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Abstract

Rhodopsin mislocalization encompasses various blind conditions. Rhodopsin
mislocalization is the primary factor leading to rod photoreceptor dysfunction
and degeneration in autosomal dominant retinitis pigmentosa (adRP) caused by
class I mutations. In this study, we report a new knock-in mouse model that har-
bors a class I Q344X mutation in the endogenous rhodopsin gene, which causes

rod photoreceptor degeneration in an autosomal dominant pattern. In Rho@*X/+

@#X mutant rho-

Q4K

mice, mRNA transcripts from the wild-type (Rho) and Rho
dopsin alleles are expressed at equal levels. However, the amount of RH
mutant protein is 2.7 times lower than that of wild-type rhodopsin, a finding con-
sistent with the rapid degradation of the mutant protein. Immunofluorescence
microscopy indicates that RHOY*** is mislocalized to the inner segment and
outer nuclear layers of rod photoreceptors in both RhoP*X/+ and Rho@#X/Q34X
mice, confirming the essential role of the C-terminal VxPx motif in promoting

OS delivery of rhodopsin. The mislocalization of RHO®** is associated with the

Q344X/+ mice. To under-

concurrent mislocalization of wild-type rhodopsin in Rho
stand the global changes in proteostasis, we conducted quantitative proteomics
analysis and found attenuated expression of rod-specific OS membrane proteins
accompanying reduced expression of ciliopathy causative gene products, includ-
ing constituents of BBSome and axonemal dynein subunit. Those studies unveil
a novel negative feedback regulation involving ciliopathy-associated proteins. In
this process, a defect in the trafficking signal leads to a reduced quantity of the
trafficking apparatus, culminating in a widespread reduction in the transport of

ciliary proteins.

Abbreviations: adRP, autosomal dominant retinitis pigmentosa; ELM, external limiting membrane; GCL, ganglion cell layer; INL, inner nuclear
layer; IS, inner segment; LFQ, label-free quantitation; OCT, optical coherent tomography; ONH, optic nerve head; ONL, outer nuclear layer; OPL,
outer plexiform layer; OS, outer segment; PAM, protospacer adjacent motif; RP, retinitis pigmentosa; RPE, retinal pigment epithelium.
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INTRODUCTION

The mislocalization of rhodopsin has been identified in
both human subjects and animal models suffering from a
range of vision-impairing conditions. These include inher-
ited retinal degeneration, retinal damage caused by light
exposure, and retinal detachment."® In retinitis pigmen-
tosa (RP), rhodopsin mislocalization is observed in vari-
ous forms of genetic conditions, including but not limited
to those with mutations in the rhodopsin gene (Rho).°
Rhodopsin mislocalization is the cause of photoreceptor
dysfunction and degeneration, as demonstrated by various
animal models manifesting defects in rhodopsin transport.
For example, rhodopsin mislocalization is especially prom-
inent in animal models with rhodopsin mutations collec-
tively categorized as class I,”" which alter or delete the
C-terminal (Ct) tail region of rhodopsin.’*** Class I mu-
tations, such as Q344X mutation (Rho@*%), disrupt the
trafficking signal VxPx required to effectively transport
rhodopsin to the rod outer segments (0Ss).1+1¢ Because of
the trafficking deficiency, rhodopsin in these mice localizes
aberrantly to the plasma membrane and other endomem-
brane structures of rod inner segments.'®

The majority of these animals are transgenic animals
generated through pronuclear injections, which result in
copy number variations and transgene incorporation into
random chromosomal locations that may negatively or
positively affect the expression levels.'® As overexpression
of wild-type rhodopsin protein can cause photoreceptor
degeneration,'’ careful assessment of rhodopsin quanti-
ties, both from wild-type and mutant gene, is necessary
for the study of rod degeneration in transgenic animals."!
Phenotypic outcomes of class I mutant rhodopsin trans-
genics are also variable, with one showing no rhodopsin
mislocalization to non-OS compartments,m and others
recapitulating rhodopsin mislocalization.”™* A mouse
model with human rhodopsin knock-in allele (hRhoP*¥%)
harboring a class I mutation Q344X was also established
and characterized previously.'®'° While expression of mu-
tated rhodopsin is regulated under the endogenous rho-
dopsin promoter, 5 non-coding region of the hRho@**
mRNA had an interruption by the LoxP sequence, which
attenuated the translation of the mutated rhodopsin al-
lele by one order of magnitude."®* Consistent with the
low expression of the mutant allele, the heterozygote
hRho®**/* knock-in mouse demonstrated only mini-
mal degeneration'® consistent with a loss of rhodopsin
function,”*** and did not appear to show a toxic gain of
function as expected for autosomal dominant RP (adRP)
model.?* Those findings strengthen the notion that precise
regulation of both mutated and wild-type alleles is essen-
tial for understanding the degrees of rod dysfunction and
degeneration in rhodopsin-mediated adRP.

To establish a model for adRP triggered by a toxic
gain-of-function class I mutation, we took advantage
of CRISPR (clustered regularly interspaced short palin-
dromic repeats)-Cas9 system and have created a novel
knock-in mouse carrying the Rho@*** mutation in its
endogenous rhodopsin gene. In the retinas of these het-
erozygous Rho®**/* knock-in mice, both wild-type and
mutant alleles are expressed in roughly equal amounts,
mirroring what is expected in human patients with point
mutations in non-promoter regions of the rhodopsin gene.
Our findings indicate that this new mouse model accu-
rately recapitulates the progressive degeneration of rod
photoreceptors typically seen in rhodopsin adRP patients
and the Rho"" adRP mouse model.”* Moreover, homo-
zygous mutant mice exhibit accelerated loss of rod pho-
toreceptor cells, thereby confirming the dose-dependent
toxicity of the Rho®**** mutation. Using a high-throughput
proteomic approach, we identified proteomics changes
caused by the Rho®*** mutation, providing insights into
the molecular pathways attenuated or activated in the
retina. Consequently, this new Rho®*** knock-in mouse
model is a valuable tool for studying rod photoreceptor
degeneration and rhodopsin transport defects that occur
in adRP patients.

2 | MATERIALS AND METHODS

2.1 | Animals

All animal experiments conducted adhered to the pro-
cedures approved by the Institutional Animal Care
and Use Committee (IACUC) at Case Western Reserve
University or Indiana University School of Medicine and
were in compliance with the guidelines set forth by both
the American Veterinary Medical Association Panel on
Euthanasia and the Association for Research in Vision
and Ophthalmology. The mice were housed under a 12-h
light/12-h dark (7a.m./7p.m.) cycle and received stand-
ard mouse chow. We confirmed that the mice used in this
study do not carry rd1 and rd8 mutations.***

2.2 | Generation of Rho%*X/*

knock-in mice

Class I mutations are located near the Ct region
of rhodopsin. To select guides that direct Cas9 nu-
clease to cut near the desired insertion point, the
genomic sequence surrounding the translation stop
codon of the rhodopsin gene was analyzed using
the CRISPOR algorithm (http://crispor.tefor.net/).
Four candidate guides were designed and screened:
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280 bp fragments. The Rho%*X allele (GAGACA) lacks
a Bsal restriction site, rendering this allele resistant to
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103/rev, 5-GTCTCTGGCCAGGCTTAGGC-3’; 98/

fw, 5'-CAAGACGGAGACCAGCCAGG-3’; 93/rev,
5'-AGGCTTAGGCTGGAGCCACC-3’; and  89/rev, Bsal.

5'-TTAGGCTGGAGCCACCTGGC-3’. The cutting ef-
ficiencies of candidate guides were evaluated using
the Guide-it sgRNA screening system (Clontech).
Upon screening, 89/rev guide was selected, and a
large-scale sgRNA suitable for injection into mouse
zygotes was prepared by PNA Bio. A single-stranded
100bp microhomology DNA template (ACTGGGAGA
TGACGACGCCTCTGCCACCGCTTCCAAGACGGA
GACAAGCTAGGTGGCTCCAGCCTAAGCCTGGC
CAGAGACTGTGGCTGAAAGTAGGAGT, mutations
introduced to the original genomic sequence are under-
lined.) was synthesized and PAGE purified (Integrated
DNA Technologies (IDT)). Following the validation of
the large-scale sgRNA preparation, mixes of Cas9 pro-
tein (PNA Bio, CP01-20), sgRNA, and oligonucleotide
template were injected into one-cell stage C57BL/6J
mouse embryos in the Case Transgenic and Targeting
Facility. Following standard transgenic practice, the
concentrations of the constituents of the mixtures were
varied from 20 to 5ng/pL Cas9 protein, 20 to 5ng/pL
sgRNA, and 20 to 5ng/pL oligonucleotide. Following in-
jections, embryos were recovered and surgically trans-
ferred into the oviducts of pseudo-pregnant recipient
females (CD1). The resulting pups were weaned at P21
and were screened for precise integration by genomic
PCR as described below. F1 progeny from founder ani-
mals were then subjected to DNA sequencing to verify
the absence of sequence alterations surrounding the
integration site. Three independent F1 lines were then
established, maintained under C57BL/6J background,
and used for further studies. To reduce the potential off-
target effects of CRISPR-Cas9-mediated gene editing,
the mice underwent a minimum of three backcrosses
with the wild-type C57BL/6 strain.

2.3 | Screening and genotyping of
Rho%** knock-in mice

For the screening of a founder animal and genotyp-
ing of mice carrying Rho®** allele, genomic DNA
was extracted from the tails of mice following the pro-
cedure described previously.”® Genomic DNA was
subjected to PCR (forward primer, Q344X geno-F
[5'-GCATCCACAGGACACATGGA-3']; reverse primer,
Q344X geno-R [5-TGTCATGTTCCTGATAGACAA
GCT-3’]) to amplify 598bp fragment, covering 289 bp
upstream and 309bp downstream of the CRISPR-Cas9
cleavage site. Wild-type allele has a Bsal restriction site
(GAGACQ); the cleavage of which results in 318 and

2.4 | Examination of wild-type and
Q344X mutant Rho mRNA expression
levels in the Rho®*“*/* retinas

We amplified the region encompassing the stop co-
dons by RT-PCR. Total retinal RNA was extracted
from Rho®*** mice at P35 and reverse transcribed
into cDNA using SuperScript IV reverse transcriptase
(ThermoFisher Scientific). A fragment of 438 bp com-
mon to both wild-type and Q344X mutant Rho mRNA
was PCR-amplified for 16cycles by using a primer
pair designed in exons 4 and 5 (forward primer,
5'-GCTTCCCTACGCCAGTGTG-3’; reverse primer,
5'-GGGGAGCCTCATTTTGCTTTCA-3’). The result-
ing products underwent digestion with the Bsal re-
striction enzyme or remained untreated overnight at
37°C and were then used as templates for quantitative
PCR (qPCR). Bsal restriction enzyme cuts only wild-
type fragments. Consequently, the samples digested
with Bsal contain only the unmodified Q344X mutant
fragments, while the untreated samples retain both
the wild-type and the Q344X fragments intact. To ac-
curately determine the ratio of Q344X to wild-type
fragments, both digested and undigested DNA sam-
ples were subjected to qPCR using the above primer
pair. This qPCR assay employed a CYBR Green-based
protocol®’ using QuantStudio™ 6 Flex Real-Time PCR
System (ThermoFisher Scientific) following the manu-
facture's protocol, facilitating the quantitative com-
parison of these specific DNA fragments. The ratio of
Q344X and wild-type cDNAs was derived from these
results.

2.5 |
(OCT)

Optical coherence tomography

Wild-type, Rho@*X/ * and Rho@#X/Q34X nice were an-
esthetized with isoflurane, and their pupils were dilated
using 0.5% tropicamide and 2.5% phenylephrine. OCT im-
ages of these mice were captured at different postnatal days
(P21, P35, P60, P90, P120, and P360) using the Phoenix
Research Labs Reveal Optical Coherence Tomography
(OCT2) Imaging System (Micron IV, Phoenix Research
Laboratories, Pleasanton, CA, USA). To evaluate entire
and ONL retinal thicknesses, cross-sectional retinal im-
ages passing through the optic nerve head (ONH) were
obtained in dorsal-ventral and nasal-temporal axes. OCT
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images were captured using the line type and full line size
settings with an average of 60 frames/scan. Enhanced
depth imaging was selected to improve the signal originat-
ing from the outer retina. The acquired OCT images were
segmented for retinal layers and analyzed using InSight
software (Voxeleron LLC). Points 500 pm from the ONH
(nasal, temporal, ventral, and dorsal) were used for the
comparison.

2.6 | Morphometry by light microscopy
Wild-type and Rho®*** mice were sacrificed at P35 and
P90, and their eyes were removed. Eyecups were prepared
and fixed in 4% paraformaldehyde/PB for 6 hrs, washed by
PBS 3 times, and embedded in 1.5% agarose. Eyecup sec-
tions with a thickness of 40 pm were prepared using a vi-
bratome (7000 SMZ, Campden Instruments, UK). Sections
were cut in the dorsal-ventral axis, and those passing
through the ONH were used for further analysis. The sam-
ples were stained with Hoechst 33342 (50 ng/mL in PBS)
and mounted on glass bottom dish with VECTASHIELD®
PLUS Antifade Mounting Medium (Vector Laboratories).
Images were acquired with AX R confocal microscope
(Nikon) using 20x Apo Lambda S (NA=0.95) water im-
mersion objective lens. The thicknesses of the ONL were
measured in four sections prepared from four independ-
ent mice for each genotype and time point. Thicknesses
of the ONL were measured at 150 um intervals using NIS-
Elements (Nikon).

2.7 | Mass spectrometric analysis of
retinal proteins

For the proteomic analysis of the retina, four mice (n=4)
were employed per genotype, specifically for the wild-type
and Rho®**’* genotypes. Retinas were collected from
P35 mice in PBS, were snap-frozen in liquid nitrogen,
and stored at —80°C until use. Retinal proteins were ex-
tracted from the retinas using 50 uL of RIPA buffer. For
each sample, the supernatant was collected after centrifu-
gation (20000 x g, 4°C, 10 min). The remaining proteins in
the pellet were further extracted with 50 uL of 8 M urea
and 50 mM Tris-HCI (pH 8.5). Following another round of
centrifugation (20000 x g, 4°C, 10min), the resultant su-
pernatant was collected and combined with the superna-
tant obtained from the initial extraction with RIPA buffer.
Protein concentrations were measured by Protein Assay
Dye Reagent (Bio-Rad, #5000006) and 50 pg samples were
subjected to SDS-PAGE until the protein bands had mi-
grated approximately 1cm into 10% Mini-PROTEAN
Precast Gels (Bio-Rad, #4561033). The top 1cm of the

gel was then excised for each lane and in-gel digested by
trypsin.?® Following digestion, peptides were extracted
from the gels and subjected to LC-MS/MS using the
ThermoScientific Fusion Lumos mass spectrometry sys-
tem in the Proteomics Core facility of the Cleveland Clinic
Foundation as described previously.?

Proteins were identified by comparing all of the ex-
perimental peptide MS/MS spectra against the NCBI
mouse protein database using the Andromeda search
engine integrated into the MaxQuant version 2.2.0.0.
Carbamidomethylation of cysteine was set as a fixed
modification, whereas variable modifications included
oxidation of methionine to methionine sulfoxide and
acetylation of N-terminal amino groups. For protein iden-
tification, strict trypsin specificity was applied. The min-
imum peptide length was set to 7, the maximum missed
cleavage was set to 2, the cutoff false discovery rate was
set to 0.01, and match between runs (match time window:
0.7min; alignment time window: 20min) was enabled.
The label-free quantitation (LFQ) option was enabled to
adjust the integrated peptide intensities by the total ion
current (TIC) of each sample, correcting for variations in
sample loading and injection.*® The LFQ minimum ratio
count was set to 2. The remaining parameters were kept
as default.

Protein quantitation was accomplished using Perseus
(version 2.0.7.0).>' LFQ values were log,-transformed.
Proteins with at least three data points out of four in
either of the groups (wild-type or Rho®****) were se-
lected. Subsequently, missing values were imputed using
the “Replace missing value from normal distribution”
function on the entire matrix with default parameters.
The resulting data were then subjected to two-sample
t-test. Using the output from Perseus, pathway analyses
were performed in R (version 3.3.0+) using the cluster-
Profiler package,*” via the RStudio interface (version
4.3.1).

2.8 | Immunoblot analysis

Proteins were extracted from the retinas as described in the
section above (four mice per genotype). The retinal extracts,
consisting of 20pg proteins, were resolved by SDS-PAGE
(130V, 1.5hr) and transferred to PVDF membranes (0.4 A,
75min). After blocking with 5% skim milk in TBS contain-
ing 0.1% (v/v) Tween-20 (0.1% TBST, pH 7.4) for 1h at room
temperature, the membranes were incubated with B6-30
or 1D4 antibody for overnight at 4°C. Then, the membrane
was incubated with HRP-labeled goat anti-mouse or anti-
rabbit secondary antibodies (1:5000 dilution) for 1 hr. Target
proteins were detected with ChemiDoc (Bio-Rad). After
detecting target proteins, the membrane was stripped with
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stripping buffer (ThermoFisher Scientific, 46430), blocked,
reacted, and detected with anti-f-tubulin antibody, E7, for
internal control.

2.9 | Immunofluorescence microscopy

Mouse eyecups were fixed with 4% formaldehyde solution
containing 5% sucrose in PBS (136 mM NacCl, 2.68 mM KCl,
8.1mM Na,HPO,, 8mM Na,HOP,, and 1.4mM KH,PO,)
for 5-6hrs at 4°C. Subsequently, the samples were incubated
in a series of PBS buffers with gradually increasing sucrose
concentrations, ranging from 5% to 20%, at 4°C. After incu-
bation with 20% sucrose in PBS, eyecups were infiltrated
with a 1:2 mixture of Tissue-Tek O.C.T. compound (Sakura
Finetek) and 20% sucrose in PBS, and then frozen in liquid
nitrogen-chilled isopentane. Frozen eyecups were stored at
—80°C until their usage. Cryosections (12-16pum thickness)
were prepared with a Leica CM3050S cryostat (Leica). Then,
sections were stored at —80°C until usage. Cryosections were
thawed and air dried at 37°C for 40min. For immunohisto-
chemistry, sections were first blocked with PBS containing
5% goat serum, 0.3% Triton X, and 0.02% sodium azide for
20min, and then incubated with primary antibodies diluted in
PBST (PBS containing 0.1% TritonX and 0.02% sodium azide)
for 1-3days at 4°C. Following antibodies were employed in
this study: 1D4 (3 pg/mL, anti-Ct rhodopsin) and B6-30 (3pug/
mL, anti-N-terminal rhodopsin, a kind gift from Dr. David
Salom at the University of California Irvine); anti-NKA ol
mouse a5 (Hybridoma Bank) or M7 (Santa Cruz) monoclo-
nal antibody (1:500 dilution); anti-ROM1 rabbit polyclonal
antibody (1:500 dilution; Abcam, ab220049); anti-GFAP rab-
bit polyclonal antibody (1:500 dilution; DAKO, Z0334); anti-
BBS7 rabbit polyclonal antibody (1:500 dilution; Proteintech,
18961-1-AP); anti-BBS9 rabbit polyclonal antibody (1:500
dilution; Atlas Antibodies, HPA021289); anti-Gtla (GNAT1)
mouse monoclonal antibody (1:1000 dilution; Santa Cruz,
sc-136143); anti-RP1 (RP1 axonemal microtubule associ-
ated) chicken polyclonal antibody (1:2000 dilution; a kind
gift from Dr. Eric A. Pierce at Harvard Medical School); and
anti-PDE6y rabbit polyclonal antibody (1:1000 dilution; ABR
Affinity BioReagents). Sections were rinsed with PBST once
and washed with the same solution for 5min four times.
Then, they were incubated with 18 ug/mL of Hoechst 33342
and secondary antibodies diluted in PBST overnight at 4°C.
Following secondary antibodies were used: 3pg/mL of Cy3
conjugated goat anti-mouse IgG, Alexa Fluor 488 donkey anti-
mouse antibody (1:1500 dilution; ThermoFisher), Alexa Fluor
488 donkey anti-rabbit antibody (1:1500 dilution; Jackson
ImmunoResearch), Cy3 donkey anti-mouse antibody (1:1500
dilution; Jackson ImmunoResearch), Cy3 donkey anti-rabbit
antibody (1:1500 dilution; Jackson ImmunoResearch), and
Cy3 goat anti-chicken antibody (1:1500 dilution; Jackson

;'IC-ASEBJournaI

ImmunoResearch). Sections were rinsed with PBST once and
washed with the same solution for 5min four times, mounted
with VECTASHIELD® PLUS Antifade Mounting Medium
(Vector Laboratories), and then covered with # 1.5 cover
glass. The samples were imaged with Nikon AX R confocal
microscopy system (Nikon) using 40X Apo LWD Lambda S
(NA=1.15) water lens with pinhole size 17.9pm at 0.3pm/
pixel with 0.3pm Z step. For NKA and GFAP staining, im-
ages were also acquired with LSM 700 (Zeiss) laser scanning
confocal microscope system using EC Plan-NeoFluar 40x
oil lens (NA=1.30). The images were max projections of z-
stacks. Brightness and contrast were adjusted using the Image
J Fiji. The identical settings were applied to images within
the same panels. For quantitative analyses of immunofluo-
rescence signals originating from anti-NKA, GNAT1, BBS7,
and BBS9 antibodies, signal intensities from the IS, INL/GCL
region (NKA), the entire photoreceptor (GNAT1), or the en-
tire retina (BBS7 and BBS9) were measured and integrated for
P35 wild-type and Rho®**/* mice (four mice per genotype)
using Imagel.*® Retinal regions spanning 227 um on the hori-
zontal axis were selected for measurements. Background sig-
nals were measured from a region in the same image where
the specimen was not present and were subtracted from each
measurement.

The lengths of RP1-positive axonemes in P21 wild-type
and Rho®**"* mice were measured manually using polyline
function in the Annotations and Measurements tool of the
NIS-Elements software (Nikon). Ten axonemes of photore-
ceptors were measured in each animal, resulting in a total of
40 cilia (n=40 from four animals per genotype) being used

for the comparison between wild-type and Rho%S**/* mice.

2.10 | Statistical analysis

Statistical analyses and data visualization were con-
ducted using GraphPad Prism software (version 8.0).
One-way ANOVA with Tukey's post hoc test was used
for multi-group comparisons, and an unpaired two-
tailed ¢-test for two-group comparisons, unless specified
in the figure legends. The p-values of less than .05 were
considered significant. The data were reported as the
mean + SD.

3 | RESULTS

3.1 | Generation of a knock-in mouse
model for Q344X mutation in the
endogenous rhodopsin gene

We edited the mouse rhodopsin gene (Rho) allele, result-
ing in a class I rhodopsin mutation Q344X (Rho?***)12
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(Figure 1). This mutation introduced a premature stop
codon that truncates the last five amino acids, including
the Ct VxPx cilia targeting signal.**** The CRISPR-Cas9
system was used to mutate the Rho gene, repairing the
induced DNA break through microhomology-mediated
end joining by a template containing desired mutations
(Figure 1A, red). The DNA microhomology template was
designed to introduce a point mutation, causing a replace-
ment of Glutamine (Q) at the amino acid position 344
with a stop codon (X) (Figure 1B). To prevent cleavage
of the Rho®“** gene by CRISPR-Cas9, the template was
designed to introduce an additional silent C to A muta-
tion at the third nucleotide of the codon for threonine
342. This silent mutation eliminated the Bsal restriction
site as verified using PCR fragments amplified from the
genomic DNA of Rho®*** mice (Figure 1C, Lanes 1 and

2). For wild-type (Rho™*) mice, the PCR products were
completely digested (Figure 1C, Lanes 3 and 4). Sequence
analysis of the allele confirmed the successful introduction
of the Q344X mutation to the endogenous rhodopsin gene
(Figure 1B). Moreover, we verified the successful tran-
scription of the Rho®** mRNA by sequencing the cDNA
derived from the retina. We also amplified the region con-
taining the Q344X mutation site using retinal cDNA pre-
pared from Rho@*** mice at P35. In Rho@*¥/* mice, the
ratio between Bsal-resistant and digested fragments was
approximately 1:1 (Figure 1D, left). Using quantitative
PCR assay, the relative amounts of wild-type and Q344X
mRNA expressed in Rho¥*¥* mice were 48.6 +3.6% and
51.4+8.6%, respectively, with no statistically significant
difference (Figure 1D, right; p=.6164, n=3 mice). Those
results indicate that the Rho%*** allele is expressed at a
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FIGURE 1 CRISPR/Cas9-mediated knock-in of Q344X mutation in mouse rhodopsin (Rho). (A) Schematic representation of mouse
Rho gene in chromosome 6. The PAM sequences tailored to exon 5 and microhomology template insertion site are indicated along with
wild-type and Q344X alleles. The C to T conversion at the 344-position, resulting in the Q344X mutation present in exon 5 of the Rho gene, is
highlighted in red. Another silent point mutation C to A in the codon for threonine (T) at the 342 position (highlighted in red) is introduced
to prevent the recognition by guide RNA after microhomology template insertion. (B) Validation of CRISPR/Cas9-mediated knock-in of
Q344X mutation to the mouse rhodopsin gene (Rho) by sequencing. Upper panel shows wild-type allele with the QVAPA motif. Lower
panel shows the Q344X allele with C to T mutation, leading to an early insertion of a stop codon at the 344th position. (C) Partial sequences
of exon 5 from the wild-type and Q344X rhodopsin alleles surrounding the Bsal restriction site (GAGACC) highlighted by the shaded
rectangle. In the Rho®**
the Bsal restriction site. Lane 1, undigested PCR fragment from a Rho?***’* knock-in mouse; Lane 2, same PCR fragment as Lane 1 digested

allele, the introduced silent point mutation in the codon for threonine (T) at position 342 resulted in the loss of

with Bsal; lane3, undigested PCR fragment from a wild-type mouse; Lane 4, same PCR fragment as Lane 3 digested with Bsal. Upon a
digestion with Bsal, a 598 bp PCR product of wild-type allele (Lane 3) was digested into two fragments (Lane 4, 318 bp and 280bp). (D) Ratio
of wild-type and Q344X mutant rhodopsin mRNA expression in the Rho®***/* knock-in retina. PCR product from Rho®***'* retinal cDNA
was either undigested or digested with Bsal (left panel, — and +, respectively). Using real-time quantitative PCR, relative amounts of wild-
type and Q344X mutant mRNA were compared (n=3 animals). There is no significant difference in the mRNA expression levels between

wild-type and Q344X mutant alleles (48.6 + 3.6% for wild-type and 51.5 + 8.6% for Rho®**** mRNA). ns: not significant (p =.6164).
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level similar to the wild-type Rho allele, as expected for
an adRP model. We also subcloned PCR fragments de-
rived from the region around position 344, and randomly
selected and sequenced 51 clones. Among them, 29 were
derived from the Rho®*¥ allele, whereas 21 were from
the wild-type Rho allele, further validating that both al-
leles are expressed at similar levels.

3.2 | Degeneration of rod photoreceptors
in Rho%*** knock-in mice

The loss of rod photoreceptor cells is the major cause of
vision impairment in RP. To assess the rate and extent of
rod degeneration, Rho@*+ and RhoP**¥/B4X mice were
imaged by OCT at different postnatal days (P21-P360) and
compared with age-matching wild-type (Rho™*) mice. In
the retinas of Rho®*** mice, outer nuclear layer (ONL)
thickness gradually decreased over time (Figure 2A,B).
The retina degeneration was assessed in four different re-
gions located in the nasal, temporal, ventral, and dorsal
regions of the retina (Figure 2C, 1-4). From P21 onwards,
there was a noticeable decrease in the thickness of the
ONL in Rho®**"* mice (Figure 2D, magenta). The thick-
ness of ONL decreased by 18.7%-27.0% at P35 and became
progressively thinner (Figure 2D), with a nearly 45.6%—
57.4% decrease at P90 (Figure 2D). We also compared
the degree of rod degeneration in the dorsoventral axis of
the retina. Unlike rhodopsin class II mutant (Rho"?31/+)
knock-in mice, which exhibit severe rod degeneration in
the ventral region from P35 onwards,?>3° Rho%*** mice
showed similar degrees of rod degeneration (Figure S1)
in dorsal and ventral regions from P35 to P60 (p>.2).
Subsequent observations revealed higher degree of rod de-
generation in the dorsal region than in the ventral region
at P90 (p<.001) and P120 (p <.0001). By P360, however,
the dorsoventral difference became insignificant (p>.5),
with over 91% of photoreceptors lost in both the dorsal
and ventral regions.

The Rho®@*¥ X mutant mice showed even more
rapid degeneration than Rho®**/* (Figure 2A,D). At P21,
the ONL of Rho@*¥ 34X mice was 3.8-5.0 times thinner
than that of wild-type mice (Figure 2D, compare green and
blue) in the four regions (Figure 2C), suggesting that rod
degeneration began earlier than P21 with the ONL layer
almost entirely lost by P35. Given that 97% of the nuclei
in the ONL are associated with rod cells,”’ these results
indicate rods degenerated in RhoP*X/+ and RhoWHX/Q344X
mice.

To measure the extent of cell loss, we also compared the
ONL thicknesses between wild-type and Rho®***"* mice in
different dorsoventral regions at P35 and P90 using confo-
cal microscopy (Figure 3), which provides better contrasts

Th|'IC-)A\SEBJourr1C|I

and resolution for discriminating retinal layers. Consistent
with the result we obtained by OCT, RhoP*** mice lost
around 35% of nuclei in their ONL at P35 and 48.7% at P90
(Figure 3A,B). Consistent with the observations made by
OCT (Figure 2), the dorsal regions—located at 0.75, 1.05,
1.35, and 1.50mm from the ONH—exhibited more severe
photoreceptor loss compared to the corresponding ventral
regions at P90 (Figure 3B, p<.05, as determined by two-
way ANOVA with post hoc Sidék test).

The VxPx motif (VAPA in murine rhodopsin), which is
missing in Q344X rhodopsin, is required for the effective
transport of rhodopsin to the 08s.”!"!>1634 o study the ef-
fect of this truncation to the protein transport, we studied
the localization of rhodopsin in the Rho®*** retina by
immunofluorescence confocal microscopy. To understand
the distribution of wild-type rhodopsin, we employed the
1D4 monoclonal antibody against wild-type, Rho®**/*,
and Rho@*Y/B#X mice at P24, when there are still sur-
viving rod photoreceptor cells in Rho@*X/QB4X mice. As
expected, wild-type rhodopsin was localized specifically
to the OSs of wild-type mice (Figure 4A, left panels). In
Rho@*#¥/Q3#4X mice, specific signals were not detected in
the photoreceptor layer. This observation is consistent
with the truncation of the Ct tail in RHOQ344X, which
abolished the epitope of the 1D4 antibody. In Rho@*X/+
mice, wild-type rhodopsin was primarily localized to the
OS; however, a trace amount of wild-type rhodopsin was
also observed in the IS, ONL, and OPL. We introduced the
B6-30 antibody that was raised against the Nt region of
wild-type rhodopsin, which is retained in RHO®**, We
observed OS-specific signals in wild-type mice, which only
express wild-type rhodopsin. B6-30 labeled OS, IS, ONL,
and OPL of Rho@**3*X mice, which only expresses
RHO®** mutant protein (Figure 4B, left panels). Within
RhoP**/* mice, the B6-30 antibody showed more pro-
nounced IS, ONL, and OPL mislocalization than the 1D4
antibody did. On P62-63, we observed a similar mislocal-
ization trend in Rho®*** mice (Figure 4A,B, right pan-
els). The B6-30 antibody demonstrated more pronounced
mislocalization than the 1D4 antibody did. Those results
of RhoP**/* and RhoP**/A*X njce indicate RHOP*X
is prone to mislocalize into rod photoreceptors, verifying
the role of the VxPx motif in OS-directed transport of rho-
dopsin. In Rho@#X/+ mice, RHOZ*X causes the mislo-
calization of wild-type RHO, although the extent of this
mislocalization is less pronounced than that of RHO®*¥
itself.

Rhodopsin is the most abundant constituent of the
OS, which is transported together with lipids,38 and de-
creases in transport of rhodopsin results in the shortening
or loss of OS structures.*** In Rho®*** mice, we found
that the OS layer was approximately 50% thinner than in
wild-type mice at P35 (Figure 3D). We also investigated
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FIGURE 2 OCT analyses of class I Rho®*** knock-in mutant mouse indicate degeneration of photoreceptor neurons. (A) OCT images

for the ventral and dorsal regions including the optic nerve head (ONH) were acquired for wild-type, Rho

Q344X/+, and RhoQHX/Q344X 4o

at P21, P60, and P120. ONLs are indicated by red vertical bars. Scale bars, 100 pm. (B) OCT images from P60 wild-type and Rho“*** mice
at the locations 500 pm away from the ONH are shown. ELM, external limiting membrane; RPE, retinal pigment epithelium. Scale bar,
50 pm. (C). The thicknesses of the ONL were measured at four distinct locations situated 500 pm away from the ONH, as illustrated in the

fundus images of wild-type and Rho®*X/*

mice. (D) ONL thicknesses were compared among wild-type (blue), Rho®*** (magenta), and

Rho@#X/QB4X (green) mice in four distinct regions (nasal, temporal, ventral, and dorsal) as indicated in (C). The thicknesses of the ONL
were plotted as a function of postnatal days (P21-360), and the data were presented as mean +SD (n=4 animals for each genotype). The
data were subjected to statistical analysis using two-way ANOVA, followed by Tukey's post hoc test for pairwise comparisons. Significant

differences (****p <.0001) were observed when comparing wild-type mice to Rho

Q344X/+ (1 RhoQ3HX/QI4X L d

the OS structures of Rho®@*¥/@¥*X mice at P21. At this
stage of RhoQHX/Q344X mice, about 25% of rods are still
surviving (Figure 2); nevertheless, the thickness of the
OS layer is less than 3% of that observed in P35 wild-type
mice (Figure 3C,D). The presence of OSs was confirmed
by immunofluorescence microscopy, employing an anti-
body against the OS marker PDE6y (Figure 3C right, red),
which localized above the ONL where RHO®** was de-
tected by the B6-30 antibody (Figure 3C right, green). The
extent of OS volume loss in Rho@**/* and Rho@*#¥/Q344X
mice is analogous to that in rhodopsin heterozygote and
homozygote knockout mice,?"?? respectively, consistent
with significantly compromised rhodopsin transport due
to the deficiency in the VxPx OS trafficking signal.

3.3 | Instability of mutant rhodopsin in
RhoP**"* mice

We have previously demonstrated that the mislocalization
of rhodopsin disrupts its homeostasis, thereby triggering
alternative lysosome-mediated pathways for degradation.®
However, the extent to which this process influences the
expression levels of wild-type and RHO®*** rhodopsin re-
mains unclear. To address the issue, rhodopsin expression
was analyzed by immunoblots employing B6-30 and 1D4
monoclonal antibodies against rhodopsin to quantify the
protein levels. Using the B6-30 antibody which recognizes
both wild-type (RHO) and Q344X (RHO®**) rhodopsin,
we found that the level of total rhodopsin in Rho®@*** is
approximately 37.5% of that in wild-type mice (Figure 5A).
We utilized 1D4 monoclonal antibody to determine to what
degree wild-type rhodopsin is accountable for the total rho-
dopsin observed in Rho®**'* retina. This antibody specifi-
cally targets the Ct region of rhodopsin, which is made up
of residue 341-348." As the 1D4 antibody recognizes the
Ct part only preserved in wild-type rhodopsin, this immu-
noblot analysis suggests that the amount of wild-type rho-
dopsin present in Rho®**”* mice was approximately 27.0%
of that in wild-type mice (Figure 5B). Inferring from these
data, the amount of RHO®*** mutant rhodopsin protein

is approximately 2.7-fold lower than that of wild-type rho-
dopsin protein in RhoZ*¥* mice (p=.022) (Figure 5C).
Considering the similar expression levels of mRNA tran-
scripts from Rho®** and wild-type alleles (Figure 1D),
these results suggest a decreased stability of the Q344X
mutant protein compared to its wild-type counterpart in
individual rod cells. As control, we studied the amount of
rhodopsin in the retinas of Rho"*/* knock-in mice? using
B6-30 and 1D4 antibodies. Those two antibodies generated
similar amounts of signals in Rho™* retinas (Figure 5A,B,
green bars, B6-30 RHOP?M* vs 1D4 RHO™W/*, p=.159 by
unpaired t-test), because they can recognize RHO?*" pro-
tein equally.

To compare the relative amounts of proteins in
Rho¥**/* and wild-type mice more unbiasedly, we sub-
jected retinal protein extracts at P35 to proteomic analysis.
Based on this quantitative proteomics study, rhodopsin
quantity decreased by 68.6% (Table 1), confirming the
general instability of rhodopsin in the RhoP**/* retina
(Figure 5). By immunofluorescence microscopy con-
ducted at P24 and P62-63, however, we noted that the
total signal from RHO, detected by the B6-30 antibody, is
similar between Rho®**'* and wild-type mice (Figure 4).
In the tightly packed disk membranes of outer segments,
the labeling of rhodopsin by antibodies is inefficient. This
issue is visibly apparent in Xenopus laevis, where the larger
rod outer segments make the problem more noticeable,
although other species experience similar challenges.*
The inadequate labeling could be due to the antibodies’
limited ability to penetrate these densely packed disk
membranes.* Additionally, epitope masking, potentially
caused by a clouding effect or protein aggregation,** may
also play a role in this inefficiency, especially consider-
ing that rhodopsin concentrations can reach as high as
4mM.* These factors collectively pose significant chal-
lenges to accurately quantifying rhodopsin using immu-
nofluorescence, particularly in outer segments. Therefore,
we opted not to conduct immunofluorescence quantifica-
tion of rhodopsin.

We previously reported downregulation of so-
dium potassium ATPase (NKA) in Xenopus rod
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FIGURE 3 Histological analysis of photoreceptor cell loss in P35 and 90 Rho®**’* mice. (A) Retinal sections from wild-type and
Rho¥*** mice, aged P35 and P90, were labeled with Hoechst 33342 (blue) to visualize their nuclear layers. RPE: retinal pigmented
epithelium, OS: outer segments, IS: inner segments, ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. Scale bar,
20 pm. (B) Thicknesses of the ONL were measured every 150 pm on the dorsal and ventral sides of the ONHs. The data show a progressive
reduction of ONL thickness in Rho @*** mice due to the loss of photoreceptor cells from P35 to P90. Data were shown as mean +SD

for P35 and P90 (n=4). The data were analyzed using two-way ANOVA. For pairwise comparison of wild-type and Rho%** mice, the
Q34X+ mice. Statistical significance (****p <.0001; ***p < .001;
Q3X/QHX jce were labeled

Sidak method was utilized to calculate p-values comparing wild-type to Rho
**p<.01) is indicated above each data point. ns: not significant (p > .01). (C) Retinal sections from P21 Rho
with Hoechst 33342 (blue) to visualize their nuclear layers (left panel). Retinal sections from P21 Rho@**/@#X mjce were subjected to
immunofluorescence labeling using antibodies against rhodopsin (B6-30, green) and a photoreceptor OS marker, Pde6y (red), to label OS
(right panels). DIC, differential interference contrast. (D) Thicknesses of the OS layers from P35 wild-type mice, P35 Rho®*¥* mice, and
P21 Rho@*#¥/B4X mice were measured every 150 pm on the dorsal and ventral sides of the ONH. Data were presented as mean +SD (n=4
mice) for all the genotypes. The data were analyzed using two-way ANOVA. For pairwise comparisons, Dunnett's multiple comparison test

was utilized to calculate p-values (wild-type vs. Rho@*** or wild-type vs. Rho@*X/@#X sty < 0001), as indicated above or below each

data point.

photoreceptors expressing human Rho®*** protein due

to co-degradation of NKA with mislocalized rhodopsin.
Immunofluorescence microscopy employing NKA alpha
antibody demonstrates immunofluorescence originating
from ISs was approximately 31.4% weaker in RhoQ#X/*
than in wild-type (Figure 6A-C, p<.05). In Rho®**/*
mice, when measured in whole retinas by mass spec-
trometry, sodium potassium ATPase alpha subunits 1-3
showed no significant difference in their expression lev-
els between Rho®*** and wild-type mice. This lack of
difference is potentially due to compensatory changes in
non-photoreceptor regions of the retina, as Rho@#X/+
mice showed a trend of increased NKA in ganglion cell

and inner nuclear layers (Figure 6C), albeit the difference
was not statistically significant (p > .2).

The effects of rhodopsin mistrafficking on OS defects
and retinal degeneration were further confirmed through
immunofluorescence microscopy. We observed reduction of
retinal outer segment membrane protein 1 (ROM1), an OS
marker, in Rho®**"* mice, indicating rod OS shortening.
However, unlike rhodopsin, ROM1 did not mislocalize to
the IS and ONL (Figure 6A,B). Consistent with the rod pho-
toreceptor degeneration, an upregulation of glial fibrillary
acidic protein (GFAP) was confirmed. GFAP is a common
indicator of reactive gliosis in response to retinal pathogene-
sis (Figure 6D,E, compare wild-type and Rho@#X/ .
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FIGURE 4 Rhodopsin mislocalization in Rho®** knock-in mice. (A) Retinal sections from wild-type, and Rho

RhoQ344X/Q344X

present in wild-type rhodopsin protein, signals were only observed in wild-type and Rho
or 63. Rhodopsin is observed mainly in the OS of wild-type mice, whereas it is also mildly mislocalized to IS, ONL, and OPL in Rho
mice both at P24 and P62/63. OPL: outer plexiform layer. (B) Retinal sections from wild-type, Rho
to immunofluorescent labeling using B6-30 antibody (red). As B6-30 recognizes the Nt epitope preserved both in wild-type and RHO
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were subjected to immunofluorescent labeling using the 1D4 antibody (red). As the 1D4 recognizes the Ct epitope only

Q344X+ mice. Mice were studied at P24 and P62

Q344X/+

Q344X/ * and Rho@HX/Q34X are subjected

Q344X

mutant rhodopsin, signals were observed in wild-type, Rho®**"* and Rho®**/e34X mjce. Both at P24 and P62/63, signals are observed

mainly in the OS of wild-type mice, whereas they are also observed in IS, ONL, and OPL of Rho®*** mice. RHO®**** mutant rhodopsin is
significantly mislocalized to IS, ONL, and OPL of Rho@#X/Q34X mice. Nuclei were labeled with Hoechst 33342 (blue). Scale bars, 20 pm.

3.4 | Rho®** mutation has impact

on proteins involved in the structure and
function of photoreceptor sensory cilia

To study the biological changes in Rho“**"* mice in an
unbiased manner, we conducted quantitative mass spec-
trometry analyses of retinal proteins at P35, when retinas
are experiencing ongoing degeneration. A total of 1917
proteins were identified and quantified both in wild-type
and Rho®**"* knock-in retinas by MaxQuant (Figure 7A
and Table S1). Among them, 89 proteins were differen-
tially expressed between wild-type and RhoP**/* retinas

significantly (g-value <.05 and 2> fold change). Through
pathway analysis employing GO terms (Figure S2), pro-
teins involved in visual perception and light stimulus
detection (e.g., GO0007601 and GO0009583), visual sys-
tem development (e.g., GO0150063), and photoreceptor
cell maintenance (e.g., GO0045494) exhibited significant
alterations (Figure 7B,C). These findings are consistent
with rod photoreceptors being the primary cells impacted
by the Q344X mutant rhodopsin protein. Regarding GO
terms relevant to cellular components, proteins associ-
ated with ciliary structures are most frequently observed
(e.g., GO0097733), being consistent with Rho?*** causing
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FIGURE 5 Rhodopsin expression is remarkably downregulated in the Rho

retina at P35. Quantitative immunoblotting analysis

was conducted using anti-rhodopsin monoclonal antibodies, B6-30 (Nt-specific) and 1D4 (Ct-specific) (n=4 mice per genotype). Anti-p-

tubulin was employed for loading controls. For quantification of signals originating from rhodopsin, we selected the regions corresponding

to monomeric and dimeric forms of rhodopsin. (A) B6-30 recognizes wild-type, RHO®** and RHO"**" mutant rhodopsin on retinal

homogenates from wild-type, Rho®**’* and Rho""* mice. Based on the analysis, total rhodopsin in the retina is significantly decreased
in Rho¥*** and Rho"?*""* retinas. (B) The 1D4 antibody recognizes wild-type and RHO"*! but is incapable of binding to RHO®**¥ which

lacks the Ct 5 amino acids. Based on the analysis, wild-type and RHO?**" are significantly decreased in Rho

Q344X/+ and Rho"?M* retinas.

(C) The quantities of RHO®*¥ in Rho®**'* retinas were calculated and compared to those of wild-type rhodopsin based on the difference

in immunoblot signal intensities generated by B6-30 and 1D4 antibodies.

ciliary malfunction. Regarding molecular functions, pro-
teins were enriched in terms relevant to phototransduc-
tion or visual cycle, such as PDE activity, retinoid binding,
and isoprenoid binding. While the majority of these path-
ways are relevant to the core of photoreceptor structure
and functions, proteins involved in glial cell differentia-
tion (GO0010001) were enriched (Figure 7C). Based on
specific analyses of individual gene products (Table 1),
rod photoreceptor outer segment proteins showed high
degrees of losses that cannot be explained solely by the
degeneration of photoreceptors (Figures 2 and 3). Those
proteins include phosphodiesterase 6 alpha (PDEé6a,
42.4% wild-type) and beta subunits (PDE6p, 42.7% wild-
type), rod cGMP-gated channel alpha (CNGA1, 33.3%
wild-type) and beta subunit (CNGB, 41.9% wild-type),
rhodopsin kinase (GRK1, 48.0% wild-type), rod trans-
ducin alpha (GNATI1, 34.4% wild-type), beta (GNBI,
44.8% wild-type), and gamma subunits (GNGT1, 31.1%
wild-type), Guanylate cyclase 1 (RetGCl1, also known
as Gucy2e, 39.2% wild-type) and Guanylate cyclase 2
(RetGC2, also known as Gucy2f, 40.2% wild-type), regula-
tor of G protein signaling 9 (RGS9, 34.8% wild-type), and
ATP-binding cassette transporter 4 (ABCA4, 37.5% wild-
type). Regarding GNAT1, we verified the result using
immunofluorescence microscopy, which demonstrated
a similar degree of downregulation (Figure S3). Those
observations are consistent with thinning of the outer
segment layer, which occurs largely as a result of rho-
dopsin downregulation. Consistent with OS shortening,
OS structural proteins peripherin (PRPH2) and ROM1
demonstrated dramatic downregulation by 27.8-37.0%.

Consistent with low trafficking activities of Rho®*/*

photoreceptors, proteins involved in ciliary transport
of transmembrane proteins were downregulated; those
proteins included Bardet-Biedl syndrome (BBS) 1 BBS1
(36.8% wild-type), BBS7 (45.2% wild-type), and BBS9
(39.3% wild-type), that are constituents of BBSome.** The
proteomic results for BBS7 and BBS9 were further vali-
dated through immunofluorescence microscopy employ-
ing the antibodies that successfully labeled these proteins
in the mouse retina.* This analysis revealed that BBS7
and BBS9 have similar localization patterns in the wild-
type photoreceptors, and that expressions of these pro-
teins were significantly downregulated in the rod ISs and
OSs, as well as throughout the entire retinas of Rho@#X/+
mice (Figure S3A-C). Moreover, Dynein axonemal heavy
chain 5 (DNAHS5), a ciliary motor component, was signifi-
cantly downregulated (42.3% wild-type). In line with this
reduction in axonemal dynein, our analysis demonstrated
that ciliary axonemes, identified as RP1 protein-positive
structures through immunofluorescence microscopy,*
were markedly shorter in RhoP*** mice (5.114+0.71 pm)
relative to their wild-type counterparts (7.08 +0.77 pm) as
early as P21 (Figure S3D,E).

We discovered that proteins localized to the inner seg-
ment of photoreceptors exhibit less pronounced alterations
compared to those in the photoreceptor sensory cilia. These
proteins include retinol dehydrogenase 12 (RDH12, 55.1%
wild-type) and inosine monophosphate dehydrogenase 1
(IMPDH1, 59.3% Wild-type).47 Rod arrestin (Arrestin 1,
also known as Sag), a soluble protein in photoreceptors,
showed about 33.7% decrease (66.3% wild-type) which is
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TABLE 1 Changes in retinal protein expression levels in Rho

Rho%**'* mean

Gene protein quantity

symbol Common name Entrez ID (% of wild-type)

Rho Rhodopsin 212541 31.4

Gnatl Rod transducin alpha subunit 14685 34.4

Gnbl G-betal subunit 14688 44.8

Gngtl Gamma transducin 1 14699 31.1

Grk1 Rhodopsin kinase 24013 48.0

Pde6a Phosphodiesterase 6A alpha 225600 42.4
subunit

Pde6b Phosphodiesterase 6B beta 18587 42.7
subunit

Rgs9 Regulator of G protein 19739 34.8
signaling 9

Gucy2e  Retinal guanylyl cyclase 1 14919 39.2
(RETGC-1)

Gucy2f  Retinal guanylyl cyclase 2 245650 40.2
(RETGC-2)

Cngal cGMP-gated channel alpha 12788 333
subunit

Cngbl cGMP-gated channel beta 333329 41.9
subunit

Prph2 Peripherin 19133 37.0

Rom1 Retinal outer segment 19881 27.8
membrane protein 1

Abca4 ATP-binding cassette 11304 37.5
transporter 4

Bbs1 Bardet-Biedl syndrome 1 52028 36.8

Bbs7 Bardet-Biedl syndrome 7 71492 45.2

Bbs9 Bardet-Biedl syndrome 9 319845 39.3

Gnat2 Cone transducin alpha 14686 93.4
subunit

Dnah5 Dynein axonemal heavy 110082 42.3
chain 5

Gfap Glial fibrillary acidic protein 14580 466.5

Clu Clusterin 12759 1730.7

Fgf2 Fibroblast growth factor 2 14173 488.0

Naga Alpha-N- 17939 468.6
acetylgalactosaminidase

Pkm Pyruvate kinase M 18746 8816.5

Prdx4 Peroxiredoxin 4 53381 1775.3

consistent with the degree of rod photoreceptor cell loss
around this stage. Those results indicate that Rho@*#/+
is demonstrating OS-directed trafficking defects, both of
integral membrane and membrane-associated proteins.
Minimal changes were observed for GNAT2, which is a
cone-specific transducin alpha subunit (Table 1). This
observation is consistent with the specific expression of
Rho®**** in rod photoreceptors, which is the primary cell
type affected in Rho@**'* mice.

Q344X/+

#\SEBJourml

compared with wild-type at P35.
log,(Fold
Change)
Rho®*e*|  Jog,(wild-  log,(Rho®**/*
wild-type type mean) mean) -log,o(p-value) g-value
-1.67 33.89 32.22 2.918 .012
—1.54 33.94 32.40 4.195 .000
-1.16 33.34 32.18 3.977 .003
—1.69 32.25 30.57 5.788 .000
—-1.06 29.85 28.79 6.541 .000
—1.24 29.24 28.01 6.073 .000
—-1.23 30.61 29.38 4.355 .000
=152 27.75 26.23 2.803 .011
-1.35 2991 28.55 3.831 .016
=13 25.27, 23.95 3.611 .003
-1.59 28.15 26.56 4.349 .000
-1.26 26.63 25.37 4.931 .000
—-1.43 31.22 29.78 4.138 .000
—1.85 31.18 29.34 3.381 .008
—-1.42 27.75 26.34 4.936 .000
—1.44 26.40 24.96 2.025 .034
-1.14 26.21 25.06 3.867 .002
=135 26.63 25.28 2.158 .024
—0.10 27.93 27.83 145 .816
—1.24 25.55 24.30 3.806 .003
2.22 27.92 30.14 4.034 .003
4.11 24.90 29.01 2911 .012
2.29 23.83 26.12 2.167 .023
2.23 23.90 26.12 4.125 .000
6.46 23.71 30.17 5.854 .000
4.15 24.54 28.69 3.843 .004

While the downregulated proteins expressed in rods
are indicative of dysfunction and dysregulation in rod
photoreceptor neurons, we identified several proteins
that were significantly upregulated in Rho¥*** mice
(Table 1). Among the most prominently elevated pro-
teins are Pyruvate kinase M (PKM, 8816.5% wild-type),
GFAP (466.5% wild-type), fibroblast growth factor 2
(FGF2, 488.0% wild-type), clusterin (CLU, 1730.7% wild-
type), alpha-N-acetylgalactosaminidase (NAGA, 468.6%
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FIGURE 6 NKA expression is downregulated, and GFAP expression is upregulated in the P35 Rho
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Q344X/+ retinas. (A and B) Retinal

(B) mice were subjected to immunofluorescence labeling using antibodies against NKA (red)

and ROM1 (green), a photoreceptor OS marker. Nuclei were labeled with Hoechst 33342 (blue). NKA is localized to the ISs and other
regions of photoreceptors but is not observed in the OSs. (C) Immunofluorescence originating from NKA was quantitated in IS, INL,

and GCL spanning 227 pm of retina length. Average intensities measured for Rho

Q344X/+ were normalized to those for wild-type and the

data expressed as mean + SD (n=4 animals for each genotype). The data were subjected to statistical analysis using unpaired t-test for

comparisons. Significant differences (*p <.05) were observed when comparing fluorescence intensity from inner segment of wild-type mice

to Rho®**/* mice. ns: not significant (p>.05). (D and E) Retinal sections from wild-type (C) and Rho®’ 44X/% (D) mice were subjected to

immunofluorescence labeling using antibodies against GFAP (green), a marker for astrocytes and Miiller cell-mediated reactive gliosis.

Nuclei were labeled with Hoechst 33342 (blue). Miiller cell-mediated gliosis was activated in the P35 Rho

wild-type), and Peroxiredoxin 4 (PRDX4, 1775.3% wild-
type). Upregulation of one of these genes, GFAP, was
consistent with the upregulation of the signal by immu-
nofluorescence microscopy (Figure 6D,E, compare wild-
type and Rho®**/*). These genes are likely to play roles
in neuroprotection, metabolic reprogramming, the mitiga-
tion of oxidative stress, and Miiller cell-mediated reactive
gliosis (Figure 7B,C). These alterations align with protec-
tive mechanisms activated in response to rod photorecep-
tor degeneration.

4 | DISCUSSION

This study reports a new mouse model of adRP caused by
a class I rhodopsin mutation. In this knock-in mouse, the
344th amino acid of the endogenous rhodopsin is modi-
fied to a stop codon, eliminating the VxPx OS transport
signal.'>** Therefore, the mutant gene is expressed under
the regulation of the endogenous rhodopsin promoter,
resulting in rod degeneration in an autosomal dominant
pattern as observed in human patients. In heterozygous
Rho@#X/+ mice, both wild-type and the Q344X mutant
rhodopsin alleles exhibit similar levels of mRNA ex-
pression. This equivalence in expression enables us to
adequately explore the role of RHO®*** in rod degenera-
tion and dysfunction, providing a relevant mouse model
for rhodopsin adRP. Localization analyses in Rho@***/+
and Rho@*/B4X mice reveal that RHO®*X has a pro-
pensity for mislocalization to non-OS compartments.
Additionally, the Rho®** mutation triggers mislocaliza-
tion of wild-type rhodopsin (RHO), although to a lesser

Q344X/* ratina. Scale bars, 20 pm.

extent than RHO®**¥ jtself. This wild-type rhodopsin mis-
localization was not detected in the Xenopus laevis mod-
els heterologously expressing Q344X mutant of Xenopus*
or human'® Rho. This apparent difference among models
is potentially due to different properties of mammalian
and amphibian rhodopsin, and due to the dimerization
of murine rhodopsin previously observed,” as such in-
teraction may result in co-transport of wild-type and
RHO®** mutant rhodopsin to non-OS compartments.
Downregulation of the ciliary transport component, as
observed in this study, may also contribute to compro-
mised OS transport of wild-type rhodopsin. In Rho@*X/+
mice, rod photoreceptor cells degenerate progressively as
in the case of adRP. Approximately 18.7-27.0% of rods are
lost at P35, and 38.2%-50.9% at P60. The rate of degen-
eration is similar to that observed for Rho™"* knock-in
mouse, which represents class II rhodopsin mutations
causing adRP.>* While Rho" 23H/* knock-in mouse exhib-
ited more severe rod degeneration in the ventral region
than in the dorsal region,”’36 Rho®*** mouse demon-
strated more pronounced degeneration in the dorsal re-
gion. As the ventral region receives more light than the
dorsal region,*’ this observation suggests that light is not
the exacerbating factor of photoreceptor degeneration in
Rho¥**/* mice under ambient conditions used for nor-
mal laboratory animal housing. Our findings align with
clinical observations in human patients: Whereas the
T4R, T17M, P23H, and other rhodopsin mutations can
induce light-dependent sector retinitis pigmentosa in
dog, mouse, and human,“g’SO the Q344X and other class I
mutations have not been reported to cause a comparable
disorder in humans.”*
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FIGURE 7 Differentially expressed proteins show rod outer segment proteins are downregulated in the Rho retina at P35.

(A) A volcano plot for the identified proteins. X-axis shows log2-transformed fold change (differential protein expression between wild-type

and Rho®*¥'* retinas), and y-axis shows —log10-transformed g-value. For instance, the log2-transformed fold change for Pdap1 is 1.2. This

equates to a linear scale fold change of 2.4. A total of 89 proteins (shown in red) were differentially expressed with 2-fold change (log2-

transformed change of < —1 or >1) and g-value <.05 thresholds indicated by the vertical and horizontal dashed lines. (B) Pathway analysis

for GO terms using the protein abundance with 60% threshold (a total of 93 proteins). Top 20 significantly changed pathways are shown in

dot plots from top to bottom for biological process (left, adjusted p <.0001), cellular component (middle, adjusted p <.005), and molecular

function (right, adjusted p <.05). The size of each dot within the plots (Count) represents the level of protein enrichment, while the color

coding indicates statistical significance (p.adjust). These markers are explained within each plot. (C) Networks illustrating the outcomes of

the hypergeometric test and pathway analysis based on gene enrichment are presented. The size of each dot (Count) represents the level

of gene enrichment (number of genes), while the color coding indicates statistical significance (p.adjust), as indicated in the bottom right

corner of the panel.

The current study indicates that expression levels of
the Rho®**** gene play a critical role in the disease man-
ifestation. By comparing RhoP*X/* qnd Rho@#X/Q344X
mice, we demonstrated the gene dosage effect of the
Rho®*X allele: RhoP**/A3*X mice demonstrated much
more rapid degeneration than RhoQ3+#X/+ mice, with over
76.8% of rod cells lost at P21, and the majority of rods
lost by P35. Furthermore, the speed of rod degenera-
tion is much faster than that by simple elimination of
wild-type rhodopsin in rhodopsin homozygote knockout

mouse models, which demonstrated only loss of less than
30% rod nuclei by P21-30."*>>* Thus, the degeneration
of rods in our model is due to the toxicity of Rho@****
and not to the loss of wild-type rhodopsin function.
Our studies are distinct from those conducted on other
knock-in mice that harbor mutations in the Ct region of
rhodopsin. For example, in the Q344X human rhodopsin
mutant heterozygote knock-in mouse model, there is no
significant loss of rod photoreceptors by postnatal week
10 (approximately P60) because of the low expression
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level of the Q344X human rhodopsin product, which is
less than 10% of the endogenous rhodopsin.'® Similar
results were obtained for a rhodopsin knock-in mouse
model expressing the Ter349Glu readthrough mutant
of human rhodopsin. In this model, the ciliary target-
ing motif VAPA is followed by an additional 51 amino
acids.”® Heterozygote Ter349Glu knock-in mice demon-
strated mild photoreceptor degeneration, in which about
10% of rods were lost by P84, in contrast to our model,
in which P60 Rho®**”* mice lost more than 38.2% of
rods. This relatively mild degeneration phenotype of the
past model is likely due to low expression of the mutant
allele as discussed in the original literature.>® Moreover,
Ter349Glu rhodopsin may be less toxic than Q344X rho-
dopsin because VxPx motif can still be partially func-
tional even if additional amino acids follow it. We and
others previously found that the ciliary targeting signal
VxPx is functional for OS delivery of rhodopsin, even if
it is followed by an additional sequence such as GFP or
other fluorescent proteins,16’54 and indeed, a significant
fraction of Ter349Glu rhodopsin is observed in the OS
of Xenopus rods expressing this protein.”> Our model is
also distinct from the previously generated class I mu-
tant rhodopsin transgenic models, which harbor addi-
tional genes of class I mutant rhodopsin via pronuclear
injection-mediated transgenesis.'"®*' By this approach,
various lines expressing multiple copies of transgene
were generated. For example, in one of the studies using
Q344X rhodopsin transgenic mouse, the expression of
the mutant allele is estimated to be 24% of the total rod
opsin transcript.'’ Our model was designed so that the
upstream rhodopsin promoter and 5'-untranslated re-
gions are untouched in the Rho®*** mutant gene. Still,
the accurate gene expression measurements in individ-
ual rods are confounded by the loss of rods, which neg-
atively impacts the overall expression of mutant RNA
quantities in the retina. Therefore, by editing out a re-
striction site unique to wild-type allele, we were able to
directly compare the ratio of wild-type and mutant tran-
scripts, that is approximately 1:1. Taken together, our
study outlines the importance of emulating the human
genetic condition of adRP in which the endogenous rho-
dopsin gene is edited, and thus, mutant and wild-type
transcripts are expressed equally.

Despite similar mRNA expression levels of wild-type
and Rho®*** mutant alleles, rhodopsin protein expres-
sion level is significantly lower in the Rho®*** mouse
model than in wild-type mice. In Rho®*X/* mice at
P35, the amount of rhodopsin protein in the photore-
ceptor cells is significantly lower than expected based
on the extent of rod degeneration observed in the ret-
ina. We believe this disproportionate loss of the mutant
protein is partly due to Q344X rhodopsin protein being

more unstable than wild-type rhodopsin protein, result-
ing in 2-3-fold lower levels of mutant rhodopsin than
wild-type protein in individual rods. Rhodopsin local-
ized in the OSs is degraded by RPE cells. As mislocal-
ized rhodopsin do not enter the OSs, those proteins are
not degraded by the canonical phagocytosis mechanism.
Based on our previous study of Xenopus laevis rods, mis-
localized rhodopsin proteins have two paths for elimina-
tion from rods: degradation by intracellular lysosomes™
and secretion to extracellular space as vesicles.'>'"%
Q344X rhodopsin lacks the last five amino acids, of
which VAPA sequence promotes OS targeting of rho-
dopsin.'>!'** Thus, most Q344X rhodopsin molecules
should be initially parked at non-OS membrane com-
partments in the rods. Nevertheless, unlike OSs which
are the most membrane-rich organelle with several
hundred of disk membranes, the rest of the rod cells do
not have sufficient membrane volume to accommodate
massively synthesized rhodopsin proteins. Therefore,
in situations of disease, rods increase the activity of the
intracellular degradation and secretory elimination sys-
tem to compensate for the malfunction of OS transpor-
tation. In the past, assessing the comparative effects of
the Rho%*** mutation on wild-type and RHO¥** mu-
tant rhodopsin has been challenging, particularly within
the Xenopus laevis model. The difficulty arises from the
variable expression levels of mutant rhodopsin observed
in individual transgenic Xenopus laevis, making a direct
quantitative comparison between RHO®*** and endog-
enous wild-type rhodopsin problematic. Our study of
mice clarifies that RHO®** mutant rhodopsin is more
unstable than wild-type rhodopsin when they co-exist,
indicating these two proteins are largely eliminated by
rods via different mechanisms.

Rhodopsin itself is critical for OS maintenance; animal
models with reduced levels of it experience a loss or re-
duction of their outer segment volume.*** In accordance
with the significantly reduced amount of total rhodopsin
protein, we found that essential phototransduction pro-
teins are also dramatically downregulated in Rho@*X/+
mice. The downregulation is partly explainable by traf-
ficking defects of those proteins associated with rhodopsin
transport. For example, RetGC1's interaction with rhodop-
sin is essential for its transport to 08Ss.% Therefore, com-
promised OS transport of Rho®** rhodopsin molecules
explains the decreased quantity of RetGC1 in OSs. We cur-
rently do not know if other membrane-associated or inte-
gral membrane proteins depend on rhodopsin for their OS
transport; nevertheless, we found rod phosphodiesterase
catalytic subunits, both alpha (PDE6A) and beta (PDE6B),
are downregulated. Previous studies indicated that loss
of photoreceptor-specific guanylate cyclases, RetGC1 and
RetGC2, results in loss of rod phosphodiesterase from
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0Ss.”” The loss of these membrane proteins is not due
to the general downregulation of rod photoreceptor pro-
teins. Arrestin-1, one of the abundant rod photoreceptor
proteins, was decreased only at the degree expected from
the loss of rods in Rho®“**'* mice. Arrestin-1, although it
interacts with photoactivated rhodopsin, is a soluble pro-
tein. Perhaps, it does not require disk membrane interac-
tion for its stability. Overall, Rho@#X/+ represents models
of retinal ciliopathies, specifically addressing the defects
in ciliary cargo transport. BBSome is a complex of proteins
consisting of BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, and
BBS9.* We found that BBS1, BBS7, and BBS9 are simulta-
neously downregulated.44 BBS2, BBS4, and BBS17 knock-
out mice are deficient in BBSome and show decreased
OS lengths and rhodopsin mislocalization.’ 860 Moreover,
axonemal dynein heavy chain, DnahS5, was significantly
downregulated. Mutation of this gene is implicated in
macular dystrophy and primary ciliary dyskinesia.®*
Consistent with these cilia/axoneme defects, immuno-
histochemical analysis revealed the structural changes
of axonemes associated with Rpl. Mutations in RpI are
the causes of retinopathies such as retinitis pigmentosa
and macular dystrophy.®>®* RP1-positive axonemes were
shorter (~70% wild-type) in Rho®***'* than in wild-type at
the stage as early as P21. Thus, downregulation of ciliopa-
thy causative gene products, which occurs concomitantly
with the trafficking signal defect of RHO®***, would fur-
ther attenuate the ciliary transport of rhodopsin and other
OS constituents.

Based on our previous study of Xenopus laevis rods,
sodium potassium ATPase is co-degraded with mislo-
calized rhodopsin, likely via the endolysosomal system.
Intriguingly, quantitative proteomics did not indicate
overt downregulation of NKA alpha subunits in the whole
retina. Those are likely because NKA proteins expressed in
other cell types are masking the changes that occurred in
rod inner segments. Other inner segment dominant pro-
tein, RDH12, showed approximately 45% loss in Rho@#X/+
mice, coinciding with the degree of photoreceptor loss.
Such absence of coincidental loss is another evidence that
NKA observed in the whole retina is largely contributed
by non-photoreceptor cell types. Consistent with the stud-
ies of Xenopus, our immunofluorescence study indicated
areduction of NKA in the rod inner segment, further sup-
porting the contribution of Rho®“*** in facilitating the
degradation of this protein.

While the downregulated proteins indicate a general
reduction in OS protein transport and compromised rod
functions, we also identified upregulated proteins that
signify adaptive changes triggered by rod degeneration
in Rho®**"* mice. The elevation of GFAP, a hallmark of
reactive gliosis, is a well-documented response in animal
models of retinal injury.** Both FGF2 and CLU, known
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for their neuroprotective effects on rod cells,®™® exhibit
significant upregulation in the retinas of Rho®**"* mice.
The upregulation of the lysosomal enzyme NAGA may fa-
cilitate the deglycosylation and subsequent degradation of
proteins containing N-acetylgalactosamine, though such
modification has not been identified for bovine rhodop-
sin.®” While N-glycan of murine rhodopsin has not been
characterized in detail, our observation is consistent with
the findings that mislocalized rhodopsin facilitates lyso-
somal degradation of other glycoprotein(s), such as NKA,
in rod cells.* In healthy rod photoreceptor cells, which are
characterized by the Warburg effect, glucose metabolism
products support both anabolic processes and OS synthe-
sis.®® PKM, which is significantly upregulated in Rho®***/*
mice, can aid in channeling pyruvate toward oxidative
phosphorylation while synergistically acting with lactate
dehydrogenase to potentially steer both glucose and pyru-
vate toward anabolic pathways.®’ Aerobic glycolysis con-
tributes to OS growth and maintenance by providing the
essential building blocks for macromolecules. Alterations
in retinal energy metabolism could serve as a compensa-
tory mechanism to address the compromised OS structure
observed in Rho®*** mice.

In summary, we have developed a new mouse model
replicating the rhodopsin mislocalization observed in ret-
initis pigmentosa patients. Unlike the class II mutations,
which generally cause protein misfolding,'>"***%* class I
mutant rhodopsin can properly fold and regenerate with
11-cis-retinal to form functional pigment."*'* However,
it mislocalizes within rod cells.” As rhodopsin mislocal-
ization is a phenomenon observed across a wide range
of patients with RP and retinal ciliopathies,® this model
is well-suited for evaluating potential treatments aimed
at mitigating rod degeneration in RP.” As previously re-
ported for the Xenopus laevis model,**> our research also
confirms that murine rod cells possess a mechanism to
reduce the levels of the mutated Q344X rhodopsin more
effectively, surpassing the efficiency of the standard RPE-
mediated phagocytic process. It remains unclear whether
this action serves as a protective measure against the dis-
ease or contributes to its onset. Previous studies suggest
the latter.*® Further investigations will clarify the specific
mechanisms underlying the disease and any inherent pro-
tective measures within rod photoreceptor cells.
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