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Abstract

Mutations in RPE65 cause Leber congenital amaurosis (LCA), a condition classically characterized by photoreceptor degeneration; however, its inner
retinal involvement remains poorly defined. We identified two Chinese siblings with LCA harboring novel compound heterozygous RPE65 variants
(p.Glu399*/p.Pro467Ala) who exhibited night blindness and atypical white dot-like fundus lesions. To investigate the underlying pathogenic mechanisms,
we generated an Rpe65 p.Pro467Ala knock-in mouse model. Homozygous mutants displayed not only degeneration of the photoreceptor's outer segment
but also marked disorganization of the ganglion cell layer (GCL) with an irregular nuclear morphology, extending RPE65's pathology beyond the outer
retina. Transcriptomic analysis revealed the downregulation of phototransduction genes and Vgf, a neurotrophic factor. Immunofluorescence confirmed
significantly reduced VGF nerve growth factor inducible (VGF) protein levels, predominantly in the inner nuclear layer (INL), which spatially correlated with
GCL abnormalities. Notably, intravitreal administration of the VGF-derived neuroprotective peptide AQEE-30, delivered every 4 d for 30 d, significantly
ameliorated the GCL's structural disorganization without rescuing photoreceptor degeneration, indicating layer-specific neuroprotection. These findings
demonstrate that RPE65 deficiency disrupts the inner retinal architecture via impaired VGF signaling, revealing a previously underappreciated pathological
dimension of RPE65-associated LCA. The selective rescue of GCL pathology by AQEE-30 provides a proof of concept that augmenting VGF-related pathways

may offer an adjunctive neuroprotective strategy to preserve inner retinal neurons in RPE65-associated retinopathy.
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Introduction

Leber congenital amaurosis (LCA) is a group of genetic childhood-
onset retinal dystrophies (RDs) with an estimated prevalence of
1:50,000 to 1:100,0000". It is characterized by severe vision loss,
night blindness, and retinal dysfunction, often leading to complete
blindness in early childhood=>\. Over 10% of LCA cases are caused
by mutations in the RPE65 gene, which encodes a critical enzyme
in the retinal pigment epithelium (RPE) responsible for the visual
cyclel23671, RPE65 plays a pivotal role in the conversion of all-trans-
retinyl esters to 11-cis-retinal, a key step in the regeneration of
rhodopsin and the maintenance of photoreceptor function!®-11, In
Rpe65~/~ mice, the absence of functional RPE65 leads to disruption
of the retinoid cycle, resulting in photoreceptor degeneration and
severe visual impairment('213l, In humans, more than 100 mutations
in RPE65 have been identified as causative for LCA, highlighting the
importance of this gene in retinal healthU'4-191, However, the spec-
trum of RPE65 mutations and their associated phenotypes in the
Chinese population remains poorly characterized(2°l.

In this study, we identified two Chinese boys (aged 14 and 5
years) from the same family with compound heterozygous patho-
genic variations in RPE65 (p.Glu399*/p.Pro467Ala). Both brothers
exhibited the classic symptoms of LCA, including night blindness
and poor vision, as well as white spot lesions distributed through-
out the retina—a phenotype previously reported in other RPE65-
deficient models such as the rd12 mousel?'l. Although the
p.Pro467Ala variation has been reported in humans!'>29, its direct
disease-causing role in vivo remains unclear. Notably, the p.Glu399*
variation and its associated phenotype have not been previously
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reported in the literature, suggesting a unique genetic and clinical
profile in this family.

To investigate the functional consequences of the p.Pro467Ala
mutation, we generated a knock-in mouse model harboring this
variant. We hypothesized that this mutation might disrupt not only
the visual cycle but also the neurotrophic signaling pathways criti-
cal for inner retinal integrity. Further transcriptomic and immunohis-
tochemical analyses were performed to examine the expression of
Vgf, a neurotrophic factor known to be expressed in the inner retina.
Additionally, we sought to determine whether intravitreal adminis-
tration of AQEE-30 very 4 d, a VGF nerve growth factor inducible
(VGF)-derived neuroprotective peptide, could offer therapeutic
benefit in RPE65-associated retinopathy. Our findings aim to expand
the pathological spectrum of RPE65-related disease beyond the
photoreceptors to include inner retinal neurons and provide a ratio-
nale for exploring neuroprotective strategies targeting VGF signal-
ing to preserve retinal integrity in LCA.

This study aimed to characterize the pathological spectrum of
RPE65-related disease beyond the photoreceptors to include the
inner retinal neurons and evaluate neuroprotective strategies target-
ing VGF signaling to preserve retinal integrity in LCA.

Materials and methods

Human subjects and clinical evaluation
This study included two male Chinese siblings (aged 5 and 14
years at initial presentation) from a single family who presented
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with night blindness and visual impairment. The study protocol was
reviewed and approved by the Clinical Research Ethics Committee
of Changsha Maternal and Child Health Hospital (No. EC-20240625-
17) and adhered to the tenets of the Declaration of Helsinki. Written
informed consent was obtained from the parents as legal guardians
and sample donors, and assent from the 14-year-old subject. The
family was counseled on potential incidental findings from whole-
exome sequencing prior to enroliment. All data were de-identified
and stored securely. Clinical evaluations included comprehensive
ophthalmic examinations, fundus photography, and electroretinog-
raphy (ERG) performed according to the International Society for
Clinical Electrophysiology of Vision (ISCEV) standards. Peripheral
blood samples were collected for genomic DNA extraction. Whole-
exome sequencing (WES) was performed to identify candidate vari-
ants, which were subsequently validated by Sanger sequencing in
the probands in samples from the subjects and their parents to
confirm inheritance patterns and segregation.

Breeding and genotyping of mice

The Rpe65 p.Pro467Ala mutation was introduced into C57BL/6J
background mice by Shanghai Southern Model Biotechnology Co.,
Ltd. The offspring were genotyped to identify carriers, and homozy-
gous mice were generated through crossbreeding. Mice were
housed under a 12-h light/12-h dark cycle (800 lux room light). The
animal experiment was approved by the Biomedical Research Ethics
Committee of Hunan Normal University (No. 2024-096).

Generation of Rpe65 p.Pro467Ala knock-in mice

The Rpe65 p.Pro467Ala (c.1399C>G) knock-in mouse model was
generated in a pure C57BL/6J background by Shanghai Southern
Model Biotechnology Co., Ltd. (Shanghai, China) using clustered
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9)-mediated homology-directed repair
(HDR). A single-guide RNA (sgRNA) targeting exon 13 of mouse
Rpe65 (5'-GGAAGCTCTTGGTGGTGGTG-3'; protospacer adjacent
motif [PAM]: 5'-TGG-3") was designed to position the Cas9 cleavage
site 8 bp upstream of nucleotide ¢.1399. A 2.8-kb double-stranded
DNA donor plasmid was constructed containing (1) a 1.2-kb 5'
homology arm, (2) the c.1399 C>G point mutation (resulting in
p.Pro467Ala substitution), (3) a loxP-flanked neomycin resistance
(Neo") cassette inserted into intron 13 for positive selection, and (4) a
1.2-kb 3" homology arm.

Cas9 mRNA (100 ng/pL), sgRNA (50 ng/uL), and the donor plas-
mid (5 ng/uL) were co-injected into the pronuclei of fertilized
C57BL/6J zygotes. The FO founders were screened by polymerase
chain reaction (PCR) using primers flanking the insertion site
(forward: 5'-GCTGGA TGAGAAGGAGAAGG-3'; reverse: 5'-CCTCCA-
GAAGGAGCTTCTGG-3'), yielding a 465-bp product for the mutant
allele versus 402 bp for the wild-type allele. Sanger sequencing
confirmed the precise incorporation of ¢.1399 C>G without indels at
the target site or predicted off-target loci.

Positive founders were crossed with C57BL/6J-Tg (cyclization
recombination enzyme [Cre]) 1Jxm/J mice (The Jackson Laboratory,
#003376) to excise the Neo' cassette via Cre-mediated recombina-
tion. Offspring retaining the point mutation but lacking Neo" were
identified by PCR (loss of the neo-specific band at 650 bp) and
sequencing validation. The line was backcrossed to C57BL/6J for > 8
generations to eliminate potential off-target effects. Homozygous
mutants were viable, fertile, and maintained as an inbred colony. All
experimental mice were genotyped using allele-specific PCR with
the primers described above. The mutant strain has been deposited
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in the China Mouse Genome Informatics database (CMGI ID: CMG-
2022-RPE65-P467A).

Histology

Eyeballs from mutant and control mice were collected after anes-
thesia and fixed overnight in 4% paraformaldehyde (PFA) at 4 °C,
followed by paraffin embedding.

For toluidine blue staining, anesthetized mice were perfused with
4% paraformaldehyde in phosphate-buffered saline (PBS). The eyes
were embedded in JB-4 plastic, and 5-um sections were prepared.
The sections were dewaxed and rehydrated as follows:

(1) Immersion in Xylene |, Il, and Ill for 5 min each;

(2) Soaking in anhydrous ethanol, 95% ethanol, and 75% ethanol
for 1 min each;

(3) Rinsing with tap water for a few seconds.

Toluidine blue solution was applied for 20-30 min, followed by
rinsing under running water to remove excess dye. Color separation
was performed using 95% ethanol, with the separation effect moni-
tored under a microscope. Sections were dehydrated in anhydrous
ethanol for 1 min, cleared in xylene three times (1-2 min each), and
mounted with neutral gum.

Morphometric analysis of retinal layer thickness

To quantitatively assess the retinal layer's thickness, whole eyes
were serially sectioned along the optic nerve axis at approximately
200-pm intervals to cover the entire retina. From each section, three
representative fields of view were imaged: The central region (corre-
sponding to the thickest part of the retina, typically near the optic
disc) and two peripheral regions located approximately £ 1 mm
from the center. The thickness (in micrometers) of individual retinal
layers—including the outer segments (OSs), the outer nuclear layer
(ONL), the outer plexiform layer (OPL), the inner nuclear layer (INL),
the inner plexiform layer (IPL), and the ganglion cell layer (GCL)—
was measured using ImageJ software (National Institutes of Health
[NIH], Bethesda, MD, USA) in a blinded manner. For each animal, at
least three sections were analyzed, with three fields per section; the
mean value across all measurements was used as the final thickness
for that animal. Statistical comparisons between groups were per-
formed using unpaired Student's t-test or one-way analysis of vari-
ance (ANOVA), as appropriate.

Drug administration

AQEE-30 (HY-P11192 MedChemExpress LLC, Shanghai, China), a
VGF peptide, was dissolved in PBS to a concentration of 50 pM/2 pL.
Under a surgical microscope, a 33-gauge needle was inserted
through the sclera 0.5 mm posterior to the limbus, and 2 pL of
the solution was slowly injected into the vitreous cavity. Control
eyes received PBS injections. AQEE-30 (50 pM, 2 pl/eye) was
administered via intravitreal injection once every 4 d for a total of
30 di22,

Transcriptome sequencing and bioinformatic
analysis

Total RNA was extracted from whole retinas of 8-week-old Rpe65
p.Pro467Ala—/— and wild-type (WT) mice (n = 4 biological replicates
per group) using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer's protocol. RNA integrity was veri-
fied using an Agilent 2100 Bioanalyzer (RNA integrity number > 8.0).
Libraries were prepared with the NEBNext Ultra™ RNA Library Prep
Kit for Illumina (New England Biolabs [NEB], Ipswich, MA, USA)
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and sequenced on an Illlumina NovaSeq 6000 platform to generate
150-bp paired-end reads (average depth: 30 million reads/sample).
Raw reads were processed using Trimmomatic (v0.39) to remove
adapters and low-quality bases (Q < 20). Clean reads were aligned to
the mouse reference genome (GRCm39) using HISAT2 (v2.2.1) with
the default parameters. Gene expression was quantified by feature-
Counts (v2.0.1), and differential expression analysis was conducted
using DESeq2 (v1.34.0) in R (v4.2.1). Genes with |log, fold change
(FO)| > 1 and an adjusted p-value < 0.05 (Benjamini-Hochberg
correction) were considered to be differentially expressed. Func-
tional enrichment analysis was performed using clusterProfiler
(v4.2.2) for Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways.

Quantitative real-time polymerase chain reaction
cDNA was synthesized from 1ug total RNA using the Prime-
Script™ RT Master Mix (Takara, Kyoto, Japan). Quantitative real-time
polymerase chain reaction (qPCR) was performed on a QuantStu-
dio™ 5 Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA, USA) with TB Green™ Premix Ex Tag™ Il (Takara). The reactions
(20 pL) contained 10 pL SYBR Green mix, 0.8 ulL of forward/reverse
primers (10 uM), 2 uL complementary DNA (cDNA) template, and
6.4 pL nuclease-free water. The thermal cycling conditions were
95 °C for 30 s, then 40 cycles of 95 °C for 5 s and 60 °C for 30 s,
followed by melt curve analysis. Primers were designed using
Primer-BLAST with amplicon sizes of 80-150 bp. Gapdh served as
the reference gene, validated for stable expression across geno-
types (geNorm M < 0.5). Relative expression was calculated using
the 2-2ACT method with polymerase chain reaction (PCR) efficiency
correction (90%-110% efficiency confirmed by standard curves).

Statistical analysis

All quantitative data are presented as the mean + standard error
of the mean (SEM). The sample size was determined on the basis
of a power analysis (o = 0.05, # = 0.2) using GPower 3.1, withn =6
mice per experimental group (wild-type, p.Pro467Ala homozygous
untreated, and p.Pro467Ala homozygous + AQEE-30) to ensure =
80% power for detecting biologically relevant differences in retinal
layer thickness. The normality of the data's distribution was assessed
using the Shapiro-Wilk test (p > 0.05 for all variables), and the
homogeneity of variance was confirmed by Levene's test. For com-
parisons between two groups (e.g., WT vs. mutant), unpaired two-
tailed Student's t-test was applied. For comparisons across three or
more groups (e.g., measurements of layer thickness), one-way analy-
sis of variance (ANOVA) was performed, followed by Tukey's honest
significant difference (HSD) post hoc test for pairwise comparisons
with adjustment for multiple testing. Statistical significance was
defined as p < 0.05, with exact p-values reported in the figures
where possible; asterisks denote p < 0.05 (*¥), p < 0.01 (**), and p <
0.001 (***). All statistical analyses were performed using GraphPad
Prism 9.0 (GraphPad Software, San Diego, CA, USA) and R version
4.2.1 (R Foundation for Statistical Computing, Vienna, Austria).
Blinded morphometric measurements were independently verified
by two investigators, with inter-rater reliability assessed by the intra-
class correlation coefficient (ICC > 0.95).

Immunofluorescence staining

Paraffin-embedded retinal sections (5 pum) were deparaffinized,
rehydrated, and subjected to antigen retrieval in 10 mM sodium
citrate buffer (pH 6.0) at 95 °C for 20 min. Sections were blocked
with 5% normal goat serum (NGS) in PBS containing 0.3% Triton
X-100 for 1 h at room temperature. Primary antibodies were
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applied overnight at 4 °C: Rabbit anti-VGF antibody (1:200, Abcam
ab229748, Abcam, Cambridge, UK) and mouse anti-glial fibrillary
acidic protein (GFAP) antibody (1:500; Cat# MAB360, Millipore,
Burlington, MA, USA). After washing, sections were incubated with
Alexa Fluor 488-conjugated goat anti-rabbit immunoglobulin (IgG)
(1:500; Cat# A-11034) and Alexa Fluor 594-conjugated goat anti-
mouse IgG (1:500; Cat# A-11005; both from Thermo Fisher Scientific)
for 1 h at room temperature in the dark. Nuclei were counterstained
with 4'6-diamidino-2-phenylindole (DAPI) (1 pg/mL; Cat# D1306,
Thermo Fisher Scientific). Sections were mounted with ProLong™
Diamond Antifade Mountant (Cat# P36961, Thermo Fisher
Scientific). Images were acquired using a Zeiss LSM 900 confocal
microscope (63x oil objective, numerical aperture [NA] = 1.4) with
identical laser power and gain settings across samples.

Results

The RPE65 p.Glu399*/p.Pro467Ala compound
heterozygous variant is associated with night
blindness and retinal degeneration

Both brothers (aged 14 and 5 years) exhibited night blindness.
WES revealed that each parent carried a single RPE65 mutation: One
parent harbored p.Glu399*, and the other carried p.Pro467Ala. Both
brothers inherited both variants, resulting in a compound heterozy-
gous genotype (Fig. 1a). Unlike classic vitelliform maculopathy,
these patients presented with diffuse white spot lesions, a pattern
reminiscent of that observed in the Rpe65912 mouse model2],
though distinct in its distribution and clinical context. (Fig. 1b-e),
and widespread photoreceptor and inner retinal dysfunction in the
patients (Supplementary Fig. S1).

Rpe65 p.Pro467Ala mutant mice exhibit a
disordered GCL

Although Rpe65 p.Glu399* is a novel nonsense mutation, the
pathogenicity of p.Pro467Ala in causing LCA remains unclear. To
investigate this, we generated Rpe65 p.Pro467Ala mutant mice
(Fig. 2d). At 12 weeks, toluidine blue-stained retinal sections
revealed significant reductions in the photoreceptors' OSs, ONL,
OPL, and INL (Fig. 2a-c). Interestingly, in homozygous Rpe65
p.Pro467Ala mice, the GCL exhibited disorganization, with irregu-
larly shaped nuclei and solid, elongated abnormal nuclei in the
affected regions (Fig. 2a, b).

Decreased VGF signaling in the GCL of Rpe65
p.Pro467Ala mice

To identify the signaling pathways underlying the GCL pheno-
type, we performed transcriptome analysis and gPCR experiments
using eyes from 8-week-old mice. Consistent with our histological
observations, RNA sequencing revealed significantly decreased
expression of several genes associated with retinal function, includ-
ing Vgf, Cndp3, Gngt2, Pde6h, Pde6¢c, Cnga3, Gucala, and Gnat2, in
the eyes of p.Pro467Ala mutant mice (Fig. 3a).

qPCR validation confirmed the downregulation of these genes,
consistent with the transcriptomic data (Fig. 3b). Immunofluores-
cence staining revealed markedly reduced VGF protein levels in
mutant retinas, with the signal predominantly localized to the INL,
corresponding to Miller glial cell bodies, and weaker expression in
astrocytic processes surrounding the GCL (Fig. 3¢, d). Transcrip-
tomic and immunofluorescence analyses revealed the significant
downregulation of Vgf/VGF in mutant retinas (Fig. 3a—d). Concur-
rently, structural disorganization of the GCL was observed in the
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Fig. 1 Compound heterozygous RPE65 mutations (p.Glu399*/p.Pro467Ala) associated with atypical white spot lesions in two Chinese siblings with LCA.
(a) Pedigree analysis and Sanger sequencing confirmed compound heterozygosity: p.Glu399* (c.1195G>T) inherited paternally and p.Pro467Ala
(€.1399C>G) maternally. (b)-(e) Fundus photographs showing numerous white dot-like lesions distributed throughout the posterior pole, distinct from
classic vitelliform maculopathy.
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Fig. 2 Toluidine blue-stained retinal cross-sections show retinal degeneration and disorganization of the GCL in Rpe 65 p.Pro467Ala homozygous mice at
12 weeks of age. (a) Representative image of the mutant retina showing distinct areas of cellular disorganization within the GCL, as indicated by the
red boxes and red arrows. In contrast, other regions of the GCL exhibit a relatively normal cellular arrangement (blue arrow). Scale bar: 50 um.
(b) Representative image of the WT retina, demonstrating a well-organized and uniformly aligned GCL (n = 6). (c) Quantitative analysis of the thickness of
individual retinal layers in both the mutant and control (WT) groups. Data are presented as the mean + SEM. Statistical significance was determined by
unpaired Student's t-tests (* p < 0.05, ** p < 0.01, *** p < 0.001). Scale bars: 50 um. OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; IPL,
inner plexiform layer; OPL, outer plexiform layer; GCL, ganglion cell layer; PRL, photoreceptor layer, which includes both OSs and inner segments (IS); HO,
homozygous; OPL, outer plexiform layer. (d) Sanger sequencing confirmed the presence of the ¢.1399C>G nucleotide substitution at the DNA level.
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Fig. 3 Transcriptomic analysis reveals downregulation of retinal functional genes and reduced VGF expression in the GCL of Rpe65 p.Pro467Ala
homozygous mice. (a) Heatmap of RNA sequencing data showing decreased expression of phototransduction- and neuronal function- related genes,
including Vgf, Cndp3, Gngt2, Pde6h, Pde6c, Cnga3, Gucala, and Gnat2, in mutant retinas. (b) gPCR validation confirmed significant downregulation of these
genes, consistent with transcriptome profiling. (c,d) Immunofluorescence staining demonstrates markedly reduced VGF signal (red) predominantly in the
INL and in GFAP-positive astrocytic processes surrounding the GCL of (c) wild-type controls compared with (d) mutant mice (nuclei counterstained with
DAPI in blue), supporting a glia-derived, non-cell-autonomous role of VGF in GCL pathology.

same cohort of mutant mice (Fig. 2). This reduction in glia-derived
VGF with structural abnormalities of the GCL suggested a non-cell-
autonomous role of VGF signaling in maintaining inner retinal
integrity.

AQEE-30, a VGF peptide, alleviates the GCL
phenotype in Rpe65 p.Pro467Ala mice

To determine whether GCL disorganization in Rpe65 p.Pro467Ala
mutant mice is mediated by impaired VGF signaling, we performed
a rescue experiment using AQEE-30, a neuroprotective peptide
derived from the VGF precursor?2. AQEE-30 (50 uM, 2 pul/eye)
was administered via intravitreal injection to 8-week-old Rpe65
p.Pro467Ala homozygous mice once every 4 d for a total of 30 d.
Hematoxylin and eosin (H&E) staining revealed that AQEE-30

g |

7

p- Pro467Ala —/—

treatment significantly ameliorated the structural disruption of the
GCL in mutant mice (Fig. 4a, b). suggesting that enhancing VGF-
related signaling may confer trophic support to the inner retina,
even if VGF is not directly expressed in retinal ganglion cells (RGCs).

Discussion

RPE65 is well known for its critical role in retinoid metabolism,
maintenance of the photoreceptor layer, rod photoreceptors'
function, rodsopsin phosphorylation, and cone photoreceptors'
survival®92l In mammals, a small subset of retinal ganglion cells
(RGCs), known as intrinsically photosensitive retinal ganglion cells
(ipRGCs), are responsible for non-image-forming visual functions.
These ipRGCs primarily project to the suprachiasmatic nucleus

h%"".*v“"‘:‘(’o'rj % 'N 1

HO+ AQEE-30

Fig. 4 AQEE-30 treatment ameliorates disorganization of the GCL in p.Pro467Ala homozygous mice. Hematoxylin and eosin (H&E) staining of retinal
sections from 8-week-old mice after intravitreal administration of AQEE-30 (50 uM, 2 ulL/eye, once every 4 d for 30 d). (a) AQEE-30-treated mutant mice
showed improved structural integrity of the GCL. (b) Untreated Rpe65 Pro467Ala homozygous control mice exhibit marked GCL disarray. Scale bar: 50 um.
These findings suggest that the VGF-derived peptide AQEE-30 exerts protective effects on retinal ganglion cells in the context of the RPE65 mutation.
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(SCN), the intergeniculate leaflet, and the olivary pretectal nucleus
(OPN) of the brain!23-25], Previous studies have demonstrated that
ipRGCs are largely unaffected by ablation of RPE65. This is because
the melanopsin-dependent photocycle functions independently of
the canonical visual retinoid cycle, allowing ipRGCs to maintain
intact photic sensitivity even in the absence of functional RPE65!26],

In our study, we observed that Rpe65 p.Pro467Ala homozygous
mice exhibited intermittent disorganization in the GCL, character-
ized by an irregular nuclear morphology and focal loss of cellular
alignment. Although the identity of the affected neurons remains to
be fully determined, these disordered regions may involve subsets
of RGCs, potentially including ipRGCs. The white dot-like lesions
observed in the probands' fundus could reflect focal inner retinal
atrophy or gliosis secondary to such neuronal dysfunction. The pres-
ence of retinal white spots in our patients aligns with prior observa-
tions in Rpe65-null micel?'), where such lesions correlated with the
accumulation of liquid droplets in the RPE and photoreceptor
degeneration, rather than primary ganglion cell pathology.

Consistent with Takeuchi et al.22], our immunostaining experi-
ment confirmed that VGF is expressed predominantly in thee Miller
glia (INL) and astrocytes, not in the RGC somata themselves. The
observed GCL pathology likely reflects the loss of trophic support
from glia-derived VGF peptides (e.g., AQEE-30) that normally diffuse
to the neighboring neurons. This non-cell-autonomous mechanism
explains why intravitreal AQEE-30 administration—despite minimal
direct VGF expression in the RGCs—significantly ameliorated disor-
ganization of the GCL.

Although Métrailler et al.l2”! reported extracellular signal-regu-
lated kinase 1/2 (ERK1/2) activation and GFAP upregulation in the
GCL of Rpe65~/~ mice, suggesting secondary stress responses in the
inner retinal neurons, our knock-in model revealed primary struc-
tural disorganization of the GCL's nuclear architecture. This distinc-
tion may reflect mutation-specific effects of the p.Pro467Ala variant
versus complete RPE65 ablation, and highlights VGF signaling defi-
ciency as a previously unrecognized contributor to inner retinal
pathology in RPE65-associated disease.

Though our homozygous p.Pro467Ala knock-in model success-
fully isolated the pathogenic contribution of this missense variant
and revealed its specific impact on inner retinal architecture, we
acknowledge an important limitation: The patients harbor a com-
pound heterozygous genotype (p.Glu399*/p.Pro467Ala) rather than
homozygosity for p.Pro467Ala. The p.Glu399* nonsense allele is
predicted to trigger nonsense-mediated decay and a complete loss
of RPE65 protein, whereas p.Pro467Ala likely permits protein expres-
sion with impaired isomer hydrolase activity. This allelic combina-
tion may produce a more severe visual cycle defect than the homo-
zygous missense state modeled here. Nevertheless, our approach
was deliberately chosen to dissect the pathological mechanisms of
the variant of uncertain significance (p.Pro467Ala) without
confounding effects from a null allele, a strategy with a precedent in
monogenic retinal disease researchl?8l. Future generation of com-
pound heterozygous mice will be valuable to fully recapitulate the
human genotype and determine whether the inner retinal pathol-
ogy is exacerbated in the presence of a complete loss-of-function
allele.

Given the incomplete understanding of inner retinal pathology in
RPE65-associated disease, we sought to characterize the functional
consequences of the p.Pro467Ala mutation using a knock-in mouse
model. We hypothesized that this clinically relevant missense vari-
ant might induce pathology beyond canonical photoreceptor
degeneration, potentially involving neurotrophic signaling path-
ways in the inner retinal neurons.
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Though over 100 pathogenic variants of RPE65 have been docu-
mented worldwide?%), the mutation spectrum and associated
phenotypic variability in Chinese LCA patients remain incompletely
characterized(203%, Notably, emerging evidence suggests that RPE65
dysfunction may extend beyond photoreceptor degeneration to
affect the inner retinal neurons?’], though the underlying mecha-
nisms remain elusive. In this study, we identified a Chinese family
harboring a novel compound heterozygous RPE65 genotype
(p.Glu399*/p.Pro467Ala) associated with atypical retinal manifesta-
tions. To investigate the pathogenic mechanisms of the p.Pro467Ala
variant, we generated a knock-in mouse model and hypothesized
that this mutation might disrupt not only the visual cycle but
also the neurotrophic signaling pathways critical for inner retinal
integrity. Our integrated approach combining clinical phenotyp-
ing, histopathological analysis, transcriptomics, and targeted pep-
tide intervention aimed to delineate novel pathological mecha-
nisms and identify potential therapeutic targets for RPE65-associ-
ated retinopathy.

A critical observation in our therapeutic intervention is the layer-
specific neuroprotection conferred by AQEE-30: Although the GCL's
structural integrity was significantly ameliorated, the photorecep-
tors' OSs and ONL remained severely degenerated despite treat-
ment. This selective rescue aligns precisely with the spatial expres-
sion pattern of VGF itself, predominantly in the Muller glia (INL)
and astrocytic processes surrounding the GCL, but absent from
photoreceptorsi?2l, Mechanistically, AQEE-30 (a C-terminal VGF-
derived peptide) likely acts through non-cell-autonomous trophic
support. Secreted from inner retinal glia, it diffuses locally to the
neighboring ganglion cells and amacrine neurons, activating pro-
survival pathways (e.g., phosphoinositide 3-kinase [PI3K]/protein
kinase B [AKT]) that preserve the nuclear architecture and cellular
alignment. In contrast, photoreceptor degeneration in Rpe65 defi-
ciency stems from a cell-autonomous biochemical defect: The
inability to regenerate 11-cis-retinal because of impaired isomer
hydrolase activity in the RPE. Since AQEE-30 does not restore visual
chromophore recycling or correct the primary enzymatic deficit,
it cannot prevent the inexorable loss of photoreceptors. This
dichotomy underscores a fundamental principle: Neuroprotective
peptides targeting inner retinal signaling pathways may serve as
adjunctive therapy to preserve ganglion cells' function in RPE65-
associated LCA but must be combined with approaches that
address the root cause (e.g., gene therapy with voretigene nepar-
vovec) for comprehensive retinal rescue.The ability of exogenous
AQEE-30 to ameliorate disorganization of the GCL suggests that
impaired VGF signaling may contribute to inner retinal pathology in
this model, though the precise cellular mechanisms remain to be
elucidated.
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