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Purprosk. Degeneration of retinal photoreceptors is frequently observed in diverse ciliopa-
thy disorders, and photoreceptor cilium gates the molecular trafficking between the inner
and the outer segment (OS). This study aims to generate a homozygous global Cep250
knockout (KO) mouse and study the resulting phenotype.

MerHoDps. We used Cep250 KO mice and untargeted metabolomics to uncover potential
mechanisms underlying retinal degeneration. Long-term follow-up studies using optical
coherence tomography (OCT) and electroretinography (ERG) were performed.

Resurts. OCT and ERG results demonstrated gradual thinning of the outer nuclear layer
(ONL) and progressive attenuation of the scotopic ERG responses in Cep250~~ mice.
More TUNEL signal was observed in the ONL of these mice. Immunostaining of selected
OS proteins revealed mislocalization of these proteins in the ONL of Cep250~/~ mice.
Interestingly, untargeted metabolomics analysis revealed arginine-related metabolic path-
ways were altered and enriched in Cep250~/~ mice. Mis-localization of a key protein in
the arginine metabolism pathway, arginase 1 (ARG1), in the ONL of KO mice further
supports this model. Moreover, adeno-associated virus (AAV)-based retinal knockdown
of Argl led to similar architectural and functional alterations in wild-type retinas.

Concrusions. Altogether, these results suggest that dysregulated arginine metabolism
contributes to retinal degeneration in Cep250~~ mice. Our findings provide novel
insights that increase understanding of retinal degeneration in ciliopathy disorders.
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C iliopathy disorders encompass a broad range of
clinical manifestations caused by genetic defects in
cilia-related genes.!> Because retinal photoreceptors have
specialized primary cilia structures, degeneration of retinal
photoreceptors is frequently observed in diverse ciliopa-
thy disorders.! The photoreceptor connecting cilium elab-
orates into outer segment discs, which are responsi-
ble for photon capture and visual transduction. In addi-
tion, photoreceptor cilium gates the molecular trafficking
between the inner and the outer segment (OS). Interest-
ingly, although some cilia-related proteins are distributed
across different ciliary structures, their mutations often
give rise to common retinal phenotypic changes.> Multi-
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ple studies have demonstrated that mutant mice of
cilia-related genes display attenuated electroretinography
(ERG) responses and progressive apoptosis of photorecep-
tor cells.>"® More importantly, the depletion of ARL13B,
INPP5E, CEP290, NPHP5, and TMEM138 in mice resulted
in changes similar to the distribution of some outer
segment proteins, including RHO, M-OPSIN, S-OPSIN,
PDEG6B, RPHP2, PROM1.”"!! Despite extensive studies,
many gaps remain in the mechanism of protein trafficking
across the photoreceptor cilium. Do these mislocalized OS
proteins trigger retinal degeneration, or is their mislocal-
ization caused by some uncharacterized pathogenic mecha-
nism?
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Photoreceptor cells have high energy and amino acid
metabolism requirements.'>"!7 A large number of studies
have found that insufficient energy supply and disordered
lipid and amino acid metabolism are often closely related to
the occurrence and progress of retinal diseases and thus may
potentially act as driving factors promoting retinal degener-
ation.>~17 A recent study identified a BBS1 mutation affect-
ing not only OS proteins but also OS lipid composition, lead-
ing to the suggestion that progressive morphological defects
could be explained by disruption of OS lipid homeostasis.'®
Another study reported that the neuroprotective gene CNTF
protects against retinal degradation by significantly impact-
ing the metabolic status of aerobic glycolysis and augment-
ing anabolic activities. These clues have led us to pay more
attention to metabolic status in retinal degeneration.!’

Notably, metabolomics offers an opportunity to analyze
an organism’s endogenous metabolites, which is the most
recently developed “omics” in the area of system biology.
The metabolites are the downstream of the genetic transcrip-
tion and translation processes, which thereby are thought
to relate closely to the phenotype. Recently, there has been
increasing interest and research in the metabolomics of
ocular diseases. The application of metabolomics to reti-
nal diseases, with a focus on age-related macular degenera-
tion,?® diabetic retinopathy,* retinopathy of prematurity,?
and retinitis pigmentosa,?® has proven that metabolomic
profiling is a promising tool for discovering biomarkers that
improve our understanding of the pathogenesis of retinal
disease.?*?> In this study, we used Cep250 knockout (KO)
mice and untargeted metabolomics to uncover a potentially
novel pathogenic mechanism underlying retinal degenera-
tion in ciliopathy disorders.

METHODS
Generation of Cep250 Knockout Mice

Cep250 KO mice were generated in a C57BL/GJ back-
ground using the CRISPR/Cas9 system. The mouse Cep250
gene (ENSMUSG00000038241) is located on chromosome 2
(Supplementary Fig. S1A). The sgRNAs targeting intron 2
and intron12 were used in this study. Ultimately, exon 3 to
exon 12 were removed from the Cep250 gene in KO mice.
Founders were genotyped by DNA sequencing and T7E1
analysis. Genotyping primers, design strategy and example
genotyping results are shown in Supplementary Figures S1B
and S1 C.

Animal Care and Use

All mice were raised in the mouse facility of the School of
Ophthalmology and Optometry at Wenzhou Medical Univer-
sity and were authorized by the Institutional Animal Care
and Use Committee of Wenzhou Medical University.2>?” The
experiments in this study were carried out according to the
Association for Research on Vision and Ophthalmology’s
statement.

Fundus Photography

To survey potential fundus defects in Cep250 KO mice,
fundus photography (FP) was performed using a Micron
IV retinal imaging system (Phoenix Research Laboratories,
Pleasanton, CA, USA). To dilate the pupils of each mouse eye,
0.5% tropicamide was applied for five minutes. Mice were
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then anesthetized intraperitoneally with a liquid mixture
of ketamine (80 mg/kg) and xylazine (16 mg/kg). Dicolol
(ofloxacin eye ointment) was daubed onto the cornea to
keep it moist. After calming down, experimental mice were
faced toward the MICRON IV camera to obtain FP images.

Immunostaining and TUNEL Staining

The eyeballs of experimental mice were excised from
euthanized mice as quickly as possible and fixed in 4%
paraformaldehyde for about 15 minutes. After removal
of the cornea and lens, the eyecups were refixed in
4% paraformaldehyde for an additional 20 min. Subse-
quently, the eyecups were dehydrated three times in 30%
sucrose (wt/vol) in PBS and, finally, embedded in embed-
ding medium (Neg-50, Thermo). In the present study, 18
pm retinal cryosection slides were prepared, and samples
were rinsed three times in 0.01 M PBS. Targeted reti-
nal tissues were blocked in blocking buffer (composed
of 4% bovine serum albumin and 0.5% Triton X-100)
for two hours at room temperature. For immunostain-
ing experiments, slides were incubated with primary anti-
bodies at 4°C overnight. Subsequently, diluted secondary
antibodies were added to the tissues at room tempera-
ture for one hour. The primary antibodies and dilutions
used in this study were as follows: rabbit-anti-Argl (1:
200; Abcam, Cambridge, MA, USA); mouse-anti-Arg2 (1:200;
Santa Cruz Biotechnology, Dallas, TX, USA); rat-anti-GFAP
(1:500; Millipore, Burlington, MA, USA); rabbit-anti-Opnlsw
(1:200; Millipore); rabbit-anti-Rhodopsin (1: 1000; Sigma-
Aldrich Corp., St. Louis, MO, USA); and rabbit-anti-Opnlmw
(1:200; Millipore). The secondary antibodies used in this
study were donkey anti-rabbit Alexa488 (1:200; Jackson
Laboratories, Bar Harbor, ME, USA), donkey anti-rabbit
Alexa647 (1:200; Jackson Laboratories), donkey anti-mouse
Alexa594 (1:200; Jackson Laboratories), and donkey anti-rat
Alexa488 (1:200; Jackson Laboratories). A 4',6-diamidino-2-
phenylindole (DAPI, 1:5000; Sigma-Aldrich Corp.) was used
to stain the cell nuclei of targeted tissues. TUNEL in situ
labeling was performed using the One Step TUNEL Apopto-
sis Assay Kit (Beyotime Institute of Biotechnology, Jiangsu,
China) based on the manufacturer’s protocol 25. Ultimately,
images of immunostained samples were obtained using a
ZEISS confocal microscope (LSM880; Zeiss, Oberkochen,
Germany).

ERG

Cep250 KO and age-matched control mice were paired
for the RETI-port ERG system (Ganzfeld Q450 SC; Roland
Consult, Brandenburg, Germany), and experiments were
conducted as previously described.?® In this study, these
experiments were carried out in the afternoon. For dark-
adaption, experimental mice were kept in the dark room
for more than two hours and then anesthetized with a
mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg).
Mouse pupils were dilated by tropicamide, and gold wire
loop electrodes were carefully touched to both corneas of
each mouse. During the experiment, mice were placed on
a heating pad to maintain their body temperatures at about
37°C. ERG was conducted based on the protocol previously
described.?® The parameters of stimulation intensities for
photopic responses were as follows: 0.20, 0.63, 2, 6.3, and
20 cd/m?. The parameters for scotopic responses were as
follows: 0.0002, 0.0063, 0.20, 2, and 6.3 cd/m?.
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Retinal Isolation and Metabolic Profiling

Retinas from both eyes of wild-type (WT) and Cep250 KO
mice were used for metabonomic analysis. The retinas were
rapidly isolated from the eyecups and were immediately
frozen in liquid nitrogen. Retinal samples were homoge-
nized at 50 Hz x 4°C for three minutes in 300 pL ice-cold
extraction solution (acetonitrile/methanol/H,O = 2:2:1, with
0.5 pg/mL L-chlorophenylalanine used as an internal stan-
dard). Proteins were pelleted by centrifugation, and 250 pL
supernatant was collected. Metabolites were dried in a
vacuum centrifuge and resuspended in 10% methanol. A
quality control (QC) sample was prepared by mixing equal
amounts of the extracted samples.

LC-MS/MS analysis was performed with an Ultimate
3000 UHPLC system combined with Orbitrap Fusion Lumos
mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA). Chromatographic separation was performed using an
Acquity HSS T3 column (Waters Corporation, Milford, MA,
USA) (1.8 pym x 2.1 mm x 100 mm) with a 20 min gradient.
The flow rate was 0.3 mL/min, and the column temperature
was 35°C. In positive ion mode, mobile phase A was H,O
with 0.1% formic acid, and mobile phase B was methanol
with 0.1% formic acid. In negative ion mode, mobile phase
A was 6.5 mM NH4HCOj; solution, and mobile phase B was
methanol.

The mass spectrometer was operated under electro-
spray ionization positive and negative modes. The full scan
(m/z 70-1050) was performed with a resolution of 120,000,
automatic gain control target of 4 x 10° ions, and maximum
ion injection time of 50 ms. Data-dependent MS/MS data
were acquired on the top speed mode with a cycle time of 0.8
second and the following settings: resolution: 30,000, auto-
matic gain control: 5 x 10% ions, maximum injection time:
54 ms, stepped high-energy collisional dissociation (HCD)
normalized collision energy: 15%, 30%, and 50%.

Untargeted Metabolomics Data Analysis

Raw data were analyzed by Compound Discoverer 3.3
(Thermo Fisher Scientific) in both positive and negative ion
modes. Unknown compounds were detected and grouped
with a 5 ppm mass tolerance. MS/MS spectra were searched
using the mzCloud library. Metabolites with area relative
standard deviations (RSDs) greater than 30% in the QC
samples were filtered. P values were calculated by the two-
tailed Student’s ¢ test. Metabolites with P values < 0.05
were selected as differentially expressed metabolites. Prin-
cipal component analysis was conducted using SIMCA 14.1.
Identified metabolites were mapped to Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways and assessed for
enrichment using MetaboAnalyst 5.0.

AAV2/9-Mediated Argl Knockdown Experiments

A knockdown adeno-associated virus for Argl was prepared
by Shanghai Genechem Co., Ltd. (Shanghai, China).
To generate AAV2-mmu-Argl RNAi, the target sequence
“GCCGATTCACCTGAGCTTTGA” was cloned into a GV478
vector containing U6-MCS-CAG-EGFP. The AAV2-mediated
empty vector containing U6-MCS-CAG-EGFP was used as
a control. The titer of AAV2-mmu-Argl RNAi was 1.05 X
10'2 TU/mL. Adeno-associated virus (AAV) solution 1 pL was
injected into the subretinal space of each mouse eye using
a blunt Hamilton syringe held in a 5-pL micromanipulator.

IOVS | September 2023 | Vol. 64 | No. 12 | Article2 | 3

Optical Coherence Tomography Image
Acquisition and Analysis

Optical coherence tomography (OCT) experiments were
performed as previously described.”® High-resolution
spectral-domain OCT (Spectralis HRA + OCT; Heidelberg
Engineering, Heidelberg, Germany) was usesd to obtain
intraretinal layer images of experimental mice in the
horizontal meridian centered on the optic nerve head.
To prepare the mice for OCT experiments, their pupils
were dilated, and the mice were anesthetized as in ERG
experiments. Dicolol was administered to the corneas
to keep them moist. Subsequently, experimental mice
were positioned on the experimental platform for image
acquisition. The boundaries of the intraretinal layers were
defined manually using the commercially available Image]
software program (version 1.53, National Institutes of
Health, Bethesda, MD, USA). Thicknesses of the whole
retina and intraretinal layers (outer nuclear layer [ONL] and
IS/OS layer) were then calculated using MATLAB software
(Mathworks Inc., Natick, MA, USA).

Arginine Quantification by LC-MS/MS

Arginine extraction was performed following the proce-
dure described previously. * Briefly, retina samples were
obtained from mice injected with AAV at P30 and collected
at P90. The retinas were homogenized in 150 pL of ddH20
and then spun in a centrifuge at 16,000 rpm for 10 minutes.
The resulting supernatant was transferred to a new tube and
deproteinized by adding 200 pL of methanol. After vigorous
vortexing, the sample was spun in a centrifuge at 16,000 rpm
and 4°C for 10 minutes. Subsequently, the supernatant was
transferred to a sample vial for LC-MS/MS analysis. The argi-
nine standards underwent the same treatment as the retina
samples to prepare the calibration curve. LC-MS/MS anal-
ysis was performed using a Thermo Fisher Ultimate 3000
liquid chromatography system (Thermo Fisher Scientific)
coupled with an Orbitrap Fusion Lumos mass spectrome-
ter (Thermo Fisher Scientific). Chromatographic separation
was conducted using a flow rate of 0.6 mL/min and using
a Synchronis HILIC column (1.7 pym, 2.1 x 100 mm). The
separation utilized a gradient elution with mobile phase A
(H,O containing 0.1% formic acid and 20 mM ammonium
formate) and mobile phase B (90% acetonitrile containing
0.1% formic acid and 20 mM ammonijum formate). The gradi-
ent used was as follows: 0 to 0.5 minute with 95% solvent
B, 0.5 to 3.0 minutes with 80% solvent B, 3.0 to 4.0 minutes
with 60% solvent B, 4.0 to 4.1 minutes with 95% solvent B,
and 4.1 to 5.5 minutes with 95% solvent B. Ionization of the
samples was performed using an H- electrospray ionization
source, and the mass spectrometer was operated in positive
ion mode. Mass spectra were acquired using the PRM mode,
which included full MS1 scans and targeted MS2 scans of the
parent ion with m/z 175.11895.

Statistical Analyses

The data are shown as mean £ SEM, and statistical signifi-
cance was analyzed using the two-tailed Student’s ¢ test. The
results were visualized using GraphPad Prism. *P < 0.05,
*P < 0.01, and **P < 0.001 between the KO and WT control
groups.
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RESULTS

Cep250 Deficiency Leads to Retinal Morphological
Alterations

To directly assess the retinal structure in vivo, spectral-
domain OCT and fundus color photography were used to
screen the retinal morphologies of Cep250~/~ mice at post-
natal days (P) 30, P90, P180, and P270. Notably, OCT images
revealed significant morphological alterations in Cep250~/~
mice at each evaluation time point (Fig. 1). Based on anal-
ysis of ONL thickness, the photoreceptor layer was signif-
icantly thinned in Cep250~/~ mice at P30, P90, P180, and
P270 (Figs. 1A, 1B). Significant thickness changes to the
combined inner segment and outer segment layers (IS/OS)
were also observed between these two groups (Fig. 10).
Consistently, differences in the ONL and IS/OS between
WT and Cep250~/~ mice were reflected in differences in
whole-retina thickness (Fig. 1D). We also performed fundus
photography (FP) to examine the retinal morphologies of
Cep250~/~ mice from P30 to P270. Of note, fundus images
revealed a blurry atrophic macular area, nummular pigmen-
tation and attenuation of retinal blood vessels during aging
in Cep250~/~ mice (Supplementary Fig. S2). These results
demonstrate that Cep250~~ mice suffer from progressive
retinal morphological alterations.
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Cep250 Deficiency Results in Retinal Functional
Impairment

To further investigate the functional changes in Cep250~/~
mice, we recorded ERG responses at P30, P90, P180, and
P270 (Fig. 2A). At the inspected time points during aging, we
observed significant differences in scotopic responses (Dark
3.0 and Dark 10.0), while the photopic responses (Light 3.0)
exhibited lower a-waves and b-waves but without signifi-
cant differences between WT and the Cep250~'~ mice (Figs.
2B-E, Supplementary Figs. S3A-D). The amplitudes of reti-
nal scotopic responses gradually decreased during aging in
Cep250~'~ mice and were significantly lower than those in
WT mice at all time points examined (Figs. 2B-E, Supple-
mentary Figs. S3A-D). Notably, Cep250~/~ mice exhibited a
nominal effect on photopic ERG responses until the final
time point (P270) (Fig. 2E, Supplementary Fig. S3D). Alto-
gether, the results of ERG experiments demonstrate that
Cep250 deficiency can result in progressive impairment of
retinal functions.

Cep250 Deficiency Affects OS-Protein Localization

Subsequently, we assessed cilia function during retinal
development by immunostaining the retinas of Cep250~/~
mice at P15 and P30 using antibodies against OS proteins,
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Segmentation of the retinal layers in WT and Cep250 KO mice. (A) Representative images of WT and Cep250 KO mice along

with nasal and temporal orientation. Scale bars: 100 um. WT, Wild-types; HO, Homozygotes. (B-D) Measurements of the thicknesses of the
ONL (B), OS/1S (C), and the whole retina (D) from OCT images of mice at P30, P90 and P180. ONH, optic nerve head. Normalized values
represent mean + SEM.*P < 0.05, **P < 0.01, and **P < 0.001, Student’s # test. n = 6.
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Figure 2. Evaluation of retinal function in Cep250 KO mice. (A) Representative ERG waves at dark 3.0, dark 10.0 and light 3.0. (B-E)
Statistical analysis of b-wave amplitudes at dark 3.0, dark 10.0 and light 3.0. Experimental time points were P30 (B), P90 (C), P180 (D) and
P270 (E). n = 8. Error bars represent SEM. *P < 0.05, **P < 0.01, and **P < 0.001. HO, Homozygotes.

including rhodopsin, M-opsin, and S-opsin. Our data
revealed that a small proportion of RHODOPSIN proteins
were mislocalized in the ONL of Cep250~/~ mice at P15
and P30, with this pattern not observed in WT mice (Fig.
3A). A similar defect was exhibited in M-opsin immunos-
taining of Cep250~/~ mice at P15 and P30 (Fig. 3B). S-opsin
protein localization was also changed in homozygous KO
mice at P30, although not at P15 (Fig. 3C). In addition,
results from TUNEL assays revealed increased cell death in
Cep250~'~ mice compared to WT mice (Fig. 3D). Together,
these data indicate a progressive loss of photoreceptor
cells.

Untargeted Metabolomics Analysis of Cep250~/~
Mouse Retinas

To address whether dysfunction in Cep250 gives rise to reti-
nal degeneration through a metabolic pathway, we carried
out untargeted metabolomics analysis of P30 and P90
mouse retinas. Principal component analysis indicated good

repeatability for both positive and negative ion modes
(Supplementary Fig. S4A, S4B). The QC samples were
clustered closely together, suggesting good sample qual-
ity (Supplementary Fig. S4A). Significant alternations in
metabolites were identified using the criteria of fold change
> 1 and P < 0.05. Metabolomic differences between the two
groups were visualized using Volcano plots (Supplementary
Fig. S4C). At P30, we identified 100 differentially expressed
metabolites under negative ion mode in Cep250~~ mice
compared with WT mice, including 67 upregulated metabo-
lites and 33 downregulated metabolites. Under positive ion
mode, we identified a total of 118 differentially expressed
metabolites, including 64 upregulated and 54 downregu-
lated metabolites. At P90, we identified 52 differentially
expressed metabolites in Cep250~/~ mice compared to WT
mice using negative ion mode. Among these metabolites,
13 were upregulated and 39 were downregulated. Under
positive ion mode, we detected a total of 177 differentially
expressed metabolites, consisting of 58 upregulated and 119
downregulated metabolites.
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Ficure 3. TUNEL staining and immunostaining of Rhodopsin, M-opsin and S-opsin in WT and Cep250 KO mouse retinas. (A-C) Repre-
sentative images of Rhodopsin (A), M-opsin (B), and S-opsin (C) immunostaining results in WT (left) and HO (right) mouse retinas. White
arrows indicate the dislocation of photosensitive proteins in the ONL. Scale bar: 20 pm. (D) Representative images of TUNEL staining results
in WT (left) and HO (right) mouse retinas. n = 3. Scale bar: 50 pm. HO, Homozygotes.

Metabolomic Signatures in the Retinas of
Cep250~'~ Mice

KEGG pathway enrichment analyses were then performed to
reveal the functions of these metabolites and their involved
signaling pathways. Analyses for positive and negative ion
modes were conducted in parallel. Identified metabolic path-
ways are displayed in Figure 4. In positive ion mode, the
top five related pathways were identified as: (1) purine
metabolism; (2) aminoacyl-tRNA biosynthesis; (3) valine,
leucine and isoleucine biosynthesis; (4) arginine biosyn-
thesis; and (5) nicotinate and nicotinamide metabolism
(Figs. 4A, 4B). In negative ion mode, the top five related
pathways were identified as: (1) purine metabolism; (2)
amine sugar and nucleotide sugar metabolism; (3) galactose
metabolism; (4) arginine and proline metabolism; and (5)
pyrimidine metabolism (Figs. 4C, D). Interestingly, at P90,
untargeted metabolomics confirmed that arginine-related
metabolic pathways are altered and enriched among top
results in both positive and negative ion modes in Cep250~/~
mouse retinas (Supplementary Fig. S5). In addition, our

results also indicated the main metabolite of arginine-related
metabolic pathways, arginine, is upregulated in Cep250~/~
mice retinas compared to those of WT mice.

Arginase Expression Changes in the Retinas of
Cep250~/~ Mice

Arginase is an enzyme that hydrolyzes arginine to ornithine
and urea and which is activated during neuroinflammation.
To further validify the suggested arginine dysregulation, we
examined arginase expression in the retinas of Cep250~/~
mice. Arginases are present in two isoforms: arginase 1
(Argl) and 2 (Arg2). Therefore we examined both ARG1 and
ARG?2 via immunostaining of mutant and control retinas at
P30. Interestingly, immunostaining revealed mislocalization
of ARG1 in ONL and lower levels of this protein in the OS
of mutants (Fig. 5A), whereas ARG2 did not exhibit notable
changes (Fig. 5B). These results suggest that an accumu-
lation of arginine is caused by altered Argl expression in
Cep250~'~ mouse retinas.
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Ficure 4. Metabolic pathway and enrichment analysis of differentially expressed metabolites between WT and Cep250 KO mouse retinas at
P30. (A, B) Pathway analysis and enrichment of differentially expressed metabolites detected in positive ion mode. (C, D) Pathway analysis
and enrichment of differentially expressed metabolites detected in negative ion mode. Enrichment analysis module conduct metabolite set
enrichment analysis based on Kyoto Encyclopedia of Genes and Genomes (KEGG) library. Pathway analysis integrate enrichment analysis

and pathway topology analysis. The ratio represents KO/WT. n = 3.

AAV-Based Retinal Argl Knockdown Leads to
Retinal Degeneration

To further investigate the function of Argl in the retina, we
used AAV-based subretinal injection to conduct Argl knock-
down experiments. A schematic representation of these
knockdown experiments is displayed in Figure 6A. Subreti-
nal AAV injection was completed at P30, and examinations
of retinal functions and structures were performed at P90. To

verify AAV expression, fundus photography of AAV-injected
retinas was performed at P60. A strong GFP signal was
indicative of successful subretinal injection and AAV expres-
sion (Fig. 6B). Additionally, the OS ARG1 signal exhibited a
reduction in regions with effective AAV infection (Supple-
mentary Fig. S6A). Consistently, elevated levels of argi-
nine were detected in the Argl-knockdown retinas through
quantification using LC-MS/MS (Fig. 6C). OCT results indi-
cated that the thickness of the ONL layer was decreased in
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Immunostaining of ARG1 and ARG2 at P30. (A, B) Representative images of ARG1 (A) and ARG2 (B) in Cep250 KO mouse and

WT control retinas. Scale bar: 20 pm and 50 pm. Red arrows indicate the mislocation of ARG1 in the ONL. HO, Homozygotes. n = 3.

Argl-knockdown retinas (Figs. 6D, 6E). ERG experiments
showed significantly lower a-wave and b-wave amplitudes
for AAV-Arg1-RNAi WT mouse retinas compared with AAV-
Control mice during scotopic ERG responses at two different
stimulus intensities (dark 3.0 and dark 10.0; Figs. 6F-I). In
addition, we carried out GFAP immunostaining and TUNEL
assays to assess retinal degeneration and cell apoptosis,
respectively. Interestingly, for these markers of cell degen-
eration, we observed significant differences between the
WT and MT groups (Supplementary Figs. S6B, S6C). Taken
together, these results demonstrate photoreceptor degener-
ation following Argl knockdown.

DISCUSSION

Ciliopathy disorders are always characterized by multior-
gan involvement, and retinal degeneration is frequently
observed.!"!! Connecting cilia in the photoreceptors act as a
pipeline, which is crucial for material transport.>*-3 In cases
of ciliary dysfunction, some OS proteins remain permanently
stagnate in the cytoplasm, potentially affecting phototrans-
duction functions in multiple mouse models of cilia-related
gene mutations.””!! However, beyond phototransduction, it
remains largely unclear whether the OS compartment plays
unidentified functions*3® In our present study, we used
untargeted metabolomics and Cep250 KO mice to determine
that cilia can transport the metabolic-related protein ARG1
to the OS. Through experiments using an AAV-based knock-
down of Argl, we demonstrated that normal expression of
Argl is essential for the survival of photoreceptors. These
results indicate that the OS may be the compartment for
not only phototransduction, but also material metabolism.
Nevertheless, it remains to be further investigated whether
arginine metabolism has an impact on phototransduction.

Arginase 1 (ARG1) is a key protein in arginine
metabolism.?® It can also modulate immune responses. Argl-
expressing macrophages can inhibit Th2-dependent inflam-
mation through arginine exhaustion, which influences T cell
proliferation and stimulation.**-*> In addition, ARG1 activ-
ity decreases the supply of r-arg available for the genera-
tion of cytotoxic levels of NO through iNOS.#-% Interest-
ingly, recent studies have suggested neuroprotective roles
for Argl in the retina. Garces et al. found that an increased
number of cells expressing the Argl marker of neuropro-
tective microglia in the photoreceptor layer was associ-
ated with photoreceptor survival.”’ Mages and colleagues
reported that enhanced expression of Argl transcripts may
indicate improved neuroprotection in the stressed postis-
chemic retina.*® Furthermore, untargeted metabolic profil-
ing of Norrin KO retinas revealed that arginine and proline
metabolism was one of the most enriched upregulated
pathways.” Another study demonstrated that arginine-
related pathways were dysregulated in patients with diabetic
retinopathy.>® Knockout of the other arginase isoform, Arg2,
has been suggested to play a protective role against reti-
nal degeneration in an experimental model of autoimmune
encephalomyelitis.”!">> However, the relationship between
Argl and retinal degeneration remains largely unknown.
This study demonstrates, for the first time, that Argl knock-
down can result in retinal degeneration.

One limitation of our study is that we have not veri-
fied whether the CEP250 protein can bind directly to the
ARG1 protein. Further work, such as co-IP experiments,
will be helpful for better understanding ARG1 transporta-
tion. In theory, AAV-based overexpression of the Cep250
gene would reveal more information regarding interactions
between CEP250 and ARG1. Unfortunately, the Cep250 tran-
script is 7977 bp,”® beyond the maximum capacity of the
AAV. Another interesting consideration is whether or not
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FiGure 6. AAV-based retinal Argl knockdown experiments in WT mice. (A) Schematic representation of knockdown experiments.
(B) Representative fundus photographs of AAV-injected retinas at P60. Strong GFP signals were indicative of successful subretinal injection
and AAV expression. (C) Retinal arginine quantification of the AAV injected mouse retinas. (D) The short red lines on the right sides of the
OCT images indicate that ONL layer thickness was decreased in the retinas of Argl knockdown mice. Scale bar: 100 pm. (E) Measurements
of the thicknesses of the ONL from OCT images of mice at P90. ONH, optic nerve head. Normalized values represent mean + SEM.*P <
0.05, and **P < 0.01, Student’s ¢ test. n = 5. (F-I) Statistical analysis of a-wave and b-wave amplitudes at dark 3.0 (F, G) and dark 10.0

(H, D in WT mice injected with AAV-Control and AAV-Arg1-RNAi.

the interaction between CEP250 and ARGI1 is specific. In
other words, can ARG1 interact with other cilia-related
proteins? Indeed, we could cross an Argl KO mouse
line with a Cep250 KO mouse line to make it more
likely to observe faster or more serious phenotypic retinal
changes. Although a previously published article reported
that the OCT layers of the heterozygous Argl KO mice look
normal,>* we cannot rule out the potential occurrence of
degeneration in long-term follow-up studies, especially in
homozygotes.

In addition to arginine-related metabolic pathways, we
noted that pathways related to nicotinate and nicotinamide
metabolism were significantly altered in the retinas of

Cep250 KO mice at P30 and P90. Thus we cannot exclude
the potential important roles of other pathways beyond
arginine-related pathways. These unidentified metabolic
changes may also affect the degeneration processes in KO
mice. Moreover, both arginine and proline metabolism, as
well as arginine biosynthesis, may contribute to the accu-
mulation of arginine in Cep250 KO mice. These findings are
intriguing and warrant further investigation in future stud-
ies. In our present study, we found that dysregulated argi-
nine metabolism plays an essential role in retinal degenera-
tion in Cep250 KO mice. Our findings provide novel insights
and increase our understanding of retinal degeneration in
ciliopathy disorders.
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