotopic flash ERG (−3.699, −2.201, −0.699, 
0.301, and 0.799 log cd·s/m2) and photopic stimuli 
(−0.699, −0.201, 0.301, 0.799, and 1.301 log cd·s/m2) 
were observed. Photopic ERGs were recorded after 10 
min of light adaptation with a rod-saturating background 
(1.398 log cd/m2).

The ERG protocol of gene therapy consisted of record-
ing scotopic responses to LED stimuli (−2.201 log cd·s/m2 

for rod isolated B-wave, 0.799 log cd·s/m2 for rod-cone 
combined response). Photopic ERGs were in response to 
0.799 log cd·s/m2 intensity flashes. All mice were dark- 
adapted overnight before the experiments. Mice were 
anesthetized by a mixture of ketamine/xylazine as 
described above.

Two-Choice Cued Water Maze Task
A Morris water maze was used to detect cone visual 
function. Morris water maze was performed according to 
the previously published protocol.22 First, mice were 
trained to habituate to the water and one stable platform. 
During the first day of the experiment, mice were trained 
to associate red with a stable platform. During the second 
day of the experiment, mice had to discriminate between 
two visible platforms, red (stable and correct) and green 
(unstable and incorrect). The reflectance of the red-colored 
cue was well within the spectral window of the wild-type 
mouse M-opsin, not green. Mice with normal vision could 
distinguish between red and green.23,24 The number of 
correct choices, time to stable platform and travelled dis-
tance were used for evaluating cone visual function of 
mice.
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Statistical Analyses
Statistical analyses were performed using a statistical soft-
ware (Statistical Package for the Social Sciences software, 
version 21.0, NY, USA). The data was analyzed using the 
Mann–Whitney U-test and Kruskal–Wallis test. Statistical 
difference was determined by the Mann–Whitney U-test 
between the two groups. The Kruskal–Wallis test was used 
for multiple groups. Results were presented as median 
(min - max). P values < 0.05 were considered significant.

Results
Bright Light Induced IRD in Rdh12−/− 

Mice
We aimed to detect differences in visual function and 
retinal structure before and after LD in mice. The abol-
ished expression of Rdh12 was confirmed (Supplementary 

Figure 1). The differences between overall retinal function 
in Rdh12−/− and Rdh12+/+ mice were evaluated by ERG. 
There were no significant differences in the amplitudes of 
a- or b-waves between Rdh12−/− and Rdh12+/+ mice at 6– 
8 weeks (Figure 1A and B). After 48 h of illumination, 
there was a significant reduction in a- and b-waves in 
Rdh12−/− mice (Figure 1C and D), indicating that 
Rdh12−/− mice were more susceptible to LD than 
Rdh12+/+ mice.

We examined the histological differences between 
Rdh12+/+ and Rdh12−/− mice under natural or bright- 
light conditions. No apparent differences were noted in 
the retinal structure of Rdh12+/+ or Rdh12−/− mice over 
the course of 1 year (Figure 2A and B). After 48 h of 
illumination, the ONL of Rdh12−/− mice around the cen-
tral area was reduced; no changes were observed in the 
same area in Rdh12+/+ mice. No significant changes in the 

Figure 1 Visual dysfunction was induced by bright light in Rdh12−/− mice. (A) A-wave, b-wave amplitudes of scotopic ERG in Rdh12+/+ and Rdh12−/− mice. (B) A-wave, 
b-wave amplitudes of photopic ERG in Rdh12+/+ and Rdh12−/− mice. (C) The scotopic ERG of Rdh12+/+-LD and Rdh12−/−-LD mice. (D) The photopic ERG of Rdh12+/+-LD 
and Rdh12−/−-LD mice. Results were presented as median (min - max). n=8–10 per group. *P < 0.05; **P < 0.01 vs Rdh12+/+-LD group.
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peripheral retina were detected in either genotype. Other 
retinal layers in Rdh12−/−-LD mice were decreased to 
some extent (Figure 2C and D). Numerous yellow-white 
punctate retinal flecks were detected in the fundus of 
Rdh12−/−-LD mice (Figure 2E), but not in Rdh12+/+-LD 
mice.

Rdh12−/− mice had normal photopic and scotopic ERG 
kinetics, indicating that these mice have normal photo-
transduction signaling in the natural state in rod and cone 
photoreceptors. Bright light induced visual dysfunction 
and photoreceptor degeneration in Rdh12−/− mice. Yellow- 
white punctate retinal flecks in the fundus of Rdh12−/− 

mice revealed retinal related diseases.

Earlier Treatment Was More Beneficial in 
Rdh12-IRD Mice Retinas
Gene therapy was performed in Rdh12−/− mice before and 
after the onset of LD-IRD to study the effects of preventive 
and salvage treatments related to Rdh12 defects on visual 
dysfunction and photoreceptor degeneration. The Rdh12 

mRNA level of treated Rdh12−/− mice reached 70–80% of 
that in Rdh12+/+ mice after gene therapy (Supplementary 
Figures 2 and 3). Moreover, the restoration of retinal struc-
ture was confirmed (Supplementary Figure 4). Mice under-
went ERG analysis of rod- and cone-mediated light 
responses 3 (Figure 3A–D) and 6 months (Figure 3E–H) 
post-injection. The amplitudes of rod- and cone-mediated 
responses in eyes of the preventive group were significantly 
greater than those in the untreated Rdh12−/−-LD and sal-
vage group, both in photopic and scotopic ERG. In addition, 
the eyes of the salvage group showed minor differences in 
activity compared to Rdh12−/−-LD (positive control). The 
high level of significance obtained in pairwise comparisons 
of rod and cone function in the preventive and salvage 
group provides strong evidence for the importance of treat-
ment timepoint. Furthermore, the percentage of cone 
B-wave and combined rod-cone B-wave remaining in eyes 
of the preventive and salvage groups was significantly 
greater than that remaining in Rdh12−/−-LD mice 
(Figure 3I–L). The remaining was calculated from the 
ratio of 6- and 3-month ERG level.

Figure 2 Photoreceptor degeneration was induced by bright light in Rdh12−/− mice. (A) Montage of cross-sections of the retina from Rdh12−/− and Rdh12+/+ mice that 
raised in 12h dark/12h light conditions for 1 year. (B) Quantify the thickness of different layers in Rdh12−/− and Rdh12+/+ mice retina, which were measured at 1000 µm from 
the optic nerve head. (C) Montage of cross-sections of the retina from Rdh12−/−, Rdh12−/−-LD and Rdh12+/+-LD mice, which exposed to light for 48 h and then dark- 
adapted for 24h. The ages of mice were 6–8 weeks. (D) Quantify the thickness of different layers in Rdh12−/−, Rdh12−/−-LD and Rdh12+/+-LD mice retinas, which were 
measured at 1000 µm from the optic nerve head. (E) Fundus camera detected fundus appearance. Results were presented as median (min - max). Scale bar, 20 µm. n=8– 
12 per group. *P < 0.05 vs Rdh12−/− group. #P < 0.05; ##P < 0.01 vs Rdh12−/−-LD group. 
Abbreviations: RGC/FL, retinal ganglion cell/fiber layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner 
segment; OS, outer segment; RPE, retinal pigment epithelium.
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We hypothesized that the preventive group had greater rod 
and cone activity because of a decreased degree of retinal 
degeneration. To confirm this, histological differences 
between the four groups were examined. The measurement 
position was shown below (Figure 4A). The results of HE 
staining showed that the retinal thickness of the preventive 
group was evidently thicker than that in the salvage group 
(Figure 4B and C). As the IS layer was significantly thin to 
measure by itself, we evaluated the combined thickness of IS 
+OS layers, where the cones and rods were located (Figure 5A 

and B). The thickness of the ONL was significantly different 
after LD (Figure 5C and D). These results supported the 
conclusion that preventive gene therapy can slow down photo-
receptor loss. There were no significant differences between 
the salvage group and Rdh12−/−-LD mice.

Cone-Guided Behavior of Rdh12−/− Mice 
in the Two-Choice Cued Water Maze
Two-choice cued water maze experiments are highly 
dependent on cone-mediated vision under photopic 

Figure 3 Rod- and cone-mediated light responses after gene therapy in four groups. Scotopic (rod-isolated and combined rod-cone) and photopic (cone-isolated) responses 
were quantified. A-wave, b-wave amplitudes were calculated for injected and noninjected eyes. Results of 3 months (A–D) and 6 months (E–H) post-injection, and 3 months 
of comparison ERG remaining (I–L) were showed. Results were presented as median (min - max). n=8–10 per group. *P <0.05; **P <0.01 vs Rdh12+/+-LD group. #P < 0.05; 
##P <0.01 vs Rdh12−/−-LD group. ΔP < 0.05; ΔΔP <0.01 vs preventive group.
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conditions. All groups of mice were able to differentiate 
between the two platforms based on the visual cues. 
However, the correct rate (Figure 6A), time to platform 
(Figure 6B), and travelled distance (Figure 6C and D) 
were significantly different. The preventive group mice 
performed significantly better than the salvage group and 
were similar to Rdh12+/+-LD mice. In addition, the sal-
vage group showed minor differences compared to 
Rdh12−/−-LD (positive control). This confirmed that pre-
ventive gene therapy was sufficient to restore cone- 
mediated visual behavior.

Discussion
The Rdh12−/− mice do not recapitulate the severe pheno-
types observed in human patients, such as decreased scoto-
pic and photopic ERG responses or retinal degeneration,3,12 

thus presenting several limitations for the study of RDH12 
related disease mechanisms and gene therapy. We found 
that light-induced visual dysfunction and retinal degenera-
tion could establish a better IRD model in Rdh12−/− 

C57BL/6 RPE65 (Met-450) mice. Our results from a light- 
induced Rdh12-IRD model showed significant differences 

in ERG amplitudes and photoreceptor survival compared to 
Rdh12+/+ mice, indicating that a defect in the Rdh12 gene 
alone was sufficient to cause visual dysfunction and photo-
receptor degeneration. In addition, yellow-white punctate 
retinal flecks were detected, which is a characteristic fundus 
phenotype of retinal degeneration,25,26 indicating cone 
cell27 or RPE cell28 dysfunction. The above phenotypes 
were consistent with the characteristics of human RDH12- 
IRD patients.7,8,10

Studies have shown that AAV2/5-hRDH12 gene therapy 
can maintain visual function under the light exposure that 
caused significant retinal damage in Rdh12−/− BALB/cJ 
mice, with no toxic effect found in 54 weeks of testing.6 Our 
study confirmed and extended previous gene therapy studies. 
We used AAV2/8-mRdh12 gene therapy in Rdh12−/− C57BL/6 
mice before and after the onset of IRD. It has been reported29 

that AAV2/8 has higher transduction efficiency than AAV2/5 
in the treatment of severe retinal degeneration animal models. 
C57BL/6 mice have a black fundus, which is similar to the 
human retina. In addition, it is important to note that retinal 
degeneration is a typical feature of RDH12-IRD, which has not 
been involved in previous gene therapy studies.

Figure 4 Histological differences after gene therapy in four groups. (A) HE staining of mouse retina in the low magnification micrograph. (B) (3 months)/ (C) (6 months): HE 
staining in S-2 of four groups. Scale bar, 20 µm.
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For the past 10 years, subretinal drug delivery has been 
widely used in gene therapy, which has been considered to 
be safe and effective. Nevertheless, there can be complica-
tions as with any surgery, including macular holes, chor-
oidal effusions, cataracts, and rarely, permanent vision 
loss.30 At present, OCT has been used clinically to visually 
observe the ocular surface passages to reduce the risk of 
complications during the operation.31,32 In our study, we 
used OCT imaging to detect mice successfully injected 
into the subretinal space for gene therapy research. We 
evaluated the visual function and retinal structure of trea-
ted and untreated eyes in Rdh12-IRD mice by ERG and 
HE staining. ERG permits the quantification of retinal 
function, and histology is used to define the degree of 
retinal degeneration.

Preventive gene therapy could significantly improve 
visual function and slow down photoreceptor degenera-
tion. However, when photoreceptor cell degeneration 

occurred in mice, salvage gene therapy could neither 
reverse nor slow down the natural process of degenera-
tion. This means that preventive gene therapy of the 
primary Rdh12 defect contributes to delayed luminescent 
photoreceptor degeneration in Rdh12-IRD mice. Gene 
therapy applied after the onset of retinal degeneration 
did not seem to improve visual function or increase 
photoreceptor survival, but it helped slow down the 
loss of visual function, which mirrored the effects of 
gene augmentation therapy for some RPE65-LCA 
patients.9 Clinical research has shown9 that patients 
with less-advanced retinal disease would have the most 
improvement by gene augmentation therapy. The practi-
cal implication of our results is that early intervention 
for patients with RDH12-IRD is of great significance to 
the treatment of the disease. Salvage gene therapy might 
be improved by refined delivery of agents to increase the 
activities of cone and rod cells, sequentially or 

Figure 5 Quantitative analysis of histological differences after gene therapy in four groups.  The thicknesses of the combined IS and OS, ONL were measured every 400 µm 
across both the superior (S1-3) and inferior hemispheres (I1-3).(A) (3 months)/ (B) (6 months): quantification of the thickness of OS+IS of the retina from four groups. (C) 
(3 months)/ (D) (6 months): quantification of the thickness of ONL of the retina from four groups. Results were presented as median (min - max). n=8–12 per group. 
*P <0.05; **P <0.01 vs Rdh12+/+-LD group. #P < 0.05 vs Rdh12−/−-LD group. ΔP < 0.05 vs preventive group.
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simultaneously with a more advanced gene therapy, such 
as pro-survival, or antiapoptotic factors.33–35

Given both the bright light-induced Rdh12-IRD mouse 
model and the progressive development of retinal degen-
eration in humans with RDH12-IRD, our findings suggest 
that light may promote the development of RDH12-IRD, 
and conscious avoidance of light may have a positive 
effect on delaying the development of retinal degeneration 
in patients with RDH12 mutations. Adolescence may be 
a period of relatively rapid progression,5,36 and retained 
photoreceptors have been found within the central retina in 
all mutant-RDH12 patients examined,8 which makes it 
possible for gene therapy to prevent degeneration and 
improve vision. The future therapeutic strategies should 
combine gene testing with gene therapy, which emphasizes 
the preservation of potentially vision and highlights the 
window of opportunity toward young children.

Conclusion
We found that a defect in Rdh12 alone mice was suffi-
cient to cause visual dysfunction and photoreceptor 
degeneration, which reproduced the phenotypes seen 
in RDH12-IRD patients. Preventive gene therapy of 

the Rdh12 defect helps to delay the later onset of 
photoreceptor degeneration and maintains visual func-
tion in Rdh12-IRD mice, which provides theoretical 
support for the clinical application of RDH12 gene 
therapy in the future.
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