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ANIMAL MODELS
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RPE65 is an indispensable component of the retinoid visual cycle in vertebrates, through which the
visual chromophore 11-cis-retinal (11-cis-RAL) is generated to maintain normal vision. Various
blinding conditions in humans, such as Leber congenital amaurosis and retinitis pigmentosa (RP), are
attributed to either homozygous or compound heterozygous mutations in RPE65. Herein, we inves-
tigated D477G missense mutation, an unprecedented dominant-acting mutation of RPE65 identified in
patients with autosomal dominant RP. We generated a D477G knock-in (KI) mouse and characterized
its phenotypes. Although RPE65 protein levels were decreased in heterozygous KI mice, their
scotopic, maximal, and photopic electroretinography responses were comparable to those of wild-type
(WT) mice in stationary condition. As shown by high-performance liquid chromatography analysis,
levels of 11-cis-RAL in fully dark-adapted heterozygous KI mice were similar to that in WT mice.
However, kinetics of 11-cis-RAL regeneration after light exposure were significantly slower in
heterozygous KI mice compared with WT and RPE65 heterozygous knockout mice. Furthermore,
heterozygous KI mice exhibited lower A-wave recovery compared with WT mice after photobleaching,
suggesting a delayed dark adaptation. Taken together, these observations suggest that D477G acts as
a dominant-negative mutant of RPE65 that delays chromophore regeneration. The KI mice provide a
useful model for further understanding of the pathogenesis of RP associated with this RPE65 mutant
and for the development of therapeutic strategies. (Am J Pathol 2017, 187: 517e527; http://
dx.doi.org/10.1016/j.ajpath.2016.11.004)
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Vitamin A metabolism in vertebrate eyes, known as the
retinoid visual cycle, plays a critical role in supporting
visual function by generating the photosensitive chromo-
phore 11-cis-retinal (11-cis-RAL) required to detect light.1

11-cis-RAL binds with opsin to form rhodopsin in the outer
segments of rod photoreceptors. On absorption of light,
11-cis-RAL isomerizes to photo-insensitive all-trans-
retinal, inducing a conformational change in opsin (ie,
metarhodopsin II) that subsequently triggers the down-
stream phototransduction pathway for visual sensation.2,3

However, rhodopsin kinase and arrestin quickly deacti-
vate metarhodopsin II, and all-trans-retinal is dissociated
from opsin as a result. Because rhodopsin must be regen-
erated for further phototransduction to occur, efficient
regeneration of 11-cis-RAL via the retinoid visual cycle is
essential for proper visual function.
stigative Pathology. Published by Elsevier Inc
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The retinoid visual cycle is composed of numerous
proteins located in the retinal pigment epithelium
(RPE), interphotoreceptor matrix, and photoreceptors.4e7

All-trans-retinal dissociated from opsin is first reduced to
all-trans-retinol by all-trans-retinal dehydrogenases in the
outer segment of photoreceptors. Subsequently, all-trans-
retinol binds to interphotoreceptor retinoid-binding protein
that facilitates its transfer to the RPE.6,8,9 Within the
RPE, all-trans-retinol is esterified to all-trans-retinyl ester
(all-trans-RE) by lecithin/retinol acyl transferase. The
retinoid isomerase RPE65 then converts all-trans-RE into
.
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11-cis-retinol.4,10e14 As the last step of the retinoid visual
cycle, 11-cis-retinol is oxidized to 11-cis-RAL by 11-cis-
retinol dehydrogenases, and transported to photoreceptors
where it recombines with opsin, generating rhodopsin.15e17

The retinoid visual cycle is frequently compromised
because of genetic mutations in the genes involved in the
visual cycle, leading to a variety of retinal disorders, such as
fundus albipunctatus, Leber congenital amaurosis (LCA), and
retinitis pigmentosa (RP).18e22 In fact, a key enzyme of the
retinoid visual cycle, RPE65, alone has >100 mutations re-
ported to associate with LCA type 2 (LCA2) and autosomal
recessive RP.23 The phenotype most commonly observed in
patients with mutations in RPE65 is LCA2 or severe early-
onset retinal degeneration, which causes visual impairment
from birth and/or progression to complete blindness by the
third decade of life.24 Up to 16% of all diagnosed LCAs are
attributed to mutations in RPE65 at the LCA2 locus (1p31),
and patients with LCA2 carry mutations in both copies of
RPE65, either as homozygous or compound heterozygous.25

In 2011, anunprecedenteddominantmutationofRPE65was
identified from a large Irish family with autosomal dominant
RP (adRP) and a small Irish family with a choroideremia.26 A
single-nucleotide substitution (c.1430G>A) changed codon
477 from Asp to Gly (D477G), and the patients carrying a
single copy of such mutated RPE65 exhibited varying degrees
of visual defects that are generally less aggressive compared to
what are commonly observed in recessive RPE65 cases.
Another group has recently reported an independent study on
patients with D477G who exhibited similar clinical features,
and alsomentioned a possible association ofD477Gwith adult-
onset vitelliform macular dystrophy.27

The purpose of this study was to generate a heterozygous
D477G knock-in (KI) mouse as a model for investigation of
adRP associated with this dominant-negative mutation of
RPE65. The present article details characterization of the
D477G KI model by examining retinal morphology, the
retinoid visual cycle, and visual function.

Materials and Methods

Generation of D477G KI Mice

A targeting vector was generated from a BAC clone spanning a
7.4-kb region including exon 13, where the point mutation was
introduced. The construct containing the point mutation and
FRT-flanked neomycin cassette was then subcloned into the
pSP72 backbone vector for retransformation before electropo-
ration. NotI linearized targeting construct was then electro-
porated into embryonic stem cells (129/SvEv � C57Bl/6
hybrid). Positive clones were selected by G418 resistance,
followed by expansion for screening of homologous
recombination by genomic PCR (LAN1 forward, 50-
CCAGAGGCCACTTGTGTAGC-30; and A2 reverse,
50-GGAACCACTTGTCCAACTCAG-30) and Southern blot-
ting Sca1 or Mfe1 digested DNA with a probe (iNeo) targeted
against the Neo cassette. Validated clones were then injected
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into blastocysts to generate a chimera line, which subsequently
crossed with FLP mice (InGenious Targeting Laboratory,
Ronkonkoma, NY) to generate Neo deleted heterozygousmice.
Correct excisionof the selectablemarkerwas confirmedbyPCR
strategy targeting the DNA region that differentiates wild-type
(WT) allele (448 bp) and FRT-deletedKI allele (549 bp). Primer
sequences are as follows: D477G forward 1, 50-TGGAAT-
CAATGAGTGTCTGGACT-30; and D477G reverse 1, 50-
AAGAACCCTAGCCACAGCATA-30.Rpe65 knockout (KO)
mice were kindly provided by Dr. Michael Redmond (National
Eye Institute, Bethesda, MD).12 Heterozygous KO mice were
obtained by crossing Rpe65 KO mice with WT mice.

Animals

All animal studies were approved by the Institutional Ani-
mal Care and Use Committee of the University of Okla-
homa 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
(http://www.arvo.org/about_arvo/policies/statement_for_
the_use_of_animals_in_ophthalmic_and_visual_research).
The animals were maintained in standard housing with
12-hour light/dark cycles and food and water ad libitum.

Real-Time PCR

Levels of the RPE65 mRNA were examined by real-time
PCR. Enucleated eyes were carefully dissected and imme-
diately snap frozen in liquid nitrogen. Total RNA was iso-
lated by Trizol and chloroform, and 0.5 mg RNA was
reverse transcribed to cDNA (Applied Biosystems, Foster
City, CA). The generated cDNA was then used as template
for real-time PCR with a primer pair specific for the mouse
RPE65 mRNA. Gadph was used as a housekeeping gene for
normalization (n Z 3 per group).

Western Blot Analysis

Enucleated eyes fromWT, heterozygous KI, and homozygous
KI mice were dissected to obtain the eyecup containing the
RPE, choroid, and sclera. The eyecups were homogenized by
sonication in phosphate-buffered saline, followed by centrifu-
gation at 16,000� g for 15minutes. Total protein (25 mg) from
the collected supernatant was resolved on 10% SDS-PAGE
gel. RPE65 was detected by a rabbit polyclonal antibody
against RPE65 (1:1000), as previously described.5 b-Actin
was detected by antieb-actinehorseradish peroxidase (SC-
1616HRP, 1:2000; Santa Cruz Biotechnology, Dallas, TX).
Band densitometry was performed with ImageJ software
version 1.50i (NIH, Bethesda, MD; http://imagej.nih.gov/ij).

Light and Electron Microscopy

Tissues were collected, processed, and embedded in plastic,
as described elsewhere.28,29 For light microscopy, plastic
ajp.amjpathol.org - The American Journal of Pathology
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sections (0.75 mm thick) were imaged with Zeiss Observer
Z1 (Zeiss, Thornwood, NY). For transmission electron mi-
croscopy, thin (600 to 800 Å) sections were collected on
copper 75/300 mesh grids and stained with 2% (w/v) uranyl
acetate and Reynold’s lead citrate. JEOL 100CX electron
microscope (JEOL, Akishima, Tokyo) was used to view
sections, at an accelerating voltage of 60 kV.

Immunohistochemistry

Enucleated eyes were briefly fixed in 4% paraformaldehyde,
followed by a needle puncture just below the limbus and
additional fixation in 4% paraformaldehyde for 30 minutes.
The anterior portion of the eyes containing the cornea and
lens was then dissected away, and remaining eyecups were
cryoprotected in graded sucrose solutions (10% to 30% in
phosphate-buffered saline). The eyecups were embedded in
OCT compound and frozen over liquid nitrogen. Cry-
osections (12 mm thick) of the retinas were then incubated in
blocking solution (5% bovine serum albumin plus 0.3%
Triton X-100 in phosphate-buffered saline), followed by
overnight incubation at 4�C with primary antibody diluted in
blocking solution. The sections were washed three times with
phosphate-buffered saline containing 0.3% Triton X-100, and
incubated with appropriate fluorophore-conjugated secondary
antibodies for 1 hour at room temperature. The following
antibodies were used: S-opsin (ab1778, 1:200; Millipore,
Temecula, CA), M-opsin (ab5405, 1:200; Millipore),
rhodopsin (1D4, 1:500), and RPE65 (PETLET, 1:200).

Isomerase Activity Assay

Isomerase activity assay was performed, as previously
described,30 in a dark room under red light (catalog number
A19/R/LED; Feit Electric, Pico Riverea, CA). In brief, the
eyecups were homogenized with a glass grinder in a buffer
containing 10 mmol/L bis-Tris-propane (pH 8.0) and 100
mmol/L NaCl. All-trans-[11, 12-3H]-retinol in ethanol
(1 mCi/mL, 52 Ci/Mmol; 1 Ci Z 37 GBq; PerkinElmer,
Waltham, MA) was dried under argon and resuspended in
the same volume of dimethylformamide. Subsequently, 2 mL
of all-trans-[11, 12-3H]-retinol in dimethylformamide and
250 mg of total proteins were added into 200 mL of the re-
action buffer (10 mmol/L bis-Tris-propane, pH 8.0/100
mmol/L NaCl), including 0.5% bovine serum albumin and
25 mmol/L cellular retinaldehyde-binding protein. After a 2-
hour incubation period, generated retinoids were extracted
by methanol/hexane, and the upper organic phase was
analyzed by normal-phase high-performance liquid chro-
matography (HPLC) coupled to Radiomatic 610TR Flow
Scintillation Analyzer (PerkinElmer).

HPLC Retinoid Profiling

Dark-adapted mice were sacrificed, and their eyes enucleated
(nZ 4 per group). The whole eyes were homogenized with a
glass grinder in lysis buffer [10mmol/LNH2OH, 50%ethanol,
The American Journal of Pathology - ajp.amjpathol.org
50% 2-(N-morpholino)ethanesulfonic acid, pH 6.5], and ret-
inoids were extracted with hexane. Solvent was evaporated
under argon gas, and dried retinoid samples were resuspended
in 200 mL of HPLC mobile phase (11.2% ethyl acetate, 2.0%
dioxane, 1.4% octanol, and 85.4% hexane) and injected into
the HPLCmachine (515 HPLC pump;Waters Corp., Milford,
MA) with a normal phase Lichrosphere SI-60 (Alltech,
Deerfield, IL) 5-mmcolumn and isocratic mobile phase (1mL/
minute). The HPLC retinoid profiling was performed
following a previous protocol10 in a dark roomunder red light.

Measurement of 11-cis-Retinal Recovery by HPLC

Mice were dark adapted overnight before experiment day
(n Z 4 per group). On the day of experiment, mice were
subjected to 5000 lux light for 30 minutes. Immediately
after the 30 minutes of light exposure, mice were returned to
dark, where they recovered for 15 or 30 minutes. After the
recovery, mice were sacrificed and their eyes enucleated.
Collected eyes were processed for HPLC retinoid profiling,
as described above.

ERG Data

Mice were dark adapted overnight before performing elec-
troretinography (ERG). Mice were then anesthetized by an
i.p. injection using 3mL/g bodyweight of 40mg/mLketamine
and 3mg/mL xylazine diluted with saline. Pupils were dilated
with 1% cyclopentolate hydrochloride ophthalmic solution
(Cyclogyl, Fort Worth, TX) and 10% phenylephrine-HCl.
Hypromellose ophthalmic demulcent solution (2.5%; Gonak,
Lake Forest, IL) was applied to each cornea, followed by the
placement of gold wire electrodes. Stainless steel electrodes
were placed into the right cheek and the tail to serve as a
reference and the ground, respectively. Espion E3 systemwith
a Ganzfeld ColorDome system was used to perform ERG
procedures (Diagnosys LLC, Lowell, MA). The intensities
used for scotopic, maximal, and photopic ERG responses are
0.8, 40, and 40 cd$s/m2, with 10 cd/m2 as background,
respectively (WT/WT, n Z 12; and WT/KI, n Z 8). For
double-flash ERG, fully dark-adapted mice were subjected to
the first flash (ie, probe flash, 4 cd$s/m2), followed by the
second flash (ie, test flash, 40 cd$s/m2) at various delay times
ranging from 0.2 to 1.5 seconds (WT/WT, nZ 6; andWT/KI,
n Z 8). For dark-adaptation recovery, responses of the fully
dark-adapted mice to single flash (10 cd$s/m2) stimulus were
acquired before and after intense bleaching under 1000 cd/m2

for 2 minutes. Mice were allowed to recover in the dark up to
60 minutes while acquiring single-flash ERG (10 cd$s/m2)
every 5 minutes (WT/WT, n Z 10; and WT/KI, n Z 16).

Results

Generation of the D477G KI Mouse

We have generated a KI mouse model harboring the
missense mutation at c.1430G>A (Asp477Gly), as a model
519
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for human adRP patients with the D477G mutation
(Figure 1A). A 13.4-kb targeting vector was generated that
includes exons 11 through 14, with the mutant codon 477 in
exon 13 (c.1430G>A, p.D477G) and FRT-flanked Neo
cassette downstream of exon 13 (Figure 1A). The linearized
targeting construct was electroporated into embryonic stem
cells (129/SvEv � C57Bl/6J hybrid) for a site-specific
homologous recombination, and the positive clones with
correctly targeted allele were identified and confirmed by
PCR and Southern blotting (Figure 1, B and C). Germline
competent chimeric mice were generated from those clones,
and were subsequently crossed with FLP mice to excise the
FRT-flanked Neo cassette. A PCR strategy was designed
(forward 1, 50-TGGAATCAATGAGTGTCTGGACT-30;
and reverse 1, 50-TATGCTGTGGCTAGGGTTCTT-30) to
distinguish the WT allele (448 bp) from the mutant allele
Figure 1 Generation of the D477G KI mouse model. A: The D477G targeting s
designed to span 5.7 kb upstream of the point mutation (LA) and 1.7 kb downst
region between exons 13 and 14. FRT-flanked Neo cassette in the targeted allele
containing the point mutation in exon 13 (asterisks). B: A PCR strategy was used
yielded a 2.18-kb product. WT genomic DNA was used as a negative control, and a
The PCR-confirmed clones were further validated by Southern blotting. DNA digest
Corresponding signals from ScaI and MfeI were detected at 12.5 and 9 kb, respect
Flp-mediated deletion of the Neo cassette produced 549- and 448-bp products, ea
targeted allele comprises 34-bp-long FRT sequence and 67-bp-long remnants from
477. c.1430G>A is confirmed by sequencing the PCR amplicon obtained with a p
F, forward; HET, heterozygous; HYB, hybrid; KI, knock in; LA, left homology arm
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(549 bp after the Neo cassette deletion) (Figure 1D). An
additional PCR was performed with a primer pair (RPE65
forward, 50-CACTGTGGTCTCTGCTATCTTC-30; and
RPE65 reverse, 50-GGTGCAGTTCCATTCAGTT-30) to
amplify the region overlapping the point mutation, and the
resulting amplicon was sequence confirmed for the presence
of the mutant codon (Figure 1E). The KI line was then
propagated by intercrossing the heterozygous KI mice, to
generate littermate WT control and homozygous KI mice.

Expression Levels of the RPE65 mRNA and Protein in
D477G KI Mice

Expression of RPE65 was examined at both the transcriptional
and translational levels. RPE65 mRNA levels were compa-
rable among WT, heterozygous D477G KI, and homozygous
trategy is shown as a schematic representation. The targeting construct is
ream of the Neo cassette (RA). The Neo cassette was inserted in the intron
is deleted by FRT-FLP recombination, thereby generating a mutant allele
to screen for the positive clones. LAN1 and A2 primer pair targeting the RA
n individual clone (before reconfirmation) was used as a positive control. C:
ed with ScaI or MfeI was hybridized with a probe against the Neo cassette.
ively. D: Genotyping PCR using primers F1 and R1 flanking the FRT site after
ch representing targeted and WT allele, respectively. Extra 101 bp present in
the Neo cassette. E: Sequence confirmation of the point mutation at codon
rimer pair encompassing the region of the point mutation. þVe, positive;
; R, reverse; RA, right homology arm; WT, wild type.
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Figure 2 Reduced RPE65 levels in D477G KI
mice. A: Relative levels of the RPE65 mRNA in the
eyecups of these mice were analyzed by real-time
PCR. Representative values are normalized to
mRNA levels of a housekeeping gene (Gapdh). B:
Eyecups containing sclera, choroid, and RPE were
dissected and homogenized. The eyecup homoge-
nates from wild-type (WT/WT), the heterozygous
KI (WT/KI), and the homozygous KI (KI/KI) mice
were then subjected to Western blot analysis with
an antibody against RPE65 (PETLET). b-Actin was
used as loading control. Densitometry was used for
semiquantification. C: Immunofluorescence label-
ing of RPE65 on the retinal cross sections. RPE65 is
shown in red, and nucleus is shown in blue (DAPI).
Error bars represent SDs from the triplicates within
the experiment (A). n Z 3 per group (A); n Z 4
per group (B). ***P < 0.001 (t-test). Scale bar Z
50 mm (C). GCL, ganglion cell layer; INL, inner
nuclear layer; IPL, inner plexiform layer; KI, knock
in; ONL, outer nuclear layer; OPL, outer plexiform
layer; OS, outer segment; RPE, retinal pigment
epithelium; WT, wild type.

Pathogenesis of Dominant RPE65 Mutation
KI mice (Figure 2A). However, levels of the RPE65 protein
were reduced in the heterozygous KI mice (approximately
51% of WT/WT) and even lower in the homozygous KI mice
(approximately 22% of WT) (Figure 2B). Similarly, immu-
nofluorescence labeling of RPE65 on the ocular cross sections
from the heterozygous KI and the homozygous KI mice
showed lower fluorescence intensities in the RPE, corre-
sponding to reduced RPE65 expression, as shown by the
Western blotting result (Figure 2C). This finding resonates
with a previous report that predicted destabilization of RPE65
protein because of increased folding free energy.26 Other than
a reduction in protein levels, RPE65 was detected in the RPE
layer in all three groups (Figure 2C).

No Change in Retinal Morphology and Opsin Expression
in D477G KI Mice

Numerous studies indicate that photoreceptor survivald
particularly cone photoreceptorsdis sensitive to changes in
The American Journal of Pathology - ajp.amjpathol.org
RPE65 expression.31 Therefore, we sought to examine
whether heterozygous D477G KI exhibited any signs of
anomaly in the retinal morphology. However, the retinal
cross sections immunolabeled with antibodies for S-opsin,
M-opsin, and rhodopsin showed no conspicuous signs of
abnormalities in 3.5-month-old WT and the heterozygous
KI mice. Thickness of the outer nuclear layer and inner
nuclear layer also appeared to be comparable between WT
and the heterozygous KI mice (Figure 3A). Because human
patients with D477G have a wide range of onset, we wanted
to examine whether our KI mice develop retinal phenotypes
at a much later stage as well. However, the retinal cross
sections from 13-month-old WT and heterozygous KI mice
did not present any signs of retinal degeneration
(Figure 3B). Transmission electron microscopy images
revealed an unusual accumulation of lipid droplet-like or-
ganelles in the RPE of the heterozygous KI mice (Figur 3C).
However, further investigation is required to determine their
physiological significance.
521
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Figure 3 Analysis of opsin expression and localization. A: Retinal cross sections from 3.5-month-old WT/WT and WT/KI mice were immunolabeled with
antibodies against short-wavelength cone opsin (S-opsin, yellow), midwavelength cone opsin (M-opsin, red), or rhodopsin (green). Nuclei were counterstained
with DAPI (blue). B: Light microscopic images of the retinal cross sections from 13-month-old WT/WT and WT/KI mice. C: Transmission electron microscopy
images of 13-month-old WT/WT and WT/KI. An unusual accumulation of oil dropletelike organelles in the RPE of WT/KI mice are indicated by arrowheads.
Scale bars: 50 mm (A); 40 mm (B); 10 mm (C). GCL, ganglion cell layer; INL, inner nuclear layer; IS, inner segment; KI, knock in; ONL, outer nuclear layer;
OPL, outer plexiform layer; OS, outer segment; RPE, retinal pigment epithelium; WT, wild type.
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Heterozygous D477G KI Mice Retain Normal Visual
Function

With respect to normal retinal morphology observed, we
then examined the visual function of the heterozygous
KI mice at various ages (3 to 5 months). First of all, fully
dark-adapted mice were subjected to dim flash light
(0.8 cd$s/m2) to test rod-driven visual function (Figure 4A).
As expected, scotopic vision was normal up to 5 months of
age. Using a more intense light stimulus (40 cd$s/m2),
visual function driven by a combination of both the rod
and cone pathways was assessed (Figure 4B). Maximal
response was also normal up to 5 months of age. Last,
isolated cone function was examined by 40 cd$s/m2 stimuli
with a background of 10 cd/m2 (Figure 4C). Similarly,
photopic response was also normal up to 5 months of
age. This finding is reminiscent of animal models that
exhibited normal visual function despite reduced levels of
RPE6532 or the absence of other visual cycle enzymes, such
as RDH5.17
522
Reduction in Isomerase Activity in Heterozygous
D477G KI Mice

Studies on Rpe65�/� mice have shown that complete lack of
RPE65 leads to the absence of detectable 11-cis-RAL in the
RPE, as well as significantly increased levels of all-trans-
RE.12 Several reports on recessive mutants of RPE65 using
KI models have reported similar observations on altered
retinoid profiles that are attributed to decreased RPE65
expression.32,33 Therefore, we expected to observe an altered
retinoid profile in the RPE of D477G KI mice. Retinoid
profile analysis using HPLC on the fully dark-adapted
eyeball samples showed that levels of 11-cis-RAL were
comparable between WT and the heterozygous KI mice
(Figure 5A). This finding is in accordance with normal visual
function demonstrated by ERG (Figure 4). Unlike what we
expected, levels of all-trans-RE in the heterozygous KI mice
were also comparable to WT mice (Figure 5A).
Because computer modeling of the D477G mutant pre-

dicted substantial structural changes to the RPE65 protein
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Visual function assessment by electroretinography (ERG): Mice were fully dark adapted overnight before ERG. A: Scotopic ERG measurement
(0.8 cd$s/m2) on WT/WT and WT/KI mice at 3, 4, and 5 months of age. B: Maximal ERG response (40 cd$s/m2) of these mice. C: Photopic ERG measurements
(40 cd$s/m2 with background of 10 cd/m2) of these mice. Top panels indicate averaged waveforms from each genotype at indicated ages, and bottom
panels are the corresponding histograms of A- and B-wave values. Data are given as means � SD (AeC, bottom panels). nZ 12 (AeC, WT/WT); nZ 8 (AeC,
WT/KI). KI, knock in; WT, wild type.

Pathogenesis of Dominant RPE65 Mutation
(ie, turning of b propeller VII) that could affect iron coor-
dination required for the enzymatic activity,26 we sought to
examine the enzymatic property of the mutant by measuring
isomerase activity with the isolated eyecup samples. The
isomerase activity assay showed that the heterozygous KI
mouse eyecups produced significantly lower levels of
11-cis-retinol (approximately 79% of WT, P < 0.05)
(Figure 5B), suggesting that the KI mice have reduced
isomerase activities (Figure 5B).

Delayed Dark Adaptation in Heterozygous D477G KI
Mice

Because human patients with D477G are initially presented
with delayed dark adaptation, we tested whether our KI
mice can recapitulate such phenotypes. First, we used a
double-flash ERG technique to investigate recovery func-
tion of rod photoreceptors. Fully dark-adapted mice were
subjected to a single probe flash (DA, 4 cd∙s/m2), followed
by the test flash at various times (40 cd∙s/m2) (Figure 6A).
Response from each test flash was normalized by the fully
dark-adapted A-wave amplitude. However, there was no
significant difference between WT and the heterozygous
KI mice, suggesting that D477G does not affect rod
functional recovery under a mild bleaching condition
(Figure 6B). We then used a stronger bleaching condition,
where fully dark-adapted mice were subjected to bleaching
(1000 cd/m2 for 2 minutes), and single-flash ERG
responses to 10 cd∙s/m2 were recorded every 5 minutes
while recovering in the dark for the next 60 minutes
(Figure 6, C and D). Interestingly, the heterozygous
The American Journal of Pathology - ajp.amjpathol.org
KI mice had a lower A-wave recovery compared to WT
mice (Figure 6, C and D).

Impaired Visual Chromophore Regeneration in
Heterozygous D477G KI Mice

Because impaired synthesis of 11-cis-RAL is known to
cause delayed dark adaptation, we decided to examine
whether the rate of 11-cis-RAL synthesis is affected in the
presence of D477G. Mice were exposed to bleaching con-
dition (5000 lux for 30 minutes), followed by dark adap-
tation for 15 and 30 minutes. Using HPLC retinoid profile
analysis, we examined the retinoid contents from the eye-
balls collected at 15 and 30 minutes of dark adaptation after
the light exposure. As expected, levels of 11-cis-RAL after
15 minutes of dark adaptation were lower in the heterozy-
gous KI mice and Rpe65 heterozygous KO mice, compared
to WT (heterozygous KI, approximately 49% of WT; and
heterozygous KO, approximately 72% of WT) (Figure 7A).
Even after 30 minutes of dark adaptation, levels of 11-cis-
RAL were still lower in the KI and KO mice, compared to
WT (heterozygous KI, approximately 52% of WT; and
heterozygous KO, approximately 89% of WT) (Figure 7A).
The heterozygous KI mice contained significantly lower
levels of 11-cis-RAL than heterozygous KO mice at both of
the time points, suggesting that the presence of the D477G
mutant protein suppresses the enzymatic activity of WT
RPE65. This notion was further supported by the corre-
sponding increase in levels of all-trans-RE, the substrate of
RPE65, in the heterozygous KI mice compared to WT and
the heterozygous KO mice (Figure 7B). Taken together, our
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Figure 5 Retinoid profile and isomerase activity in D477G KI mice. A:
High-performance liquid chromatography (HPLC) retinoid profile analysis
on the fully dark-adapted eyeballs from WT/WT and WT/KI mice. Both 11-
cis-retinal (11-cis-RAL) and all-trans-retinyl ester (all-trans-RE) levels were
measured. B: Isomerase assay using the eyecups from indicated mice.
Levels of the generated 11-cis-retinol were measured by HPLC. The eyecup
homogenates used for isomerase assay were examined by Western blot
analysis to ensure the comparable amount of the total protein. Data are
given as means � SEM (A and B). nZ 4 (A); nZ 6 (B). *P < 0.05 (t-test).
KI, knock in; WT, wild type.
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data suggest that delayed dark adaptation in the heterozy-
gous KI is most likely because of the presence of the
D477G allele that hinders the efficiency of 11-cis-RAL
synthesis.
Discussion

D477G is the only dominant mutant of RPE65 reported thus
far, but the molecular mechanism behind the pathogenesis
leading to vision impairment in humans remains
elusive.26,27 Herein, we have generated a D477G mutant KI
mouse model to investigate the molecular event(s) under-
lying vision impairment caused by this dominant RPE65
mutant. The heterozygous KI mice showed delayed dark
adaptation in visual sensitivity, recapitulating the
524
phenotypes of patients with adRP associated with D477G.
Furthermore, we have observed an unprecedented phe-
nomenon that presence of the D477G protein in the het-
erozygous KI mice reduced the regeneration of 11-cis-RAL
and reduced isomerase activity, suggesting that D477G acts
as a dominant-negative mutant and suppresses the isomerase
activity of WT RPE65. This represents a pathogenic
mechanism distinct from all recessive RPE65 mutations
studied previously. As such, this poses a unique challenge to
currently existing gene therapy for LCA2 because the cur-
rent therapeutic strategy relies on restoring the 11-cis-RAL
production by delivering functional copies of WT
RPE65.24,34e36 Because D477G is a dominant-negative
mutant, future therapeutic development may have to
consider a different approach, such as silencing of the
mutant transcript or correcting the mutant codon via a
genome editing technique, such as CRISPR.
Within the past decade, at least two recessive mutants of

RPE65 (ie, R91W and P25L) have been characterized in KI
mouse models that demonstrated delayed chromophore
regeneration.32,33 The phenotypes, however, were detected
only in homozygous KI mice because of the lack of WT
RPE65. This is consistent with previous observations in
humans (ie, a single copy of WT RPE65 is sufficient to
support normal visual function, including normal dark-
adaptation recovery).37 In the present study, we demon-
strated that one allele of D477G in heterozygous KI mice
resulted in delayed chromophore regeneration at both the
biochemical and physiological levels. Our ERG data com-
bined with HPLC analysis on the retinoid profile suggest
that delayed chromophore regeneration is most likely
because of impaired isomerase activity. To make an
important distinction between a true mutant effect and
haploinsufficiency (ie, decreased enzymatic activity because
of less protein expression), our HPLC retinoid profile
analysis included a side-by-side comparison between het-
erozygous D477G KI and heterozygous Rpe65 KO mice.
Our data suggest that the chromophore regeneration at 15
minutes of dark adaptation is in fact slower in the hetero-
zygous KI compared to the heterozygous KO mice. The
difference between the heterozygous KI and the heterozy-
gous KO mice persisted to 30 minutes of dark adaptation.
Although the exact mechanism by which the D477G mutant
protein disturbs WT RPE65 activity remains to be investi-
gated, our observation indicates that the KI mouse model
recapitulates the delayed dark adaptation symptom reported
in human patients with the D477G mutation.26

Despite the impaired chromophore regeneration and
delayed dark adaptation, our KI mice lack other disease
manifestations present in human patients (ie, changes in
retinal morphology and visual function deficit). Considering
a widely variable age of onset in human patients, it is
plausible that the pathogenic mechanism of D477G requires
an additional component, such as an environmental stressor.
For example, the husbandry environment where the ambient
illuminance is <100 lux may not impose a heavy work load
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Analysis of visual chromophore regeneration. A: Double-flash electroretinography (ERG) on WT/WT and WT/KI mice. Fully dark-adapted mice were
subjected to single flash (4 cd$s/m2), followed by test flashes (40 cd$s/m2) at various delay times. Representative waveforms from each genotype are shown.
B: Normalized amplitude of A-wave from WT/WT and WT/KI mice are shown. A-wave amplitude generated from each test flash was normalized by a fully dark-
adapted A-wave amplitude. C: Dark-adaptation recovery ERG examining the A-wave value. Mice in indicated groups were bleached at 1000 cd/m2 for 2 minutes,
followed by 60 minutes of rest in the dark. A single-flash ERG response at 10 cd$s/m2 was acquired every 5 minutes. Representative waveforms from each
genotype are shown. Black and red traces are before and after bleach ERG responses, respectively. Response from each time point is depicted in varying shades
of gray. D: Averaged recovering A-wave amplitudes of WT/WT and WT/KI mice are shown. Data were fitted using a nonlinear regression curve with previously
published formula.32 Data are given as means � SEM (B and D). n Z 6 (B, WT/WT); n Z 8 (B, WT/KI); n Z 10 (D, WT/WT); n Z 16 (D, WT/KI). *P < 0.05,
***P < 0.001 (t-test). KI, knock in; WT, wild type.

Pathogenesis of Dominant RPE65 Mutation
on the visual chromophore regeneration, so that even
reduced isomerase activity in the heterozygous KI mice can
sustain appropriate levels of 11-cis-RAL required for
normal vision and retinal health. In support of this notion, a
recent publication on P25L hypomorphic mutant of RPE65
The American Journal of Pathology - ajp.amjpathol.org
also demonstrated that the homozygous KI mice raised
under normal light condition (<100 lux) exhibited normal
retinal morphology, as well as normal ERGs.32 Therefore, it
is likely that phenotypes recapitulating the human diseases
in some transgenic mouse models may require a brighter
Figure 7 High-performance liquid chromatog-
raphy (HPLC) analysis on 11-cis-RAL regeneration
after photobleaching. HPLC retinoid profile anal-
ysis to quantify 11-cis-retinal (A) and all-trans-
retinyl ester (all-trans-RE; B) in WT/WT, WT/KI,
and WT/KO mice. Mice were subjected to 30 mi-
nutes of bleach in a light box with 5000 lux
fluorescent light, followed by recovery in the dark
for 15 or 30 minutes. The eyes were dissected and
homogenized in the dark for HPLC analysis. Data
are given as means � SEM (A and B). n Z 4.
*P < 0.05, ***P < 0.001 (t-test). KI, knock in;
KO, knockout; WT, wild type.
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lighting condition in husbandry that would be somewhat
equivalent to illuminance that humans are daily exposed to.
It would be certainly interesting to raise our KI mice under a
brighter light condition to determine whether retinal
morphology changes, as seen in human patients. In addition,
it will be worthwhile to investigate how D477G may affect
cone function under the optimized stress condition. Because
human patients with D477G develop ring scotoma in the
regions expected to have abundant cone photoreceptors,26,27

and depletion of 11-cis-RAL negatively affects the cone
photoreceptor health,31 the optimized stress condition might
lead to retinal morphology changes in our KI mice that
resemble human patients. Of interest, slower 11-cis-RAL
regeneration rate in P25L KI mice conferred a protective
effect against retinal damage induced by high-intensity light
(20,000 lux). Taken together, these imply that there may
exist a particular window of illuminance in which patho-
genic effects of mutant RPE65 can be brought forth.

In conclusion, our KI mouse model of D477G partially
recapitulates the clinical features reported in the patients
with adRP or choroideremia caused by the D477G mutation.
Future investigation on our KI mouse model with emphasis
on various lighting conditions and the mechanism by which
the D477G mutant suppresses enzymatic activity of WT
RPE65 will be an interesting pursuit, and the information
generated may advance our management of retinal dystro-
phies pertaining to a defective visual cycle.
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