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The retinol isomerase retinal pigment epithelium (RPE) 65 is a key enzyme in the
visual cycle that regenerates the chromophore, 11-cisretinal, required for vision in all
vertebrates. Mutations in RPEG5 are associated with blinding diseases. D477G
(C.1430G > A) is the only known RPEG5 variant to cause autosomal dominant retinitis
pigmentosa. Previously, we reported that heterozygous D477G knockin (KI) mice
maintained in dim-light conditions exhibited delayed visual chromophore regeneration
and slowed recovery of photoreceptor sensitivity following visual pigment photobleach-
ing. However, heterozygous D477G KI mice did not manifest detectable decline in full-
field electroretinography (ERG) or in abnormal retinal structure, relative to the WT
mice. In the present study, when maintained under the physiological relevant light
intensity (2,000 Ix), the heterozygous D477G KI mice displayed degenerative retina fea-
tures, including reduced scotopic ERG amplitudes and thinning of the retinal layers,
recapitulating that observed in human patients. In the same retinas, we also detected
increased free opsin levels and up-regulated GFAP expression. Molecularly, we found
reduced RPE65 and LRAT (lecithin: retinol acyltransferase) levels, decreased retinol
isomerase activity, and altered subcellular localization and membrane association of
RPEG5 in the RPE of heterozygous D477G KI mice. Moreover, the D477G mutant,
both in vivo and in vitro, formed protein complexes with WT-RPEG5, leading to a
reduction in RPEG65 protein stability, which could not be completely rescued by the
addition of MG132, a proteasome inhibitor of ubiquitin-dependent protein degrada-
tion. Altogether, our findings uncovered the dominant-negative nature of the D477G
mutation and highlighted the importance of the light environment in the mechanism
of its pathogenicity.
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Hereditary retinal diseases are a major cause of childhood blindness, affecting 1 in
1,000 people worldwide (1, 2). Mutations in over 300 genes expressed in both the pho-
toreceptor (PR) and the retinal pigment epithelium (RPE) cause irreparable blindness
in humans (RetNet). In the United States, mutations in the RPEG5 gene encoding the
RPE specific retinol isomerase RPE65 account for no less than 13% of all inherited ret-
inal degenerations (3, 4). These mutations cause Leber congenital amaurosis, early
onset severe retinal dystrophy, and retinitis pigmentosa (RP) (5, 6). Collectively, these
disorders manifest progressive vision loss, though differing in age of onset and degrees
of severity, eventually leading to the loss of functional vision (7). As the cause of these
ocular diseases is aberrant genetics, the contribution of environmental factors in the
progression of these dystrophies remains to be elucidated.

The active light-sensing unit in vertebrate PR consists of the opsin protein and chro-
mophore: 11-cis-retinal (11-¢i-RAL), a vitamin A derivative. Photo-isomerization of
the chromophore to all-fransretinal (all-transRAL) triggers opsin activation, initiating
phototransduction. All-zransRAL is transported from the PRs to the RPE to regenerate
11-cisRAL via a series of enzymatic reactions collectively termed the visual cycle.
RPEG5 is the only isomerase that catalyzes the final conversion of all-#7ans-retinyl ester
to 11-cisretinol (11-¢i~ROL) and is indispensable to the vision process (8-10).

As of this writing, over 100 pathogenic mutations spanning all 14 exons of the
RPEG5 gene have been identified in the human population. Almost all of these muta-
tions are recessively inherited and affect its isomerase function. While screening for
causative genes that lead to choroideremia, Bowne et al. (5), in patients of Irish
heritage, uncovered the first pathogenic dominant-acting mutation of RPEG65. A single-
nucleotide substitution at exon 13 of the RPEG5 gene; a ¢.1430A > G caused a mis-
sense mutation, an aspartic acid to glycine (D477G). Following the first discovery of
the D477G mutation, the same mutation was identified in a subpopulation of patients
with autosomal dominant RP (adRP) of unknown etiology (11).
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Although typical RP patients develop vision loss from the
peripheral visual fields due to rod PR dysfunction, individuals
affected by heterozygous RPE65-D477G mutation exhibit vari-
ous retinal degeneration phenotypes, including the simulta-
neous loss of both peripheral and central vision, that may
involve choroidal atrophy and often include macula and RPE
perturbations (12). The onset of visual impairment among the
D477G patients occurs at various ages, and the degree of retinal
degeneration can be independent of the extent of the decline in
visual function (5, 13).

Four groups have generated five D477G knockin (KI) mouse
models to study the pathophysiology of the mutant in vivo (11,
14). Similar to the heterogeneous clinical features of the
D477G adRP patients, the reported impacts of the mutation
were diverse. Our group reported a delayed chromophore
regeneration after photobleaching, but otherwise normal in ret-
ina morphology and function in the heterozygote D477G Kl
(WT/KI) mice (15). Choi et al. (16) found that both the het-
erozygote and the homozygote D477G KI (KI/K]) mice dis-
played minimal age-dependent changes in retinal morphology
and function. Structure model analysis of a chimeric apocarote-
noid-15,15"-oxygenase protein with the D477G mutation in a
loop structure predicted abnormal protein—protein interactions
(16). In 2019, Li et al. (17) generated D477G KI model with
the CRISPR/Cas9 technology and identified a splicing defect
in variant mRNA manifesting as reduced RPEG5 levels. How-
ever, mild retinal changes were detected only in the light-
stressed KI/KI mice. Kiang et al. (14) recently humanized their
D477G KI mice and reported that the model revealed no
apparent structural or functional phenotypes in the W77/KT or
the K7/KI mice in either the Met450 or Leu450 RPEG5 back-
ground. As yet, none of the heterozygous D477G KI mouse
models have recapitulated the visual and morphological defects
found in the human patients or provided a satisfactory explana-
tion for the observed dominant RP transmission pattern in the
human D477G inheritance. The proposed pathogenic molecu-
lar mechanisms for retinal dysfunction and degeneration caused
by the D477G mutation remain inconclusive.

Kenna et al. (11) recently published for the first time an
improvement of visual function in three of five D477G patients
with a 1-wk retinoid supplementation, although the retinal
structure in these patients was not examined. Clinical reports
for other RPE65 mutations showed that an initial recovery of
visual function by either visual chromophore replenishment or
expression of RPEG5 failed to alleviate retinal degeneration and
vision loss progression for longer periods (18-21). The molecu-
lar basis of D477G pathogenesis needs to be characterized to
implement effective treatments.

Here we report retinal dysfunction and morphological changes
in heterozygous D477G Kl (WT/KI) mice that resembled the
phenotypes observed in patients. We show that environmental
light exposure influenced the occurrence of retinal dysfunction
in the WI1/KI mice. The variable environmental luminance may
explain the various disease severities and ages of onset observed
in the patients with D477G-mediated adRP. We demonstrate
that D477G causes atypical protein—protein interactions with
WT-RPEGS5, leading to RPEG5 protein degradation and reduced
retinol isomerase activity relative to heterozygous RPEGS knock-
out (KO). We addressed the dominant-negative nature of the
mutation by comparing W7/KI to RPE65 KO heterozygotes
(WT/KO). It is well documented that one copy of the functional
RPEG5 gene is sufficient to maintain normal retinal health and
vision in both human and rodent models (22, 23). Here, we
demonstrate that the appearance of retinal dysfunction was not
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due to haploinsufficiency, but rather due to the dominant-
negative nature of D477G. This study also elucidates the rela-
tionship between environmental light and vision impairment
induced by gene mutations.

Results

Heterozygous D477G Kl (WT/KI) Mice Raised under Daylight
Luminance Showed Exacerbated Visual Dysfunction Compared
with That of the Heterozygous RPE65 KO (WT/KO) Mice. Previ-
ous studies detected no visual functional differences between
the heterozygous D477G knockout-in (W7/K]) and the W7/
WT mice across different ages when raised under standard
mouse husbandry lighting of approximate ~100 Ix, henceforth
referred to as dim light (DimL) in this study (14, 15, 17). We
evaluated whether visual function is affected in the W7/KT and
W1T/KO mice exposed to a higher environmental daylight lumi-
nance (DayL) of 2,000 Ix starting at 3 mo of age. Electroreti-
nography (ERG) was used to examine visual function of the
WT/KI and WT/KO mice at different ages exposed to DayL
and compared with their littermates exposed to the DimL
luminance. Representative scotopic ERG a- and b-waves in
dark-adapted mice exposed to flashes of increasing light intensi-
ties (—2.4 log to 0.6 log cd-s/m?) are shown in Fig. 1 A-F.
The ERG responses of the rod and cone PRs (a-wave) and their
corresponding second-order neuron responses (b-wave) between
the WT/KI and WT/KO mice raised under DimL were similar
across all ages. However, starting at 15 mo of age, the W7/KI
mice exposed to DayL began to display reduced scotopic ERG
a- and b-wave amplitudes, which further declined at 18 mo of
age compared with the W7/KO under the same conditions
(Fig. 1 B and ). Similarly, mixed cone-rod response in the
WT/KI mice exposed to DayL was significantly lower (P <
0.01) than the WZ7/KO mice under DayL and W7/KI under
the same conditions (Fig. 1H). In contrast, the W77KO mice
exposed to DayL conditions showed no ERG differences from
their littermates raised under DimL (Fig. 1 B and O). A phot-
opic b-wave was used to assess cone function in light-adapted
mice with a constant rod-saturating background luminance of
10 cd/m?* (24, 25). As expected, no significant difference was
detected in the cone response in mice of the indicated geno-
types exposed to both luminance at all the tested ages (Fig. 11),
consistent with previous reports in D477G-affected patients (5,
13). Our results showed that D477G WT/KI mice recapitulated
the rod ERG decline, a common RP phenotype (12). We
observed a general age-dependent global ERG decline in all
groups tested (Fig. 14 and SI Appendix, Fig. S2), as expected in
aging mice (26, 27).

Both DimL- and DayL-Exposed D477G WT/KI Mice Showed
Delayed Dark Adaptation Following Visual Pigment Photo-
bleach. Previous studies found that D477G WT/KI mice, com-
pared with the W7/WT and the W7/KO mice, displayed delayed
dark adaptation in the regeneration of 11-¢isRAL and the slower
rod PR a-wave recovery (15, 18). Here we assessed whether
DayL condition delays dark adaptation and 11-cisRAL regenera-
tion. We examined the recovery of rod light sensitivity following
photobleaching in the W7/KI and W7/KO mice exposed to
DimL and DayL at the ages of 12 and 18 mo (Fig. 2 A and B).
Dark-adapted mice of indicated genotypes were exposed to the
illumination of 1,000 cd/m? for 2 min, followed by a light flash
at 10 cd's/m® to confirm the completion of photobleaching.
Subsequently, the mice were allowed to dark adapt while single-
flash a-wave responses at 10 cd-s/m” were recorded every 5 min
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Fig. 1. ERG analysis of retina function in mice maintained under DimL and DayL luminance. (A) Representative dark-adapted single-flash ERG traces at 4

cd-s/m? in mice at 9 and 18 mo of age in the indicated genotypes. (8 and C) Quantitative evaluation of scotopic response amplitudes of the WT/KI and WI/KO
[a-wave (B), b-wave (C)] mice, at 3, 6, 9, 12, 15, and 18 mo of age, expose in DayL and DimL conditions. (D) Representative dark-adapted single-flash ERG
recorded over the range of scotopic light intensities, log 0.004, 0.04, 0.4, and 4 cd-s/m? in 18-mo-old mice of indicated genotypes. Quantitative evaluation of
a-wave (E) and b-wave (F) amplitudes in WT/KI and WT/KO mice maintained under DayL and DimL conditions; x axis values were log-transformed. (G) Repre-
sentative dark-adapted single-flash ERG traces taken at 40 cd-s/m? (mix rod and cone) and photopic 10 cd-s/m? at constant background luminance of 10 cd/
m? in mice of indicated genotypes at 18 mo of age. Quantitative evaluation of mix cone rod (H) and photopic (/) PR response in WT/KI and WT/KO mice raised
in either DimL or DayL conditions. Data are presented as mean + SEM n = 8 (WT/KI DimL & WT/KO DayL);, n = 10 (WT/KO DimL); n = 8 (WT/KI DayL) *P < 0.05,
**P < 0.01 and ***P < 0.001 in one-way ANOVA with Tukey's post hoc comparison.

for 1 h. At each time point, the recovered a-wave amplitude was
plotted as a percentage of the initial dark-adapted rod light
response. Fig. 2 A and B show the percent recovery for the mice
at 12 and 18 mo. At both ages, the WZ7/KT mice exposed to
both DayL. and DimL conditions showed a slower rod ERG
a-wave recovery rate compared with the W7/KO mice. In addi-
tion, at 18 mo of age, the W7/KT mice exposed to DayL exhib-
ited a slower recovery rate to the initial dark-adapted ERG
amplitude than littermates raised under DimL. As this difference
was not manifested in the 12 mo of age group, our data sug-
gested an age-dependent component in the progression of vision
impairment by the D477G mutation. Taken together, the
delayed chromophore regeneration in the heterozygous D477G
KI mice and observations reported by Choi et al. (16) and us
(15) suggest that a single copy of D477G mutation is sufficient
to delay visual pigment regeneration even prior to the onset of
retinal function decline (Fig. 2 Band Q).

DayL-Exposed Heterozygous D477G WT/KI Mice Showed Lower
Isomerase Activity than Heterozygous WT/KO Mice. We next
investigated whether RPE65 enzymatic activity in the D477G
WT/KI mice is affected, resulting in a delayed a-wave recovery
rate. Isomerase activity assay was performed using the eye-cup
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homogenates from the W7/KT mice, and W7/KO mice were
incubated with tritium-labeled all-#ransretinol. The levels of
the generated 11-¢i-ROL over 2-h incubation were measured
by HPLC (Fig. 2 D, Leff). The WT/KI mice generated signifi-
cantly lower 11-cisROL levels than the W7/KO (Fig. 2 D,
Right). This suggested that the isomerase activity in the DayL-
exposed WT/KI RPE was attenuated, which might explain the
delayed recovery of PR sensitivity.

Heterozygous D477G Kl Mice Exposed to DayL Showed Retina
Degeneration. We and others have reported that D477G W17/
KI mice showed normal retina morphology when reared under
DimL (14, 15, 17). Here we assessed the consequences of DayL
exposure on the retinal structure of the W7/KI mice. In the W77
KI and WT/KO mice, retina integrity was evaluated by light
microscopy and spectral-domain optical coherence tomography
(SD-OCT) imaging. DimlL-raised W7/KI and W7/KO mice
showed no detectable differences in their retinal structure (Fig. 3
A, a and ¢). However, under DayL conditions, the W77KT mice
exhibited a decreased total retina thickness (TRT), specifically in
the outer nuclear layer (ONL), relative to the W7/KO mice
under the same condition, as shown on the H&E-stained retina
cross-sections (Fig. 3 A, d—fj and by histological analysis of the
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Fig. 2. Delayed rod PR a-wave recovery and reduced isomerase activity in dark-adapted heterozygous RPE65 D477G Kl (WT/KI) mice. ERG a-wave recovery
was evaluated after exposing dark-adapted mice maintained under DayL and DimL, to light at 1,000 cd/m? for 2 min. Subsequent single-flash ERG at 10
cd-s/m? was recorded every 5 min to evaluate the recovery of rod sensitivity in the photobleached mice of indicated genotypes. Percent (%) a-wave recovery
was plotted with postbleaching amplitude taken 5 min against initial a-wave dark-adapted amplitude after visual pigment bleach in mice at the ages of 12
mo (A) and 18 mo (B). The dotted line indicates 50% and 100% recovery points on the graphs. (C) Prephotobleach a-wave amplitude was recorded at 10
cd-s/m? in dark-adapted mice. This value was taken as 100% recovery. Data are presented as mean + SEM n = 10 for each group *P < 0.05, **P < 0.01, ***p
< 0.001 in one-way ANOVA with Tukey's post hoc comparison. (D) Representative HPLC chromatograms show separation of retinoids extracted from the
eye-cups of 1-y-old DayL-raised mice. Peak 1, retinyl esters; peak 2, 11-cis-ROL. Quantification (Right) of 11-cis-ROL in the extracts showed a significant differ-
ence between the two groups. Each point represents data from a single mouse. Data are presented as mean + SEM n = 8 for each group. Statistical signifi-
cance was assessed by unpaired t test with Tukey's post hoc comparison. ***P < 0.001.

ONL (Fig. 3B). Furthermore, SD-OCT image in the DayL-
exposed W77KI mice showed significant reductions in TRT, due
to ONL, and outer segment (OS) layer thinning (Fig. 3 D and
E). As expected, no retina morphological changes were detected
in the W7/KO mice under DimL and DayL (Fig. 3 4, a—). In
some of the Dayl-exposed W77KI mice, we observed outer reti-
nal tubulation (ORT) (Fig. 3 A, e and D, ¢), a type of retina
anomaly seen in some of the D477G patients (5, 12, 13).

Heterozygous D477G Kl Mice Exhibited Reduced RPE65 and
LRAT Protein Levels. As previously reported, compared with the
RPEG5 WIT/WT, D477G WI/KI and KI/KI showed decreased
RPEG5 protein levels in RPE cells (15). We compared RPEG5
levels in the DimL-exposed WZ7/KT and W71/KO mice at postnatal
day (PD) 120. At PD 120, RPEG65 levels were significantly
reduced in the W77KO and even more in the W7/KI mice, com-
pared with age-matched W7/WT mice (Fig. 4 A and B). Interest-
ingly, at PD 120, levels of LRAT (lecithin: retinol acyltransferase)
protein were also decreased in the W7/K7 and KI/KI eye-cups, rel-
ative to WI/WT and WI/KO mice (Fig. 40). Levels of other
visual cycle-related proteins did not show significant changes
between the genotypes at PD 120 (Fig. 4 D-F).

D477G Induced Abnormal RPE65 Protein Aggregation. We
investigated whether replacing the negatively charged aspar-
tate residue with the neutral glycine in the D477G mutant
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caused abnormal structural alterations and protein interaction.
Nonreducing sucrose density sedimentation was performed on
eye-cup homogenates from the indicated genotypes. Protein
complexes were resolved by density on a continuous 5 to 20%
sucrose gradient divided into 13 equal volume fractions (the
Ist fraction the lowest/lightest molecular weight and the 13th
fraction including pellet); the fractions were analyzed by
immunoblotting with an anti-RPEG65 antibody (Fig. 5A4).
Compared with those in the W7/WT and WI/KO samples,
we observed a substantial shift of RPE65 from lower to higher
molecular weight fractions in the W77/K7 and KI/KI samples
(Fig. 5 A, Lower), suggesting the formation of RPE65 protein
aggregates. As shown in the final 13th fraction, less than 2%
of the total RPEG5 signal was present in the W7/WT and
WT/KO, as opposed to the ~15% in the W7/KI and ~35% in
the K7/KI mice (red arrows in Fig. 5 A, Lower). Our data sug-
gest that the presence of the D477G mutant enhanced RPE65

protein-containing aggresomes.

D477G Mutation Affects the Subcellular Localization of RPE65.
In the cell, RPE65 dimerizes and associates with the smooth
endoplasmic reticulum (28-31). We investigated whether the
subcellular localization of RPEG5 was changed by the presence
of a copy of the D477G mutation. Eye-cup homogenates from
mice of indicated genotypes were fractionated into the cytosolic,
membrane, nuclear, and insoluble fractions and immunoblotted

pnas.org
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for RPEG5. As shown in Fig. 5B, most RPE65 was found in the
cytosolic and membrane fractions. We validated the purity of
each fraction by assessing the enrichment of cognate marker pro-
teins: fibrillarin for nuclear and calnexin for endoplasmic reticu-
lum fractions. A cytosolic abundance of RPE65 in the eye-cups
of the D477G WT/KI and KI/KI mice was decreased relative to
the WT/WT and W7/KO mice (Fig. 50).

The subcellular distribution of RPE65 was examined by
immunofluorescence in RPE flat mounts of age-matched
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animals. Immunolabeling of ZO-1 showed no disruptions in
the RPE cellcell junctions in any of the mouse groups (Fig. 5
D, b, £ j, and n). A difference was found in the expression lev-
els and subcellular localization patterns of RPEG5 in the W7/KT
and KI/KI compared with the W7/WT and WZ7/KO mice.
Under the same excitation intensity, the WIZ/WT eye-cup
showed the highest RPEG5 fluorescence (Fig. 5E). The signal
distribution of RPE65 in the W7/WT RPE was mostly conflu-
ent and diffused equally (Fig. 5 D, a—d). The RPE65
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0.0001 in one-way ANOVA with Tukey's post hoc comparison.

distribution pattern in the W7/KO was more concentrated
around the cell center than the periphery and showed lower
total cellular RPE65 intensity (Fig. 5 D, e—4). On the other
hand, the RPEG5 signal in the W7/KT eye-cups showed a differ-
ent distribution. There was a notable reduction of RPE65
immuno-signals in the W7/K7 RPE cells (Fig. 5E). The remain-
ing RPEG5 signal in the W7/KI RPE formed scalloped patches
with areas of small uneven molted deposits collected at the cell
periphery (Fig. 5 D, 7), and the RPEG65 signal was the lowest in
the KI/KI eye-cups (Fig. 5 D, m). Our results suggest that the
D477G mutation could affect RPE65 association with the ER

membranes and mislocalization.

D477G Mutant Directly Interacts with WT RPE65. Plasmids
expressing 6XHis-tagged WT-RPE65 and FLAG-tagged
D477G mutant were cotransfected into 293A-LRAT cells at
1:1 ratio, and coimmunoprecipitation (co-IP) was performed
using the anti-His and anti-FLAG tag antibodies. As shown in
Fig. 64, WT-RPE65 was coprecipitated with FLAG-tagged
D477G mutant in the cells expressing both the mutant and
WT proteins. Reciprocal pull-down of the FLAG-tagged
D477G mutant also coprecipitated His-tagged WT-RPEG5,
indicating a direct interaction of mutant D477G and
WT-RPEG5 proteins. Taken together, our results strongly sug-
gest that the D477G mutant directly interacted with
WT-RPEG5, which may lead to aggregation, and mislocaliza-
tion of WT-RPEGS5, in addition to the D477G mutant itself.

6 of 12 https://doi.org/10.1073/pnas.2115202119

Association of D477G with WT-RPE65 Decreased the Stability
of RPE65 Protein. To further investigate the consequence of
D477G mutant protein interaction with WT-RPE65 protein,
total RPEGS5 stability was examined in the presence and absence
of the D477G mutant. The 293-LRAT cells were transfected
with an equal copy number of the WT-RPEG65, D477G trans-
genes using pVitro-2 bicistronic mammalian expression vector
to ensure the equal ratio of transfected genes. At 18 h posttrans-
fection, protein translation was interrupted by cycloheximide
(CHX), and RPEG5 levels were measured by Western blot anal-
ysis at 0, 6, and 12 h after the addition of CHX (Fig. 6 B and
0. RPE65 protein levels declined rapidly in cells expressing
D477G/D477G or WT/D477G, relative to those expressing
WT/WT-RPE65 (Fig. 6C). The calculated half-life of WT/
WT-RPEG5 is ~51 + 5 h. In contrast, the WT/D477G and
D477G/D477G showed a decreased half-life of 17 + 2 h and
10 =+ 3 h, respectively.

Previously published results by Choi’s group (16) have observed
that the D477G mutation facilitated mono- and di-ubiquitination
of RPEG5 and speculated that like other missense RPEG5
mutants, the D477G variant also targets RPE65 for 26S pro-
teasomal degradation (32). Cells were transfected with the
vectors and treated with CHX and MG132, an inhibitor of
the 26S proteasome, to investigate the proposed mechanism.
As shown in Fig. 6D, MGI132 treatment attenuated
WT-RPEG5 decrease to almost 100% of the initial expres-
sion level (Fig. GE), while RPE65 degradation in WT/
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mounts. Green florescent RPE65 signal (a, e, i, and m) in mice of indicated ge
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0) labels cell nuclei. (Scale bars, 30 um for white and 10 um for red.) (E) Quantification of average intracellular RPE65 signal. Data were presented as mean +

SEM, *P < 0.05, **P < 0.01, or ****P < 0.0001 in one-way ANOVA with Tukey"

D477G was only partially attenuated. In cells expressing
D477G/D477G, the degree of RPE65 degradation was pre-
vented by MG132 to a higher extent than that of the WT/
D477G. Our results suggest that aside from the ubiquitin
proteasomal pathway, the D477G-mediated RPEG5 protein
degradation involves other intracellular routes of protein
clearance (Fig. 7).

PNAS 2022 Vol.119 No.11 2115202119

s post hoc comparison. n = 6 for each mice group.

Discussion

Although five independent KI mouse models have been generated
for the D477G mutation, none of them recapitulated the retinal
pathologies and degeneration exhibited by the affected patients (5,
15-17). In this study, we manipulated the environmental lumi-
nance to expose the retinal pathogenic effect of D477G. By
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making direct comparisons of the phenotypic changes of the
D477G Kl heterozygotes (WT/K]) with heterozygous RPE65 KO
(WI/KO) mice, we provided functional, morphological, in vitro,
and in vivo molecular evidences that support the dominant-
negative nature of the D477G mutant. In each tested instance, we
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showed that the adverse cellular consequence of the D477G
mutant coexpressed with WT-RPEG5 far exceeded that of losing a
single allele of WT-RPEG5 and disapproved the retinal dysfunc-
tion hypothesis that retinal pathologies in heterozygous D477G
patients may be caused by haploinsufficiency.
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Light is often manipulated in laboratory animals to drive
ocular pathologies through increasing retinal oxidative stress
(33, 34). In an adRP causing a rhodopsin P23H mutant mouse
model, the retina degeneration progressed faster when the mice
were raised under cyclical light, whereas the degeneration
slowed in mice raised in the dark (35). Similarly, a direct light
effect on the rate of PR loss was reported in the retinal degener-
ation slow, another inheritable retinopathy (IR) mouse model
(36). More recently, Li et al. (17) employed a nonstandard
housing luminance of 500 Ix on their D477G KI mouse model
to induce pathogenic phenotypes in the W7/K7 mice. However,
only minor ERG decline was noted in the homozygous KI (K7/
KI) mice, which does not explain the phenotypes in D477G-
affected patients. It has been well documented that repeated
exposure to excessive environmental illumination causes chronic
retinal degeneration in the otherwise healthy retina (37-39),
exacerbates IR (40-42), and is one of the major risk factors for
the development of age-related macular degeneration (39, 43).
Conversely, protection from light is reported to slow the pro-
gress of retinal degeneration in many of the above-mentioned
reports (40, 44).

Because light of excessive brightness can damage the normal
retina (44), while insufficient light will not produce an aggra-
vating effect as observed by Li et al. (17), we exposed our adult
mice to 2,000 Ix, a light intensity comparable to that of the
indoor or a cloud covered day luminance experienced by
humans (45, 46). In the RPE65-null mice, an opsin lacking
11-¢is-RAL lead to constant low-level activation of phototrans-
duction, consequently increased cellular stress, and accelerated
retinal degeneration in a light intensity-dependent manner (47,

PNAS 2022 Vol.119 No.11 2115202119

additional mechanisms responsible for D477G mediated reduced isomerase activity.

48). Likewise, we used light to hasten the visual cycle activity
in the RPE through the acceleration of phototransduction and
11-cissRAL expenditure at the PR. The increased demand for
11-cisRAL by the PR, with the aforementioned light-induced
oxidative stress, may be sufficient to incite the onset of
D477G-mediated pathologies. To exclude the effect of photo-
toxicity on the retina, we pretested the 2,000-1x light on WT
littermates up to 18 mo of age and detected no difference in
retinal function and morphology in the mice exposed to 2,000
Ix than those maintained under DimL (S/ Appendix, Figs.
S1-S3).

Indeed, D477G KI heterozygotes maintained under DayL
manifested reduced retinal ERG amplitudes and architectural
defects, such as OS, ONL thinning, and ORT, recapitulating
anomalies detected in the D477G patients (Figs. 1-3) (5, 12,
13). Furthermore, when exposed to DayL intensity, the disease
progression of the W7/KI mice recapitulated those in a major-
ity of the D477G patients, with the disease onsets around mid-
adulthood between the ages of 40 and 50 y, analogous to mice
around 15 to 18 mo of age (49). There are the occasional late-
onset D477G adRP patients (11). Our previous report showed
a delayed a-wave recovery rate in the 9-mo-old WZ7/KI mice,
consistent with other reports (11, 14, 16). In this study, we
found that the delayed a-wave recovery persisted in the 12- and
18-mo-old WT/KI mice, which is the study’s endpoint (Fig. 2
Aand B). Compared with littermates raised under DimL, hous-
ing the W7/KT mice under DayL further slowed the recovery
rate of rod photosensitivity (Fig. 2B). Our data suggested that
the visual cycle in the W7/KI RPE was impaired prior to the
onset of PR dysfunction. This retinal functional decline in the
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WT/KI model is consistent with that of the D477G adRP
patients, the initial onset of night blindness predating func-
tional vision loss (14).

In the previous studies, the total RPE65 protein levels in the
D477G WT/KI mouse models were reduced to ~45 to 50% of
that in the W7/WT mice (14, 16, 17). Comparing the levels of
RPEG65 in the W1/KI, WT/KO, and KI/KI mice to the WI/WT
littermates, we also observed a similar fold reduction of RPEGS
protein in the 4-mo-old W7/KI eye-cups (Fig. 4B). Our results
suggested that the D477G variant adversely impacted
WT-RPEGS protein levels as the W7/KI eye-cups showed sig-
nificantly lower RPEG5 levels than the W7/WT and W7/KO
mice (Fig. 4B). In the same 4-mo-old mice, we saw a concomi-
tant decline in the LRAT protein levels (Fig. 4C), suggesting
that aside from lowering RPEGS protein levels as reported by
others (5, 11), the D477G mutant might impact other compo-
nents of the visual cycle.

Multiple groups speculated that the charged aspartic acid at
position 477 acts as a “gatekeeper” residue for maintaining
proper RPE65 protein interactions (14, 16, 17). We report that
replacing the aspartic acid with glycine in RPE65 indeed
induced protein aggregation, as evidenced by the sedimentation
study (Fig. 54). Both subcellular fractionation and immunoflu-
orescence assays in the WT7/KI eye-cups indicated that the
mutant alters RPE65 subcellular distribution (Fig. 5 B-D).
Moreover, co-IP demonstrated the direct association of the
D477G protein and WT RPEG5 protein (Fig. 64). Our molec-
ular approaches demonstrated protein—protein interactions of
WT-RPE65 and D477G mutant, as previously predicted (5,
16). We showed that the direct interaction of D477G mutant
with WT-RPE65 reduced cellular RPE65 stability (Fig. 6 B
and D). In addition, as a membrane-bound isomerase, RPE65
mislocalization could impair its activity (50, 51). Indeed, we
found the W7/KI RPE to exhibit lower 11-cisROL production
activity than the WZ7/KO RPE (Fig. 2D), and identified
increased free opsin in the daylight-exposed WZ7/KT retina (S/
Appendix, Fig. S4).

WT-RPE65 and mutant protein complex aggregation have
been reported in many other recessive RPE65 mutants, such as
L22P, T101l, and L408P (32). However, unlike the previous
studies on these mutants (16), treatment with the proteasome
inhibitor MG132 did not fully rescue RPE65 protein levels in
cells transfected with D477G/WT or D477G/D477G vectors
(Fig. 60), suggesting that the disposal of the D477G variant
may not be solely mediated by proteasomal degradation alone.
In addition, the degree of rescue after MG132 treatment in
WT/KI was paradoxically lower than that of the KI/KT trans-
fected cells. This suggests that different cellular pathways medi-
ate the degradation of the D477G/WT RPEG5 dimers. Further
studies are necessary to elucidate alternative pathways, such as
chaperone protein rehabilitation or autophagy at work to main-
tain RPE65 homeostasis.

Previous publications on RPEG5 recessive missense mutants
showed that 20 to 30% of WT-RPEGS provided an adequate
level of chromophore required to sustain functional vision in
mice (52, 53). When compared with the WI/WT, D477G
WT/KI RPE expresses 35 to 45% (Fig. 4B), and WT/KO
expresses about 55 to 60% of total RPE65 (54); the light-
driven phenotype in the W7/KT but not in the W7/KO cannot
be completely explained by decreased levels of RPE65 protein
alone. Future studies are required to elucidate the other avenues
where the D477G mutant impacts RPE6G5 isomerase activity.
As suggested by numerous other studies, the abnormal protein
aggregates formed in the W7/KI eye-cups could cause further
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cellular stress or cellular toxicity to the RPE cells (6, 13, 16).
Interestingly, we observed an up-regulation of GFAP expression
in the W77KT mouse retina, exacerbated by 2,000-Ix light expo-
sure (SI Appendix, Fig. S5). This sign of increased retina stress
in the D477G KI mouse opens up a new line of investigation
in our future studies. Mutations in other visual cycle-related
enzymes—such as Rdh10 (55), Rlbpl (56), and Rgr (57),
which are known to cause retinal degenerations in humans—
are unable to be recapitulated in the mice models. However,
just like the D477G K1, these models all display some degree of
dark-adaptation delay. Therefore, we hypothesized that chang-
ing the light condition might also incite retinal degenerative
features in these mice.

Intrafamilial clinical heterogeneity is a well-known yet unex-
plained phenomenon observed in patients of IR. The variable
intensity of light luminance a person experiences may explain
the variable age of onset and disease severity in the D477G
patient population and perhaps in other forms of IR (58).
Alternatively, but not mutually exclusive, the variable pheno-
typic presentation in our light-exposed mouse model and the
reported variable genetic penetrance associated with the human
¢.1430A > G mutation strongly suggest that additional envi-
ronmental factors may modulate disease presentation. Light
exposure as a trigger for disease outcome can easily be targeted
as a predisposing stressor for avoidance in multiple forms of IR.

In conclusion, we demonstrated that physiological relevant
environmental light intensity (2,000 Ix) induced the manifesta-
tion of retinal dysfunction and degeneration in the heterozy-
gous (WT/K]) but not heterozygous RPE65 KO (W7/KO)
mice. Our results implicate that ambient light could be a causa-
tive factor that enhances disease onset and progression in
affected humans and rodents carrying a single copy of the
D477G mutant. Our findings also revealed that D477G is a
dominant-negative mutation, a possible mechanism by which a
single copy of D477G causes retinal dystrophy. Moreover, our
studies revealed a possible connection between environmental
luminance on the progression of IR.

Materials and Methods

Animals. All animal experiments were approved by the Institutional Animal
Care and Use Committee of the University of Oklahoma Health Sciences Center
(Oklahoma City, OK), and performed following the guidelines of the Association
for Research in Vision and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. The RPE65 D477G KI mouse model was gener-
ated by our group previously (15). RPE65 KO mice were a kind gift from Michael
Redmond, National Eye Institute, Bethesda, MD (10). Heterozygous KO mice
were obtained by crossing homozygous RPE65 KO mice with WT C57BL/6J. All
mice were in the C57BL/6J background and were maintained in standard hous-
ing conditions with 12-h light/dark cycles and food and water ad libitum. The
rd8 mutation in the Crb7 gene was excluded from all F1 generations by Sanger
sequencing (59).

Physiological Relevant DayL Treatment. For chronic light exposure at physi-
ological relevant luminance of 2,000 I, the experimental mice were first raised
at regular vivarium light to around 3 mo of age. Then, the D477G KI heterozy-
gotes (WT/KI) and the RPE65 KO heterozygotes (WWT/KO) were grouped randomly
to be maintained in 12-h DayL (~2,000 Ix)/12-h dark or in 12-h regular vivarium
DimL (~100 Ix)/12-h dark conditions (S/ Appendix, Fig. S1). For details of the
2,000-Ix light cubicle set up, see SI Appendix.

Electroretinography. Full-field ERG was conducted with D477G Kl and RPE65
KO heterozygote mice, maintained under either DimL or DayL, at the ages of 3,
6,9, 12,15, and 18 mo. All ERGs were recorded with the Espion E3 system
Ganzfeld Color Dome system (Diagnosys); for details, see S Appendix.
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sD-0CT. Mice were anesthetized and their pupils were dilated. Artificial tears
(Systane Ultra, Alcon) were used to maintain comeal hydration and clarity. The
retinal thickness was measured using a SD-OCT device (Bioptigen) following a
previously established method (60). For details, see S/ Appendix.

RPE65 Isomerase Activity Assay. The isomerase activity of RPE65 was
measured using HPLC, as described previously (61). For details, see
SI Appendix.

HPLC Measurement of Endogenous Retinoids. Endogenous 11-cis-RAL in
mice eye-cups was analyzed using HPLC, as described previously (62). For
details, see SI Appendix.

Immunoblotting. Western blot analysis was performed as described previously
(63); for details, see SI Appendix. The antibodies used are listed in S/ Appendix.

Sucrose Velocity Sedimentation. Nonreducing velocity sedimentation was
performed following a documented method (64), with modifications on extracts
from the eye-cups of mice. For details, see SI Appendix.

Subcellular Fractionation. All details regarding the assay and analyses are in
SI Appendix.

Construction of Pvitro-2 Heterozygous RPE65-WT/D477G. Details on vec-
tor construction are in S/ Appendix.

Immunoprecipitation. Reciprocal co-IP was performed with anti-His and anti-
FLAG antibodies. Plasmids expressing His-tagged WT-RPE65 and FLAG-tagged
D477G mutant-RPE65 were either individually or cotransfected at an equal molar
ratio into 293A-LRAT cells, a cell line stably expressing human LRAT (9), using poly-
ethyleneimine (PEI; Polysciences) at 1 mg/mL, pH 7.4, 2:1 PEI/DNA ratio (61). AT
48 h posttransfection, total cellular proteins were extracted. Co-IP was performed
following manufacturer's protocol (Santa Cruz); for details see SI Appendiix.
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