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MOLECULAR PATHOGENESIS OF GENETIC AND INHERITED DISEASES
Human RGR Gene and Associated Features of
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Age-related macular degeneration (AMD) is a progressive eye disease and the most common
cause of blindness among the elderly. AMD is characterized by early atrophy of the chorioca-
pillaris and retinal pigment epithelium (RPE). Although AMD is a multifactorial disease with many
environmental and genetic risk factors, a hallmark of the disease is the origination of extra-
cellular deposits, or drusen, between the RPE and Bruch membrane. Human retinal G-protein
ecoupled receptor (RGR) gene generates an exon-skipping splice variant of RGR-opsin (RGR-d;
NP_001012740) that is a persistent component of small and large drusen. Herein, the findings
show that abnormal RGR proteins, including RGR-d, are pathogenic in an animal retina with
degeneration of the choriocapillaris, RPE, and photoreceptors. A frameshift truncating mutation
resulted in severe retinal degeneration with a continuous band of basal deposits along the Bruch
membrane. RGR-d produced less severe disease with choriocapillaris and RPE atrophy, including
focal accumulation of abnormal RGR-d protein at the basal boundary of the RPE. Degeneration of
the choriocapillaris was marked by a decrease in endothelial CD31 protein and choriocapillaris
breakdown at the ultrastructural level. Fundus lesions with patchy depigmentation were char-
acteristic of old RGR-d mice. RGR-d was mislocalized in cultured cells and caused a strong cell
growth defect. These results uphold the notion of a potential hidden link between AMD and a
high-frequency RGR allele. (Am J Pathol 2021, 191: 1454e1473; https://doi.org/10.1016/
j.ajpath.2021.05.003)
Supported in part by the Gordon and Evelyn Leslie Macular Degenera-
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Science Foundation of China grant 81770943 (M.Z.).
X.B. and Z.Z. contributed equally to this work.
Disclosures: None declared.
Abnormal protein deposits at extracellular or intracellular
sites are a feature of numerous neurodegenerative diseases,
including Parkinson disease, Alzheimer disease, and age-
related macular degeneration (AMD).1,2 In human eyes,
age-related deposits accumulate along the Bruch membrane,
the innermost choroidal layer that directly underlies the
retinal pigment epithelium (RPE).3 With aging, focal
extracellular deposits, referred to as small hard drusen,
develop between the Bruch membrane and the RPE in most
eyes.4,5 Numerous, large, and confluent drusen, referred to
tive Pathology. Published by Elsevier Inc
as soft indistinct drusen, are a hallmark of AMD.6,7 Despite
the pathologic significance of soft confluent drusen and
the association of AMD with multiple gene variants,8,9 the
. All rights reserved.
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RGR and Age-Related Macular Degeneration
mechanism of drusen formation remains elusive. To better
understand drusen biogenesis and AMD pathophysiology,
the lipid, carbohydrate, and protein components of drusen
have been studied extensively.10,11

The RPE plays an important role in the formation of
drusen.12e14 Although many proteins, or protein fragments,
in drusen have been identified,11,15 the exact role of the
adjacent RPE in establishment of drusen is unknown. It is
believed that cellular debris from the RPE contributes to the
presence of extracellular basal deposits and the growth of
druse mass.12e14,16,17 A traceable drusen-associated protein
marker derived from the RPE is the exon VIeskipping
splice isoform of human nonvisual opsin, retinal G-pro-
teinecoupled receptor (RGR-d).18e20 The RGR-d isoform
results from alternative splicing of RGR pre-mRNA with
complete in-frame deletion of the exon VI sequence of the
RGR opsin gene.19,21 The RGR gene is expressed in the RPE
and Müller cells.18 In human and bovine, but not mouse,
retinas, RGR opsin is also localized in cone photoreceptors
and in a population of retinal ganglion cells.22 RGR is
bound to all-trans-retinal in the dark, and its chromophore is
photoisomerized stereospecifically to 11-cis-retinal.23,24 It
functions in part to maintain a normal rate of 11-cis-retinal
synthesis both in light and in darkness after irradiation.25e28

In mice, RGR in Müller cells acts as a photoisomerase
jointly with a retinol dehydrogenase to regenerate bleached
cone visual pigments.29 Light-dependent enzymatic pro-
duction of 11-cis-retinal by RGR is increased in the pres-
ence of cellular retinaldehyde-binding protein and all-trans-
retinal in vitro.30 Humans, but not cattle or mice, synthesize
both normal RGR and the extraneous, presumably
nonfunctional, RGR-d. RGR-d lacks the entire trans-
membrane domain VI of RGR opsin. In a young individual,
RGR-d mRNA may be as high as 17% of the copy number
of normal RGR mRNA in the RPE.31

Immunologic and mass spectrometric analyses indepen-
dently demonstrate the presence of RGR-d protein in human
donor retina and RPE.31 Unlike normal RGR, RGR-d does
not localize to the smooth endoplasmic reticulum. Instead,
the folded protein traffics to the basolateral plasma mem-
brane of RPE cells, which is more evident in young than
older donors.32 Some amount of the RGR-d protein, or
peptide fragment thereof, is released from the epithelium
into the sub-RPE space and deposited into the Bruch
membrane.31,33 The extracellular RGR-d colocalizes sub-
stantially with both vitronectin and the terminal complement
complex, C5b-9.32 Like early-stage drusen, initial deposits
of extracellular RGR-d accumulate at intercapillary regions
in the Bruch membrane, and RGR-d is present in both hard
and soft drusen.33 Because extracellular RGR-d is closely
associated with drusen deposits, it is not unexpected that the
distribution pattern of RGR-d within the RPEeBruch
membraneechoriocapillaris complex is divergent between
young and old individuals.32,33

Despite the notion that drusen formation may be driven
by a futile series of RGR-d synthesis, degradation, and
The American Journal of Pathology - ajp.amjpathol.org
release,32 currently there is no demonstration that RGR-d is
actively involved in the process nor understanding of how
this common, albeit abnormal, membrane protein might
result in an age-related disease. The RGR-d isoform was not
considered a factor in previous models of drusen formation
and AMD.34e36 Yet RGR-d is inherently problematic in-
sofar that its synthesis may reduce the concentration of
functional RGR photoisomerase, waste cellular energy and
resources, and form harmful misfolded proteins under
adverse conditions. The purpose of this study was to test the
hypothesis that RGR-d is involved in abnormal protein
accumulation and may lead to progressive retinal atrophy in
a mouse model of AMD.

Materials and Methods

Animal Care and Use

All animals were treated, maintained, and euthanized in
accordance with the Association for Research in Vision
and Ophthalmology resolution on the use of animals in
research and in compliance with guidelines of the US
Public Health Service, as delineated in the Public Health
Service Policy on Humane Care and Use of Laboratory
Animals. The mice were housed in standard filter-top cages
and maintained on a constant 12-hour light-dark cycle.
Eight week to 2-year-old control and RGR-d mutant mice
were used. At least three mice from each group were used
for each experiment. For ocular histology and electron
microscopy, at least eight RGR-d mice were used.

Generation of Rgr�/� Mice

RGR�/� knockout mice were generated, as described pre-
viously.25 A DNA fragment of the 129SV mouse Rgr gene
was disrupted by insertion of a pPGK neo bpA fusion gene
at a BglII site within exon II. The TK gene from the Xho
PKS MCI TK vector was inserted into the plasmid at the 30

end of the Rgr-neo fusion gene. The targeting vector
DNA was electroporated into R1 embryonic stem cells.
Embryonic stem clones were selected for homologous
recombination in the presence of G418 and 20-deoxy-20-
fluoro-b-D-arabinofuranosyl-5-iodouracil. Selected embry-
onic stem cells were injected into 3.5-dayeold blastocysts.
Mouse chimeras were obtained and were bred with C57BL/
6J mice to attain germline transmission of the Rgr mutation.

Generation of RGR-d Mice by Gene Editing

RGR-d mutant mice (genetic background: B6D2F1/J;
Jackson Laboratory, Bar Harbor, ME) were generated by
mutation of the splice site at each end of exon VI of the
mouse Rgr gene. Alteration of the splice sites was
performed by multiplex gene editing using clustered regu-
larly interspaced short palindromic repeats (CRISPR)
methods. The following pair of single guide RNAs (gRNAs)
1455
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that target the two splice sites of mouse Rgr exon VI was
designed using the online program at http://crispr.mit.edu
(last accessed June 3, 2015): T7RGRgRNAf1, 50-GAAATT
AATACGACTCACTATAGGTGGAAGAGTAGTATTCA
CCT GTTTTAGAGCTAGAAATAGC-30; and T7RGRg
RNAf2, 50-GAAATTAATACGACTCACTATAGGCATC
TCTCCTAAACTACAGA GTTTTAGAGCTAGAAATA
GC-30.

The pair of gRNAs (Rgr sequence underlined) and Cas9
mRNA (TriLink Biotechnologies, San Diego, CA) were
microinjected into single-cell wild-type B6D2F1/J embryos,
and mutation of either the 50 or 30 splice site, both splice
sites, or total deletion of exon VI was anticipated.

Analysis of Founder Mouse Genotype and Sequencing

Mouse genomic DNA was prepared by digestion of tail
tissue with 0.5 mg/mL proteinase K in lysis buffer (50
mmol/L Tris-HCl, pH 8.0, 100 mmol/L EDTA, 100 mmol/L
NaCl, and 1% SDS) at 55�C overnight. The samples were
mixed with an equal volume of phenol/chloroform/isoamyl
alcohol (25:24:1, v/v/v). After centrifugation, the upper
aqueous phase was removed, and the DNA was precipitated
by addition of two volumes of cold 100% ethanol. The
DNA was centrifuged, rinsed with 70% ethanol, dried
briefly, and dissolved in 10 mM Tris, 1 mM EDTA buffer,
pH 8.0.

The mouse Rgr gene for each founder pup was analyzed
by PCR amplification of tail genomic DNA using forward
and reverse primers, respectively: mRGR-Exon6S, 50-
TTAGCATCAGCAACCTCCCC-30; and mRGR-Exon6A,
50-CCTCCCCGCTTGGAACTATC-30.

PCR was performed with 5 pmol of each primer, 1 mL of
genomic DNA solution, and 2.5 units of TopTaq DNA
polymerase (Qiagen, Germantown, MD) for 35 cycles of 30
seconds at 94�C, 1 minute at 55�C, and 90 seconds at 72�C.
The fragments were electrophoresed and visualized with
GelRed (Biotium, Inc., Fremont, CA). The expected PCR
product from the mouse Rgr gene is 924 nucleotides long
(410 nucleotides from the upstream intron, 114 nucleotides
of exon VI, and 400 nucleotides of the downstream intron).
Each amplicon was sequenced to confirm gene editing of the
splice sites or to characterize large deletions or insertions in
the region of exon VI. The PCR products were purified with
the QIAquick PCR purification kit (Qiagen) and sequenced
using the following primer: MRGR-SEQ98(þ), 50-TCCA-
GACCTCTCCAAGAGCAT-30. The 30 end of MRGR-
SEQ98(þ) is 77 nucleotides from the 50 end of exon VI.

Analysis of Mouse Rgr-d mRNA

Mouse Rgr mRNA transcripts were analyzed by reverse
transcription and PCR (Superscript III One-Step RT-PCR
Platinum Taq; Invitrogen, Carlsbad, CA) and direct
sequencing. Founder mice with gene modifications were
bred with wild-type DBA/2J mice to provide F1 offspring
1456
for mRNA analysis. Total RNA from the eyecups of posi-
tive mutant pups were isolated. The lens was removed from
each eyecup, and RNA was isolated using RNAzol B/RNA-
Bee (Tel-Test Inc., Friendswood, TX). Mouse Rgr
mRNAs were reverse transcribed into cDNA using an
exon VIIespecific RGR primer (mRGR-Rev; 50-
GGCATGGTTTTGGCGATGAG-30). The 30-end of primer
mRGR-Rev is located nine nucleotides from the 50 end of
exon VII. The presence of the full-length or an exon-
skipping mRNA was determined by PCR analysis of the
cDNA, using the mRGR-Rev primer and a forward exon
IIIespecific RGR primer (mRGR-Fwd; 50-
CCTGGGGACGTTATCACCAC-30). The expected size of
the amplicon from intact mouse Rgr mRNA is 445 nucle-
otides, and that from mouse Rgr-d mRNA is 331 nucleo-
tides. The amplicons were separated by agarose gel
electrophoresis, purified, and sequenced to confirm the
precise exon deletion from mouse Rgr-d mRNA. The
mRGR-Fwd primer was used to obtain sequence from
exon III to the beginning of exon VII of the mouse Rgr
mRNA.

Antibodies

Affinity-purified rabbit polyclonal antipeptide antibodies
against RGR-d (DE21 antibody),20 human RGR (DE7
antibody),19,20 and the carboxyl terminus of mouse RGR
(mcDE5 antibody)37 were produced and authenticated, as
described previously. Purified rat anti-mouse CD31 (number
557355) was obtained from BD Biosciences (San Jose, CA).
Goat anti-rat IgG (HþL) secondary antibody conjugated to
Alexa Fluor 488 (number A11006) was purchased from Life
Technologies Corp. (Foster City, CA).

Western Blot Assay

Protein samples were prepared from whole eyes of eutha-
nized mice. The lenses were removed and eyecups were
homogenized in 50 mmol/L sodium phosphate buffer (pH
6.5), 250 mmol/L sucrose, 1 mmol/L EDTA, and 1 mmol/L
phenylmethylsulfonyl fluoride with a Brinkmann polytron.
The homogenates were centrifuged at 800 � g for 5 minutes
at 4�C, and the resultant supernatants were centrifuged at
100,000 � g for 30 minutes at 4�C to sediment membranes.
The samples were resuspended in 200 mL of homogeniza-
tion buffer and stored at �75�C until analyzed. Equal
amounts of proteins were denatured and reduced in
Laemmli sample buffer, separated by electrophoresis in
12% SDS-polyacrylamide gels [25 mmol/L Tris base, 192
mmol/L glycine, and 0.1% (w/v) SDS], and then transferred
to 0.2-mm Immun-Blot polyvinylidene difluoride mem-
branes (Bio-Rad Laboratories, Hercules, CA). The blots
were blocked by incubation in 5% nonfat milk, or 3%
gelatin, in phosphate-buffered saline (PBS), probed with
affinity-purified mcDE5 primary antibody at ambient tem-
perature, washed, and incubated with an anti-rabbit IgG
ajp.amjpathol.org - The American Journal of Pathology
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secondary antibody that was conjugated to horseradish
peroxidase. mcDE5 is a rabbit polyclonal antibody that is
directed against the carboxyl terminus of mouse RGR.
Primary and secondary antibodies were suspended in 0.1%
Tween-20 in PBS. Membrane washes were performed using
0.1% Tween-20 in PBS. Immunoreactive antigens were
detected by chemiluminescence using the SuperSignal West
Femto substrate (Pierce Biotechnology, Rockford, IL).
Chemiluminescence was documented with the Bio-Rad
ChemiDoc XRSþ Gel Imaging System (Bio-Rad
Laboratories).

Human Donor Eye Tissue

All experiments and procedures were conducted in
compliance with applicable regulatory guidelines at the
University of Southern California and the principles of
human research subject protection in the Declaration of
Helsinki. Postmortem eyes were obtained from the Doheny
Eye and Tissue Transplant Bank (Los Angeles, CA) or the
National Disease Research Interchange (Philadelphia, PA)
and processed within 36 hours of the time of death. Tissues
for frozen sections were dissected from the central retina
and were fixed with 4% paraformaldehyde in PBS (D-5652;
Sigma-Aldrich, St. Louis, MO) for 4 to 6 hours at 4�C and
then infiltrated overnight with 30% sucrose in PBS. The
RPE-choroid complex was dissected from the sclera,
embedded in OCT compound (Miles, Elkhart, IN), and
frozen. The frozen tissues were sectioned with a cryostat
at �20�C to a thickness of 5 to 8 mm and mounted on
Superfrost/Plus slides (Fisher Scientific, Pittsburgh, PA).
Tissue blocks and slides were stored at �80�C.

Immunofluorescence Staining

After euthanasia of mice, the eyes were enucleated, and the
corneas were removed immediately under a dissection mi-
croscope while the eyes were immersed in PBS. The eye-
cups were then fixed with 4% paraformaldehyde for 40
minutes. The lenses were removed, and the eyecups were
fixed for another 4 hours. The eyecups were infiltrated with
12% to 14% sucrose for 3 to 5 hours and then 25% to 28%
sucrose overnight at 4�C. The tissues were then embedded
in OCT compound and frozen over liquid nitrogen. Frozen
tissue sections with a thickness of 8 mm were prepared with
a cryostat at �15�C.

For immunostaining, retina sections were treated with
cold acetone for 5 minutes, washed with 0.1% Tween-20 in
PBS, and then incubated for 1 hour at room temperature
with blocking buffer, consisting of 0.2% dodecylmaltoside,
5% (v/v) normal goat serum, and 3% (w/v) bovine serum
albumin in PBS. The samples were then incubated with the
primary antibody at 4�C overnight, washed with 0.1%
Tween-20 in PBS, and incubated with fluorescent fluores-
cein isothiocyanate (FITC)econjugated secondary antibody
for 1 hour at room temperature. The tissue sections were
The American Journal of Pathology - ajp.amjpathol.org
washed and immersed with antifade mounting medium
containing propidium iodide or DAPI (Vector Laboratories,
Burlingame, CA). The slides were viewed with a Zeiss LSM
710 confocal microscope (Carl Zeiss Meditec, Inc., Dublin,
CA) or an Olympus U-RFL-T fluorescence microscope
(Olympus Corp., Center Valley, PA).

Ocular Histology

Mouse eyes were immersed overnight in Davidson fixative
and then transferred into 10% buffered formalin. The corneas
and lenses were either removed or kept before embedding the
eyes in paraffin. The formalin-fixed, paraffin-embedded tis-
sue sections were cut at 5 mm thickness using a rotary
microtome. Hematoxylin-eosin staining was performed, and
the slides were scanned and imaged using the Aperio Scan-
scope Model CS (Leica Biosystems, Buffalo Grove, IL). The
thickness of the retina, outer segment, outer nuclear layer
(ONL), and inner nuclear layer was measured with the build-
in ruler tool of Aperio ImageScope 12.1.0.5029 (Leica
Biosystems). All the images were measured at the middle of
an anterior quadrant or at the middle of a posterior quadrant of
the retina to represent the peripheral and central areas of the
retina, respectively. Total ganglion cell nuclei of the anterior
quadrant (periphery) and posterior quadrant (central) of the
retinas were counted.

Postmortem Fundus Image

The corneas and lenses of the eyes from euthanized mice
were removed after fixation with 1/2 Karnovsky fixative.
The eyecups were placed on PBS-immersed filter papers
and viewed under a dissection microscope. The images were
taken with an iPhone X (Apple Inc., Cupertino, CA) through
the eyepiece of the microscope using Ullman Indirect
(http://www.ullmanindirect.com/, last accessed April 25,
2019; available for both iPhone and Android).

Electron Microscopy

Eyes were removed from euthanized mice, and the corneas
were excised immediately. The eyes were fixed with 1/2
strength Karnovsky fixative for 40 minutes, and the lenses
were then removed. The eyecups were further fixed over-
night. Under the dissection microscope, rectangular pieces
with a length of 2 mm were dissected from the eyecups near
optic disk or ora serrata. The pieces were stored in 1/2
Karnovsky fixative at 4�C until further processing. Post-
fixation was performed in 1% aqueous osmium tetroxide,
reduced with ferrocyanide, and the tissues were en bloc
stained with uranyl acetate at 4�C overnight. Next, the
pieces were dehydrated with 10%, 25%, 50%, 70%, 90%,
and 3 � 100% acetone for 30 minutes each time. The tissues
were infiltrated with 25%, 50%, 75%, and 2 � 100%
uncatalyzed Spurr resin in acetone for 24 hours each, and
then embedded and polymerized in fully catalyzed Spurr
1457
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resin. Alternatively, the pieces were dehydrated with 50%,
70%, 90%, 95%, and 100% ethanol for 30 minutes each
time, treated with propylene oxide and epoxy resin, and then
embedded and polymerized in epoxy resin. The tissue
blocks were trimmed, and areas of interest were identified
under an optical microscope. FEI Tecnai Spirit transmission
electron microscope (FEI Company, Hillsboro, OR), JEOL
JEM-2100 (JEOL, Peabody, MA), or Zeiss EM-10
Figure 1 Mouse Rgr gene editing. A: RGR-d mutant mice were generated by targ
a CRISPR gene-editing method. Target sequences of the two guide RNAs (gRNAs; ha
sequence (boxed text). The approximate cut sites (vertical lines) are close to the ex
analyzed by the amplification of genome segments using primers flanking exon VI.
deleted. C: Nucleotide sequencing showed that exon VI in mouse line F95 had bee
green). In mouse line F89, there were two frameshift mutations in a transcript that e
sequences of exon VI and the altered frameshift mutant are shaded blue. D: The thre
RGR proteins in mouse lines F95 (mRGR-d) and F89 (mRGR-F89), and human RGR-d (
of F1 offspring from matings between founder mice and wild-type DBA/2J mice. F:
reverse transcription and PCR amplification. DNA fragments of approximately 445
approximately 331-bp amplicons from F95 and several other lines were sequenced a
amplicons from a control C57BL/6J mouse were loaded in the leftmost and rightm

1458
(Carl Zeiss, Inc., Thornwood, NY) was used to view 50-
to 70-nm ultrathin sections and for imaging.

Choriocapillaris Quantification

Immunofluorescence images were taken by confocal
microscope, and montages of whole eye cross-sections were
aligned with Photoshop CC (Adobe, Inc., San Jose, CA).
eting both splice sites of exon VI (shaded green) of the mouse Rgr gene using
lf green arrows) are shown with required protospacer adjacent motif (PAM)
on-intron junctions. B: The founder mice and a control C57BL/6J mouse were
Seven mice that exhibited smaller bands were considered to have the exon VI
n deleted with only three nucleotides (GTG) of the exon remaining (shaded
ncoded a truncated RGR with altered carboxyl terminus. Translated amino acid
e-dimensional model structures of full-length mouse RGR (mRGR), the mutant
hRGR-d) were obtained from the online program Phyre 2. E: Genotype analysis
Analysis of mouse Rgr mRNA in heterozygous F1 offspring of founder mice by
bp and approximately 331 bp were amplified from the mutant mice. The

nd found to contain exactly the 114-bp deletion of exon VI. DNA markers and
ost lanes, respectively.
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RGR and Age-Related Macular Degeneration
The method of quantification was similar to that described
previously.38 The fluorescence of the retina, large choroidal
vessels, and extraocular muscles was deleted. The threshold
level of each image was adjusted to the same value to
enhance the intensity for quantification. ImageJ software
version 1.52a (NIH, Bethesda, MD; https://imagej.net/
Welcome, last accessed July 9, 2019) was used to perform
the quantification of the fluorescent intensity. The
procedures were as follows: i) open an image and convert
it into 8-bit; ii) invert the image; iii) calibrate the image;
iv) adjust the threshold; and v) measure the area and area
fraction. Because the mean gray value was low due to the
small area of choriocapillaris compared with the
Figure 2 RGR-d expression and basal deposits from human and mouse retinal
d proteins in mouse eyes from 8-weekeold wild-type (WT; þ/þ), heterozygous (
BeH: Expression of RGR-d was detected also by immunofluorescence staining of re
IgG conjugated to fluorescein isothiocyanate. B: Localization of human RGR-d in
and D: Localization of mouse RGR-d at the basal boundary of the RPE in older R
contrast images. The localization of RGR-d coincided with the basolateral plasma m
was not detected in the RPE or retina of 8-montheold wild-type or 2-yeareold RG
both RPE (arrows) and retina of 8-montheold and 2-yeareold RGR-d mice (d
Magnification is the same for panels C and D, and that for panels EeH. Scale ba

The American Journal of Pathology - ajp.amjpathol.org
background, the area fraction (percentage area) was used to
represent the immunofluorescence intensity.
Statistical Analysis

The t-test with Welch correction was used to analyze the
following measurements of different groups of mice: i)
thickness of the retina, outer segment, ONL, and inner nu-
clear layer; ii) nuclei layers of ONL and inner nuclear layer;
iii) ganglion cell count per quadrant of retina; and iv) area
fraction of CD31 immunofluorescence intensity. Significant
differences were assumed for P < 0.05.
pigment epithelium (RPE). A: Western immunoblot assay of RGR and RGR-
þ/d), homozygous RGR-d mice (d/d), and RGR�/� knockout mice (�/�).
tina sections using RGR-despecific antibody DE21 and secondary anti-rabbit
basal deposits in an RPE-choroid section from a 78-yeareold male donor. C
GR-d mice (d/d). The images show superimposed fluorescence and phase
embrane in some of the RPE cells (arrow). EeH: RGR-d immunofluorescence
R�/� mice other than background staining. RGR-d expression was found in
/d). In the RPE, RGR-d was concentrated mainly near the basal region.
rs: 10 mm (B); 30 mm (C and D); 20 mm (E-H).
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Figure 3 Old RGR-d mice showed retinal pigment epithelium (RPE) abnormalities and sub-RPE bands of eosinophilic material at the light microscopic level.
A and B: Formalin-fixed, paraffin-embedded sections of retinas from approximately 21-month-old RGR�/� (A) and RGR-d (d/d) B) mice were stained with
hematoxylin-eosin (H&E). C and D: Epoxy-embedded thin sections from an RGR-d (d/d) mouse were stained with toluidine blue. Typically, old RGR-d mice
develop a thickening of the Bruch membrane or confluent band of sub-RPE material in comparison to old RGR�/� mice. This distinctive sub-RPE layer is
eosinophilic (red arrows) or pale (white arrows) on staining with H&E or toluidine blue, respectively. Prominent RPE cell abnormalities in old RGR-d mice are
seen often. C and D: Severe pathologic changes include RPE atrophy, cell hypertrophy (C), or extreme vacuolization (D). Scale bars: 50 mm (A and B); 10 mm (C
and D).

Bao et al
Modeling of Protein Three-Dimensional Structure

The three-dimensional structures of mouse full-length RGR,
RGR-d, and RGR-F89, as well as human RGR-d, were
predicted using online software Phyre 2.0 (http://www.sbg.
bio.ic.ac.uk/servers/phyre2/html/page.cgi?idZindex, last
accessed March 1, 2021). The modeling was based on the
homology between the proteins of interest and human
rhodopsin with a >98% confidence. Molecular graphics
and analyses were performed with University of California
San Francisco Chimera 1.13.1 (https://www.cgl.ucsf.edu/
chimera/, last accessed March 2, 2021) developed by the
Resource for Biocomputing, Visualization, and Informatics
at the University of California, San Francisco, with
support from NIH P41-GM103311. Chimera was used to
further analyze the protein structures generated by Phyre
2, including ribbons and hydrophobicity surface.
RGR and RGR-d Expression Vectors

pFLAG-hRGR and pFLAG-hRGR-d DNA expression
vectors were constructed, as described previously.32

Human RGR and RGR-d cDNAs were cloned into the
1460
pFLAG-CMV-4 vector (Sigma-Aldrich) to generate FLAG-
RGR and FLAG-RGR-d fusion proteins.
DNA Transfection and Production of Stable Cell Lines

COS-7 and LN-229 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum. ARPE-19 cells were cultured in Dulbecco’s
modified Eagle’s medium/Ham F12 (1:1) medium supple-
mented with L-glutamine, penicillin/streptomycin, and 10%
fetal bovine serum. All cell lines were incubated at 37�C in
a humidified atmosphere of 95% air and 5% carbon dioxide.
Stable transformants were established by plasmid DNA
transfection using Lipofectamine 2000 (Invitrogen), per
manufacturer’s guidelines for 6-well culture plates. The
cells were transfected with pFLAG-hRGR, pFLAG-hRGR-
d, or empty control pFLAG-CMV-4 vectors. Selection for
the presence of the G418 resistance gene was performed by
supplementing COS-7 and LN-229 culture media with 600
mg/mL G418 (Gibco BRL, Carlsbad, CA) and ARPE-19
media with 1200 mg/mL G418. All DNA-transfected cells
and sham-transfected control cells (transfection without
DNA vector) were grown in selection level G418 until all
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Old RGR-d mice showed pathologic changes in the retina and
retinal pigment epithelium (RPE). Formalin-fixed, paraffin-embedded sec-
tions and hematoxylin-eosin staining were performed on retinas from
approximately 2-yeareold RGR-d mice and were analyzed by light micro-
scopy. A: Cell fusion of inner nuclear layer and outer nuclear layer (ONL)
was observed in the peripheral retina. Depigmentation and atrophy of RPE
was seen in some areas. B: Pyknosis was observed in multiple cells of the
ONL, especially in the cells that were closest to the RPE layer (white ar-
rows). Abnormal cell nucleus was found between the outer segment and
RPE (red arrow). Outer segments were misaligned, and a subretinal deposit
distorted the position of the ONL. C: RPE cell hypertrophy was also
observed. Magnification is the same for panels AeC. Scale bar Z 50 mm
(AeC).

RGR and Age-Related Macular Degeneration
control cells without DNA vector had died. Thereafter, all
cell lines were maintained continuously in 300 mg/mL
G418.

Cell Culture Doubling Time

Equal numbers of parental ARPE-19 or COS-7, or stable
transformants of ARPE-19 or COS-7 that expressed RGR or
RGR-d, were cultured in 4- or 8-well chamber slides (BD
Biosciences, Bedford, MA). The bottoms of the chamber
slides were marked uniformly in three to four separate re-
gions with a circular stamp. The cells were visualized using
an inverted phase contrast microscope, and cells in each
marked region of the wells were counted daily. Cell
doubling time was calculated during the logarithmic phase
of growth.

Immunofluorescence Labeling of Cultured Cells

LN-229 stably transformed cells were cultured on 8-well
chamber slides (BD Biosciences, Bedford, MA) for immu-
nofluorescence analysis of FLAG-RGR and FLAG-RGR-
d fusion proteins. The nonpolarized LN-229 cells were fixed
with 2% paraformaldehyde in PBS and then ice-cold
methanol for 5 minutes each. The samples were treated
with blocking buffer that consisted of 0.2% dodecylmalto-
side, 5% (v/v) normal goat serum, and 3% (w/v) bovine
serum albumin in PBS. The slides were incubated overnight
at 4�C with first primary anti-FLAG antibody (Sigma, St.
Louis, MO) diluted in 0.2% dodecylmaltoside in PBS and
subsequently incubated with anti-mouse FITC-conjugated
secondary antibody for 1 hour at room temperature. After
washing, the procedure was repeated with anti-calnexin
antibody and then anti-rabbit IgG antibody conjugated to
Cy3. Control slides were treated in parallel, except that the
primary antibodies were omitted from the binding buffer.
The sections were mounted using VECTASHIELD
Mounting Medium with DAPI (Vector Laboratories). The
immunofluorescence from secondary antibodies conjugated
to FITC or Cy3 was viewed with a PerkinElmer 6-line
Spinning Disk Laser Confocal Microscope (PerkinElmer,
Waltham, MA).

Results

Mouse Rgr Gene Editing

RGR mutant mice were generated by directed mutation of
the splice sites at each end of exon VI of the mouse Rgr
gene. Splice sites were excised by multiplex gene editing
using CRISPR methods (Figure 1). A pair of single gRNAs,
that target the two splice sites of mouse Rgr exon VI
(Figure 1A), and Cas9 mRNA were microinjected into
single-cell wild-type B6D2F1/J embryos.

Mice with mutation of or near either the 50 or 30 splice
site, both splice sites, or with total deletion of exon VI were
The American Journal of Pathology - ajp.amjpathol.org
expected. One litter of eight viable pups was analyzed, and
these founder mice were designated F81, F82, F83, F89,
M91, M94, F95, and F97. Seven of the founders had visible
deletions within the Rgr gene, as indicated by smaller
amplicon bands from genotype analysis (Figure 1B). The
deletions were of various sizes.

The amplicons were sequenced to confirm gene editing of
the splice sites, as well as to characterize the deletions or
insertions in the region of exon VI. The PCR products were
purified, and the DNA was sequenced using a primer within
the intron at the 50 end of exon VI. In mouse line F95, the 50

and 30 intron splice sites were intact; however, there was a
deletion of all of exon VI, except three nucleotides (GTG)
(Figure 1C). In mouse line F89, the 50 and 30 intron splice
sites were intact; however, there was a frameshift insertion
of one nucleotide (T) and a revert-to-frame deletion of four
nucleotides (CAGA) at the 50 and 30 ends of exon VI,
respectively (Figure 1C). In this mouse line, the mutant
RGR isoform, referred to as RGR-F89 (AAC69836:
p.Asn212Glufs*34), was truncated because of a stop codon
following an altered frameshift sequence of 33 amino acids.
Models of the mouse and human RGR-d proteins show a
1461
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Figure 5 RGR-d mice presented slow retinal degeneration. The retinas in old RGR�/� and RGR-d mice (31 months old) were analyzed. Formalin-fixed,
paraffin-embedded sections crossing the optic nerves were prepared with hematoxylin-eosin staining to observe retinal morphology. A: RGR�/� mice
without full-length RGR or RGR-d showed normal morphology of the retina and retinal pigment epithelium. In contrast, RGR-d mice showed retinal degen-
eration, especially in the peripheral area. B: The thickness of the retina, outer nuclear layer (ONL), and inner nuclear layer (INL) in both peripheral and central
areas were narrower in the RGR-d mice than in RGR�/� mice. The layers of cell nuclei in the ONL and INL were lower in RGR-d than in RGR�/� mice, but the
differences in counted layers were not significant (P > 0.05). The number of ganglion cell nuclei in the central retina was significantly lower in RGR-d mice
than in RGR�/� mice. C: The gross morphology of the fundus of 31-montheold RGR�/� and RGR-d mouse eyecups under dissection microscope after the cornea
and lens were removed. Multiple depigmentation and lesion-appearing areas were found in RGR-d mice. These lesions appear to become more severe during
aging in RGR-d mice. n Z 5 (B). *P < 0.05, **P < 0.01. Scale bar Z 50 mm (A). OS, outer segment.

Bao et al
sterically inverted former transmembrane domain VII
and overall similarity, whereas the RGR-F89 protein
contained only five transmembrane domains with altered
structure after transmembrane domain IV (Figure 1D).
Hydrophobicity surface indicates that the normal RGR
forms the structure of a potential G-proteinecoupled
receptor, whereas both RGR-d and RGR-F89 proteins
and human RGR-d deviate strongly and fail to form
such a structure.

Mouse Rgr-d mRNA and Protein Expression

The genotype of the F1 progeny was analyzed to further
differentiate the mutated Rgr alleles (Figure 1E). Various
splice-site mutations, or whole deletion of exon VI, may
result in targeted exon skipping in the mouse Rgr mRNA.
To confirm the presence of Rgr-d mRNA in the F1 mice,
Rgr transcripts were assayed by means of reverse
transcription and PCR. The reverse transcriptase reaction
was performed using the mouse RGR-specific mRGR-Rev
1462
primer and eyecup total RNA. A pair of PCR primers,
mRGR-Rev and mRGR-Fwd, were used to amplify ex-
pected 445- or 331-bp fragments that correspond to the
intact Rgr and truncated Rgr-d mRNAs, respectively. The
results of the reverse transcriptase and PCR assay indicated
that DNA fragments of approximately 445 bp and approx-
imately 331 bp were amplified from the mutant mice
(Figure 1F). The approximately 331-bp PCR fragment from
F95 and several other lines was excised and sequenced, and
it was found to contain the precise 114-bp deletion of exon
VI. Only mouse line F95 was maintained for breeding.
Next, the expression of RGR and RGR-d proteins in 8-

weekeold wild-type and mutant mice was investigated by
detection with the mcDE5 antibody, which is directed
against the identical C-terminal peptide sequence of mouse
RGR and RGR-d (Figure 2A). Full-length RGR was readily
detectable by Western immunoblot of eyecup proteins
from wild-type (þ/þ) and heterozygous mice (þ/d), but
completely absent from the eyecup proteins from homozy-
gous RGR-d mice (d/d) and RGR knockout mice (�/�)
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Ultrastructure of the retinal pigment epithelium (RPE), Bruch membrane (BrM), and choriocapillaris in RGR-d mice. AeH: Electron microscopy of
retinas from an 11-montheold wild-type mouse (A), a 23-montheold RGR�/� mouse (B), and RGR-d (d/d) mice at different ages (CeH), as follows: 10 months
old (C), 16 months old (D), 21 months old (E and F), and 27 months old (G and H). A and B: Control wild-type and RGR�/� mice showed normal RPEeBruch
membraneechoriocapillaris structures. C: In the 10-montheold RGR-d mouse, misaligned and partially degenerated outer segment (OS) was observed (yellow
boxed area). D: In the 16-montheold RGR-d mouse, normal basal infoldings and large phagosome-like granules (yellow arrow) were seen in the RPE. E and F:
In the 21-montheold RGR-d mouse, a thickened Bruch membrane was prominent and protrusions of diffuse granular deposits (asterisks) projected toward
either the RPE or the choroid. Lipofuscin (yellow arrowheads), melanolipofuscin (blue arrowheads), and disorganized basal infoldings (red arrows; F) were
observed in the RPE. G and H: In the 27-montheold RGR-d mouse, severe vacuolization and multilamellar bodies (green arrow) developed in the RPE. Diffuse
granular deposits were seen throughout the Bruch membrane, and these dense masses extended deep toward the RPE (asterisks). Scale bars: 2 mm (A and B);
1 mm (C, D, G, and H); 0.5 mm (E and F). BI, basal infoldings; E, endothelial cell; N, RPE nuclei.

RGR and Age-Related Macular Degeneration
(Figure 2A). The RGR-d isoform was expressed at
extremely low levels in homozygous RGR-d mice (d/d)
relative to the abundance of normal RGR in wild-type
(þ/þ) or heterozygous (þ/d) mice (<1% of RGR in wild-
type mice). To visualize RGR-d in RGR-d mice (d/d), the
Western immunoblot was overexposed for the normal RGR
protein.
The American Journal of Pathology - ajp.amjpathol.org
Basal RPE Deposits Containing RGR-d Protein

The expression of RGR-d protein in mutant mouse eyes was
verified by immunofluorescence labeling (Figure 2, BeH).
The RGR-despecific antibody DE21 was used to detect
expression and localization of RGR-d and to compare the
targeting of RGR-d protein in mouse retina with that in
1463
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Figure 7 Extensive loss of choroidal capillaries occurred in old RGR-d mice. Anti-CD31 antibody was used to label the choriocapillaris (CC) by immu-
nofluorescence. A: CD31 immunofluorescence (arrows) in 21-montheold RGR-d (d/d) mice was less continuous and less intense than that in 22-montheold
RGR�/� mice (green, CD31; red, propidium iodide). AeC: The higher magnification of boxed areas (A) shows CD31 immunofluorescence in RGR�/� (B) and
RGR-d (C) mice. D: The CD31 expression that coincides with the choriocapillaris in RGR-d mice was significantly less continuous than that in RGR�/� mice. E:
Electron microscopy of the choriocapillaris (red arrows) in an RGR�/� mouse. F: In RGR-d (d/d) mice, endothelial cells showed displaced nuclei with
condensed chromatin (blue arrow), and shrunken lumens indicated capillary atrophy. Thick basal deposits (asterisks) under the retinal pigment epithelium
(RPE) were seen (thickness > 4 mm). G: Choroidal capillaries were absent over a large area in old RGR-d mice with the presence of RPE vacuolization, loss of
basal infoldings, and abundant basal linear deposits (asterisks). H: Shrunken or degenerating endothelial cells (E) were found often with capillary lumens
absent. Murine-type basal linear deposits (asterisks) were present in the inner and outer collagenous zones. I: Capillary with open lumen; however, the
endothelial cell nucleus (E) is dislocated to the side of the Bruch membrane (BrM) in which diffuse grainy deposits (asterisks) were concentrated. J: Thickened
cytoplasm of endothelial cells (E) along the inner wall of the choriocapillaris (yellow arrows) was associated with reduced fenestrations. n Z 3 (D).
**P < 0.01. Scale bars: 400 mm (A); 100 mm (B and C); 2 mm (EeJ). Magnification is the same for panels B and C.
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human retina (Figure 2B). In older human retinas, basal
deposits and drusen are consistently immunoreactive for
RGR-d.32,33 Significant RGR-d labeling was seen in both 8-
montheold and 2-yeareold RGR-d mice, but not in control
wild-type or RGR�/� knockout mice (Figure 2, CeH).
Specific FITC-immunofluorescence labeling was also absent
in negative controls with primary antibody omitted
(Supplemental Figure S1). As in the human donor eye (78/
M), RGR-d was concentrated at intermittent foci at the basal
side of mouse RPE. Moreover, the RGR-d foci were more
1464
extensive in the older RGR-d mice. RGR-d also trafficked to
the basolateral plasma membrane in a few RPE cells and
was found in Müller cells.

Ocular Histology and Retinal Degeneration

The histology of normal and homozygous RGR-d mouse
retinas was examined. At 2 weeks of age, little change was
noted by light microscopy between the retinas of wild-type
and RGR-d F2 littermates. By 5 months of age, RPE cells in
ajp.amjpathol.org - The American Journal of Pathology
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Figure 8 Severe retinal degeneration in RGR-F89 mutant mice. AeF: Formalin-fixed, paraffin-embedded sections and hematoxylin-eosin staining were
performed on eyes from wild-type (A, C, and E) and homozygous RGR-F89 (B, D, and F) mice. AeF: The mice were 3 months (A and B) or approximately 23
months (CeF) of age. B: In the 3-montheold RGR-F89 mouse, thick continuous eosinophilic tissue was seen beneath the retinal pigment epithelium (RPE;
arrows). D and F: In the 23-montheold RGR-F89 mouse, the retina was noticeably degenerated throughout both central and peripheral areas, and an
extremely thick confluent band of eosinophilic material was seen beneath the RPE (arrows). D: In the central area, the outer nuclear layer (ONL) and inner
nuclear layer (INL) were degenerated severely and arranged disorderly. RPE cell degeneration was also remarkable. Pyknosis was seen in many cells in the ONL
and some in the INL. F: In the peripheral area, the degeneration of the RGR-F89 mouse retina was nearly complete. The remnant cells of the INL and ONL were
intermixed, and ganglion cells were lost completely. The thick confluent band of sub-RPE deposits extended throughout the peripheral retina. Scale bar Z 50
mm (AeF).

RGR and Age-Related Macular Degeneration
RGR-d mice (d/d) showed apical displacement of intracel-
lular pigment and appeared vacuolated compared with RPE
cells in the wild-type littermate (Supplemental Figure S2).

For older mice, the histology of RGR-d (d/d) mouse
retinas was compared with that of RGR�/� knockout mice
(Figure 3). Aged RGR�/� mice were used as controls
because old homozygous RGR-d mice might also be
affected by the long-term absence of normal RGR opsin
(Figure 3A). At 21 months of age, the RGR-d mice showed
long basal bands of eosinophilic deposits (Figure 3, B and
C), as well as RPE vacuolization (Figure 3D). RPE hyper-
trophy, subretinal distortion of the ONL, and pigmentary
abnormalities were observed at the light microscopic level
(Figures 3 and 4). Both histologic and ultrastructural fea-
tures of RGR-d mice were associated with retinal degener-
ation apparent in old mice (Figure 5A). In comparison to
age-matched RGR�/� knockout mice, 2-yeareold RGR-
d mice showed significant atrophy of the retinal layers,
cell losses in the inner and outer nuclear layers, and gan-
glion cell loss evident in the peripheral retina (Figure 5, A
and B). Patchy depigmentation of the fundus, especially the
The American Journal of Pathology - ajp.amjpathol.org
anterior portion, was characteristic of old RGR-d mice,
nearly all of whom had opaque cataracts (Figure 5C). These
pigmentary lesions in the fundus were more severe on aging
in RGR-d mice. Unfortunately, only a rare example was
found of a hard drusen-like basal deposit in a 10-montheold
heterozygous RGR-d (þ/d) mouse (Supplemental
Figure S3).

Ultrastructural Abnormalities of RGR-d Mice

The ultrastructure of the RPE and Bruch membrane was
examined in an 11-month-old wild-type mouse (Figure 6A),
23-month-old RGR�/� knockout mouse (Figure 6B) and
RGR-d mice at different ages (Figure 6, CeH). At the
electron microscopic level, old RGR-d mice showed
amorphous protrusions of granular mass deposits at the
basal side of the RPE that were continuous with and within
Bruch membrane (Figure 6, EeH). The diffuse granular
deposits extended as much as 4 mm deep toward the RPE,
and the dense masses projected toward the choroid. In old
RGR-d mice, RPE cells showed complete absence of basal
1465
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Figure 9 Advanced retinal degeneration in RGR-F89 mutant mice from
midperipheral region to the ora serrata. Low-magnification images of he-
matoxylin-eosinestained formalin-fixed, paraffin-embedded retinal sec-
tions from the eyes of approximately 23-montheold wild-type (top panel)
and homozygous RGR-F89 (bottom panel) mice. Even at this age, the
retina from the wild-type mouse appeared largely normal. In contrast, the
retina from the RGR-F89 mouse showed extreme and, in some areas, nearly
complete degeneration. Scale bar Z 100 mm.
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infoldings and severe vacuolization (Figure 6, G and H).
Membrane-bound microvesicles and organelles similar to
multilamellar bodies with concentric membrane layers
were observed inside RPE cells. Degeneration of the
choriocapillaris was evident in these mice, as the internal
wall of the endothelial cells along Bruch membrane was
often overtly thick and vacuolated with consequent loss
of fenestrations and anteriorly displaced nuclei (Figure 6,
F and H).
Choriocapillaris Degeneration in RGR-d Mice

Abnormalities and degeneration of the choriocapillaris in
RGR-d mice were analyzed further by immunofluorescence
(Figure 7, AeC) and electron microscopy (Figure 7, EeJ).
Besides often thickened cytoplasm and reduction of fenes-
trations, many choroidal endothelial cells contained a
displaced nucleus along the inner cell wall adjacent to Bruch
membrane (Figures 6, F and H, and 7, H and I). Worse was
endothelial atrophy, shrunken or absent lumens, or disap-
pearance of several adjacent choroidal capillaries with
replacement by extracellular material and cell nuclei
(Figure 7, F and G). This complex phenotype was corrob-
orated by immunofluorescence staining of CD31, or platelet
endothelial cell adhesion molecule-1. CD31 is located
on the endothelial cell surface and concentrated at inter-
cellular junctions. The continuity and intensity of CD31
immunofluorescence staining in RGR-d mice were much
lower than that in RGR�/� mice through a cross-section of
the whole retina (Figure 7, AeC). Quantification of the
CD31 immunofluorescence was significantly lower in the
RGR-d mice than in RGR�/� mice (Figure 7D).
1466
Severe Retinal Degeneration in RGR-F89 Mutant Mice

Although different mutations or deletions of exon VI pro-
duced redundant exon VIeskipping RGR-d mice, the
frameshift mutation in mouse line F89 generated unique
mice with a truncated RGR isoform with altered carboxyl
terminal amino acid sequence. At the light microscopic
level, 3-montheold homozygous RGR-F89 mice showed
hypertrophy within the RPE and mild changes in the retina
compared with 3-montheold wild-type littermates
(Figure 8, A and B). At age 23 months, RGR-F89 mice
showed extraordinarily severe retinal degeneration with
marked enlargement of the thickened eosinophilic band
under the RPE (Figure 8, C-F). In old RGR-F89 mice, the
retina from ora serrata to midperipheral area degenerated
almost completely (Figure 9). Resembling RGR-d mice,
RGR-F89 mice developed a continuous band of basal
deposits or thickening of Bruch membrane and shared other
histopathologic features during aging (Figure 10). At the
ultrastructural level, large masses of granular deposits pro-
truded from the Bruch membrane and interspersed within
highly distorted basal membranes of the RPE (Figure 11).39

The basal region of the RPE was a highly dystrophic zone of
membranous material with no clear cellular boundaries.
Abnormal mitochondria, distended smooth endoplasmic
reticulum, dilated perinuclear space, and cytoplasmic
vacuolization indicated a high level of RPE cell stress or
degeneration. Large amounts of membranous debris were
found in the lumen of the choriocapillaris. Although
lipofuscin and melanolipofuscin granules39 were present in
the RPE of RGR-d mice at approximately 21 months of age
(Figure 6, E and F), these granules were rare in the 23-
montheold RGR-F89 mouse with late-stage severe
photoreceptor loss.
Evaluation of Cell Growth Inhibition for RGR and RGR-d
Expressing Cell Lines

Stably transformed ARPE-19 and COS-7 cells that expressed
RGR or RGR-d were analyzed to determine whether RGR-
d expression affected cell growth. The cell doubling times for
RGR and RGR-d cell lines were evaluated at passages 15 and
24 after transfection (Figure 12). Cells that expressed RGR-
d were observed to grow significantly slower, whereas
normal RGR-expressing cells proliferated at a similar rate as
that of control cells (Figure 12A). The cell doubling times of
ARPE-19 cell that expressed RGR-d were 30% to 37%
longer than both RGR-transformed cells and vector control
cells. The difference in growth rates was even greater for
COS-7 cells that expressed RGR-d. The doubling times of
RGR-detransformed COS-7 were 47% to 64% longer than
RGR cells and the vector control transformants. The RGR-
d protein was expressed at significantly lower levels in two
cell lines, ARPE-19 and LN-229, relative to the amount of
normal RGR (Figure 12B).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 10 Comparison of histologic features of retinal pigment epithelium (RPE) and retina from RGR-d and RGR-F89 mice. The phenotype of RGR-d and
RGR-F89 mice included similar pathologic features. Top panels: Both RGR-d and RGR-F89 mice exhibited a continuous eosinophilic layer of sub-RPE deposits
(red arrows). The confluent band was much thicker in RGR-F89 mice. Middle panels: The inner nuclear layer and outer nuclear layer (ONL) were severely
disturbed, and abnormal pigments were found in the retina in both lines of mice. Bottom panels: Pyknosis in the ONL was significant in both RGR-d and RGR-
F89 mice. In RGR-F89 mice, almost all the cells in the ONL were undergoing pyknosis with outer segment disruption and RPE degeneration. Scale barZ 50 mm.

RGR and Age-Related Macular Degeneration
Mislocalization of RGR-d in Cultured Cells

The subcellular localization of RGR and RGR-d was
compared in cultured cells by immunofluorescence labeling
and confocal microscopy (Figure 13). ARPE-19 and LN-
229 cells, that were transfected with pFLAG-hRGR,
pFLAG-hRGR-d, or control pFLAG-CMV-4 expression
vectors, were double labeled with anti-FLAG and calnexin-
specific antibodies. The intracellular distribution of the
RGR and RGR-d proteins differed significantly regardless
of cell type. Normal RGR localized substantially with
calnexin, an endoplasmic reticulum marker (Figure 13,
AeC). In contrast to the more homogeneously distributed
RGR, RGR-d coincided with conspicuous punctate
speckles having a separate distribution from that of cal-
nexin within the cytoplasm (Figure 13, DeF). The results
showed that RGR, but not RGR-d, sorted mainly to the
endoplasmic reticulum. Neither RGR nor RGR-
d expression was observed in control cells transfected
with empty pFLAG-CMV-4. Cells treated with nocodazole
show rearrangement of intracellular architecture due to the
disruption of microtubular polymerization.40 Despite the
effects of nocodazole, the RGR staining pattern remained in
tandem with the changes in calnexin distribution
The American Journal of Pathology - ajp.amjpathol.org
(Supplemental Figure S4). In comparison, RGR-d still
could be found in punctate speckles, and the lack of
colocalization with the endoplasmic reticulum marker was
evident (Supplemental Figure S4).
Discussion

RGR gene mutations are associated with dominantly
inherited, peripapillary choroidal atrophy (c.824dupG,
p.I276Nfs*78), and with less certainty, autosomal recessive
retinitis pigmentosa (c.196A>C, p.S66R), and other forms
of retinal disease.41e44 Although co-expressed from a
normal human RGR gene, RGR-d is an abnormal dysfunc-
tional protein that is associated with drusen and other
histologic features of AMD patients.32,33 It is a major iso-
form of human RGR opsin. The phenotype of RGR-d mice
showed that the RGR-d isoform can lead to gradual ocular
pathology with retinal degeneration and presents a new road
toward modeling AMD in humans.

Old RGR-d mice typically develop a tall confluent band
of eosinophilic material along the basal border of the RPE
monolayer. RGR-d accumulates within or close to this basal
region at focal concentration sites (Figure 2C). The
1467
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Figure 11 Ultrastructural pathology in RGR-F89 mice. A: Electron
microscopic analysis showed that retinal pigment epithelium (RPE) cells of
homozygous RGR-F89 mice (26 months old) were highly vacuolized.
Continuous granular basal deposits were seen within the Bruch membrane
of varying thickness (yellow dashed line). Drusen-like deposits with the
thickness of 2 to 4 mm were observed to project from the Bruch membrane
toward the RPE and choriocapillaris (asterisks). B: In the RPE cell body,
multimembranous structures with multiple vesicles wrapped inside were
seen (yellow arrow). Some of these structures resembled multilamellar
bodies. Several granules that appeared to be decaying melanosomes with
splayed cords of melanoprotein (blue arrows) were observed at the basal
side of the RPE and resembled granules that have been seen in older
humans.39 The Bruch membrane showed an undulant inner surface (yellow
dashed line) with irregular extensions toward the RPE (asterisks). C: The
basal infoldings were replaced with a highly dystrophic membranous zone
that was interspersed with protrusions of granular deposits (asterisks) of
Bruch membrane. Vesicles or membranous debris was present in the
capillary lumen. D: The area enclosed by the blue boxed area in C is shown
at higher magnification. The perinuclear space was enlarged (red arrow),
probably indicating dilation and retention of abnormal material within the
continuous smooth endoplasmic reticulum as well. Outcroppings of the
Bruch membrane were characterized by a diffuse grainy deposit (asterisk).
Scale bars: 2 mm (A); 1 mm (B and C); 200 nm (D).
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accumulation of RGR-d is higher in older RGR-d mutant
mice and has a histologic distribution much like that found
in older humans, including sporadic targeting to the baso-
lateral plasma membrane of some RPE cells and concen-
tration in discrete areas next to RPE cells. In addition to the
basal deposits, old RGR-d mice also developed subretinal
material that distorted the ONL (Figure 4). Further study of
1468
the misaligned ONL is necessary to indicate whether these
are analogues of reticular pseudodrusen or subretinal dru-
senoid deposits.45,46 Müller cells also express RGR-d in
these mice, as do Müller cells in humans.
The phenotypic effects of RGR-d are gradually progres-

sive in this mouse model of AMD-like pathophysiology. All
RGR-d mice developed certain pathologic features with
severity dependent on old age (eg, patchy depigmentation of
the fundus). Most significantly, there is significant chorio-
capillaris degeneration at old age and eventual retinal
degeneration. At the electron microscopic level, diffuse
granular-like deposits concentrated within a thickened
Bruch membrane and protruded far toward the basal side of
RPE. These amorphous accumulations in the Bruch mem-
brane have been seen in other mouse models47,48 and may
reflect murine-type basal linear deposits. The basal infolding
membranes of the RPE were highly disrupted, and other
significant ultrastructural abnormalities were evident in the
RPE cells.
In older RGR-d mice, the pathologic changes were

progressively complex and not confined to the RPE and
Bruch membrane as remarkably, the associated endothelial
cells also degenerated with significant loss of choroidal
capillaries. Because RGR-d is not expressed in the
endothelial cells, the degeneration of the choriocapillaris
was secondary to the RPE abnormality. A similar multi-
faceted interaction between the RPE and choriocapillaris
may exist during normal human aging and, more so, in
patients with age-related macular degeneration.49e53 Cho-
riocapillaris degeneration increases as humans age,49 yet
the loss of choriocapillaris density is much more advanced
in AMD with notable deficit of capillaries near drusen,
areas of geographic atrophy, and sites of choroidal neo-
vascularization.54e57 The process by which the chorioca-
pillaris degenerates in humans or RGR-d mice is unknown.
Complement-mediated injury from the deposition of
membrane attack complex C5b-9 around the chorioca-
pillaris may to lead to loss of choroidal endothelial cells, as
suggested previously.58,59 Alternatively, RGR-d expression
and processing within human and mouse RPE cells may
lead to cellular atrophy that impairs the trophic function of
the RPE in maintenance of the choriocapillaris. In addition,
RGR-d may drive the chronic release of basal deposits that
are detrimental to the choroidal endothelial cells due to
cytotoxicity or the burden of problematic clearance through
the endothelium. Possibly, RGR-d in RPE cells also
contributes to choriocapillaris degeneration in humans.
A projected consequence of the choroidal vascular defect

in humans and RGR-d mice is ischemia of the RPE and
retina followed by degrees of cellular atrophy and cell
death.60 The slow degeneration of the retina in these mice is
consistent with the ischemia hypothesis of AMD, although
other factors involving the Müller cells or RPE may play a
role. The slow retinal degeneration in RGR-d mice is a more
realistic model for age-related maculopathy in humans than
the severe retinal degeneration seen in the RGR-F89 mice,
ajp.amjpathol.org - The American Journal of Pathology
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Figure 12 Inhibition of cell growth by overexpression of RGR-d. A: Cell doubling times for stable cell lines that express RGR or RGR-d were compared. Cells
from passage 15 and passage 24 after transfection and cell selection were analyzed. Black columns represent data collected from cells after passage 15, and
gray columns represent data collected from cells after passage 24. Equal numbers of cells were inoculated into culture chamber slides with individual wells, the
bottom of which were marked uniformly with three to four separate regions for subsequent visualization and counting of cells on an inverted phase contrast
microscope. RGR-d cell growth was slowed markedly with cell doubling times that were 30% to 37% (ARPE-19), or 47% to 64% (COS-7), longer than that of RGR
cells and vector control transformants. B: Western blot analysis of stably transformed LN-229 and ARPE-19 cells that express RGR or RGR-d proteins. Both cell
types were transfected with pFLAG-hRGR, pFLAG-hRGR-d, or pFLAG-CMV-4 expression vectors. Whole cell extracts were analyzed. FLAG-control extracts (lanes 1
and 3), FLAG-RGR extracts (lane 2), and FLAG-RGR-d extracts (lane 4) are shown. The protein blots were probed with anti-human RGR DE7 antibody (top blots).
Five times more whole cell FLAG-control extract and RGR-d extract was loaded into lanes 3 and 4, respectively, to increase the detection of RGR-d. The blot
membranes were reprobed with anti-actin antibody to compare protein loading amounts (bottom blots). *P < 0.05.

RGR and Age-Related Macular Degeneration
specially since RGR-d, and not an RGR-F89 homolog, is
seen in humans. The reason for the difference in RGR-d and
RGR-F89 phenotypes is unknown, although it is interesting
that the pathology in RGR-F89 mice appears to overlap that
in RGR-d mice. It is possible that RGR-d produces a less
severe, more slowly progressing disease, because despite its
The American Journal of Pathology - ajp.amjpathol.org
abnormality, it is at least partly folded, as indicated by the
ability of some RGR-d to traffic to the basolateral plasma
membrane.

Neither line of mutant mice presented characteristic
discrete hard drusen, although an isolated case of classic
hard drusen-like basal deposit was found in a 10-
1469
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Figure 13 Immunofluorescence localization of FLAG-RGR and FLAG-RGR-d in stably transformed LN-229 cells. A and B: Normal RGR (A) has a similar
intracellular distribution as calnexin (B), an endoplasmic reticulum maker. C: RGR and calnexin overlap substantially, as indicated in the merged panel. The
enlarged boxed area shows more detailed colocalization of RGR and calnexin. D and E: In contrast, the distribution of RGR-d (D) was distinct from that of
calnexin (E). F: The merged panel and the enlarged boxed area displayed little colocalization of RGR-d with calnexin.
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montheold heterozygous RGR-d (þ/d) mouse
(Supplemental Figure S3), indicating that such focal
extracellular deposits, not reported previously, may well
develop in mice. Both homozygous RGR-d and RGR-
F89 mice demonstrated diffuse granular deposits in the
Bruch membrane, a layer of sub-RPE material, RPE
atrophy, choriocapillaris degeneration, and retinal cell
loss that are relevant landmarks of age-related macul-
opathy in humans. The old RGR-d mice have the key
features of age-related maculopathy despite having a
normal environmental and genetic background in other
respects. This disease model and the formation of classic
hard and soft drusen in mice may be explored further by
experimental disturbance of the complement system,
immune status, diet, and oxidative and endoplasmic
reticulum stress conditions in these mice.

There is increasing evidence that proteopathy plays a
significant role in AMD and that AMD may be a protein
misfolding disease.61e63 Herein, the results indicate that
mouse RGR-d protein is pathogenic and leads to several
histologic features of age-related macular degeneration.
Both mouse and human RGR-d accumulate in vivo as
RPE basal deposits, as well as traffic to the basolateral
plasma membrane. At a young age, human RGR-d in
RPE cells localizes mainly in the basolateral plasma
membrane.32 In older humans, RGR-d is found predom-
inantly in basal deposits in the Bruch membrane, inter-
capillary pillars, and most drusen, including early-stage,
hard, soft, and confluent types.33 Thus, RGR-d is widely
present in human retinas, although there is variation in
the amount and processing of RGR-d between young and
old persons. It is possible that RGR-d protein processing
or misfolding in AMD patients is pathogenic in a manner
similar to that in RGR-d mutant mice. In cultured cells,
the expression of RGR-d strongly inhibits cell prolifera-
tion. Such cell growth defects can be caused by the
1470
overexpression of proteins with misfolding or mis-
localizing mutations.64,65 In the LN-229 cultured cells,
RGR-d is clearly mislocalized to cytoplasmic speckles,
perhaps because of misfolding in this established cell
line. In cultures of human fetal RPE cells, RGR-d sorts
to the plasma membrane instead, and thus RGR-d is
folded more appropriately in these primary cultured
cells.32 Alternate protein processing and folding of RGR-
d in the different cell culture systems may reflect
important protein folding behavior of RGR-d in
humans during aging and disease. Henceforth, the
mechanism of RGR-d proteopathy can be addressed in
complementary studies of RGR-d mice and cell culture
model systems.
In summary, the RGR-d mouse model validates associa-

tion of certain histopathologic traits of maculopathy with the
human RGR gene and can help analyze the mechanisms by
which these traits develop. Because AMD is a complex
disease with many environmental and genetic risk factors, a
host of experimental conditions that strongly increase or
therapeutically prevent the AMD phenotype in RGR-d mice
can be studied using this novel animal model. The para-
doxical notion, that a high-frequency, otherwise normal,
human RGR gene can be pathogenic under certain condi-
tions, will contribute to greater comprehension of the
multifactorial causes of AMD.
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