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Abstract 

The retina, a light-sensitive tissue that is located in the back of the eyes, is crucial for 

our vision. Light penetrates the eyes and reaches the retinal photoreceptor cells, which 

convert the light into an electrical signal that is transmitted to the brain. These retinal 

photoreceptor cells can be categorized into two types: rods and cones. Rod photoreceptor 

cells are essential for dim light vision, whereas cone photoreceptor cells are essential for 

daylight, high acuity, and color vision. Primary and secondary cone photoreceptor cell 

death in retinal degenerative diseases, including age-related macular degeneration and 

retinitis pigmentosa, leads to severe visual impairment and blindness. Although the 

protection of cone photoreceptor cells under stress conditions, such as retinal 

degenerative diseases, is crucial for maintaining vision, the underlying molecular 

mechanisms are unclear.  

Through our microarray analysis, Otud7b/Cezanne was identified as a candidate 

molecule which regulates photoreceptor development and maintenance. Otud7b is a 

multifunctional deubiquitinase that is involved in several cell signaling pathways; 

however, its role in the retina is not known. In this study, we investigated the function of 

the deubiquitinase Otud7b in the retina. We found that Otud7b is predominantly expressed 

in photoreceptor cells in the mouse retina. While the ablation of Otud7b did not cause a 

significant defect in the development and maturation of the mouse retina, Otud7b‒/‒ mice 

subjected to light-induced damage, a dry age-related macular degeneration model, 

exhibited increased cone photoreceptor degeneration. In addition, Otud7b deficiency in 

Mak‒/‒ mice, a mouse model of retinitis pigmentosa, resulted in further cone 

photoreceptor degeneration. Moreover, neuronal cells deficient in Otud7b were 

susceptible to serum starvation, resulting in cell death. Using RNA-sequencing and 



3 

 

bioinformatics analysis, we found that NF-κB activity was increased in Otud7b‒/‒ retinas 

exposed to light. A luciferase reporter assay also demonstrated increased NF-κB 

activation in Otud7b-deficient neuronal cells under stress. Neuronal cell death resulting 

from Otud7b deficiency was suppressed by NF-κB inhibition. Furthermore, inhibition of 

NF-κB attenuated cone photoreceptor degeneration in light-exposed Otud7b‒/‒ retina.  

Together, our findings suggest that Otud7b deubiquitinase protects cone 

photoreceptor cells under stress conditions by modulating NF-κB activity. 
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Introduction 

Humans rely on sight to perceive their surroundings. Studies have found that people 

regard sight as the most valuable sense1,2. Humans depend on sight to learn, to avoid 

danger, to complete tasks, and to interact with others. The eyes are the organs responsible 

for sight. The outermost part of the eyes, include the cornea, a transparent outer coat, and 

the sclera, fibrous membrane. The middle layer contains three continuous structures: the 

iris, ciliary body, and choroid. The iris, which is visible through the cornea, is a pigmented 

tissue that regulates the amount of light that passes through the pupil, the hole in the 

middle of the iris3. The ciliary body is composed of the ciliary processes and ciliary 

muscles which hold the lens in place or changes the shape of the lens, respectively3. The 

choroid functions to provide nutrients to the retina through the blood vessels and to absorb 

excess light3. The lens is like a bi-convex lens that focuses light onto the retina. It is kept 

in place by the ciliary body3,4. The innermost layer is the retina3. In between the retina 

and lens is a vitreous body that holds the retina against the choroid3.  

 

Figure 1. Anatomy of the eye.  

Sensory organ that is connect to the brain through the optic nerve. Outermost layer: 

cornea and sclera. Middle layer: iris, ciliary body, and choroid. Innermost layer: retina.  
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The retina is a light-sensitive tissue that is located in the back of the eye. The retina is 

comprised of several layers: retinal pigmented epithelium (RPE), outer segment (OS), 

inner segment (IS), outer nuclear layer (ONL) outer plexiform layer (OPL), inner nuclear 

layer (INL), inner plexiform layer (IPL), and ganglion cell layer (GCL). The RPE is 

comprised of cuboidal post-mitotic epithelial cells that acts as the outer blood-retinal 

barrier regulating ion passage to and from the retina 5. The retina consists of five types of 

neurons: photoreceptor cells, bipolar cells, amacrine cells, horizontal cells, and ganglion 

cells and glial cells, Müller glial cells1. Retinal photoreceptor cells are specialized neurons 

that perceive light and convert it into electrical signals that are transmitted to retinal 

ganglion cells, which send signals through the optic nerve to the brain. Photoreceptor 

cells consist of membrane-bound discs, abundance of mitochondria, a cell body, and a 

synaptic terminal which are located in the OS, IS, ONL, and OPL, respectively. 

Figure 2. Retina structure. 

Schematic representation of the retina. The retina is comprised two types of 

photoreceptor cells: rods and cones, bipolar cells, horizontal cells, amacrine cells, and 

ganglion cells.   
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Photoreceptor cells in the vertebrate retina can be categorized into rods and cones. Around 

6 million cones and more than 100 million rods exist within the human retina6. Mice have 

around 6.4 million rods which accounts for 97.2% of all photoreceptors in their retina7. 

Rod photoreceptor cells are sensitive to lower-range light intensities and are essential for 

vision under dim light, whereas cone photoreceptor cells operate at brighter intensities 

and are essential for daylight, high acuity, and color vision. In humans, color is perceived 

by short-wavelength cones, middle-wavelength cones, or long wavelength cones; 

however, mice only have short-wavelength cones and middle-wavelength cones8. The 

INL is composed of the cell bodies of bipolar cells, horizontal cells, Müller glial cells, 

and amacrine cells6,9,10. Bipolar cells receive the electrical signal from photoreceptor cells 

and transmits the signal to the ganglion cells6,10,11. Horizontal cells regulate feedback 

signals between rods and cone cells6,10,11. Bipolar cells and amacrine cells synaptic 

connections to the ganglion cells occur in the IPL. The GCL is comprised of the ganglion 

cell bodies. The axons of the ganglion cells make up the optic nerve6,10,11. Degeneration 

of retinal cells have been known to cause certain retinal diseases.  

Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are retinal 

degenerative diseases that lead to progressive vision loss because of retinal photoreceptor 

cell degeneration. RP affects approximately 1.5 million individuals worldwide12-14. RP is 

the most common inherited retinal dystrophy13,15. In RP, rod photoreceptor cell 

degeneration, which initially leads to night blindness, is followed by cone photoreceptor 

deterioration, eventually resulting in blindness16,17. Progression of RP usually occurs from 
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the midperiphery of the retina to the central retina18. This results in tunnel vision where a 

small central part of the visual field is left (Figure 3). RP affects one in 4000 

worldwide13,15,19. There are two types of RP, nonsyndromic and syndromic. 

Nonsyndromic RP refers to the disease when it involves vision loss alone while 

syndromic RP refers to RP that occurs with a systemic disease20. Two frequent syndromes 

that are associated with RP is Usher syndrome and Bardet Biedl syndrome. Around 14% 

of all RP cases are Usher syndrome where people suffer from neurosensory deafness13. 

RP is associated with obesity, mental retardation, post-axial polydactyly, and renal 

abnormalities in Bardet Biedl syndrome13,20. Prevalence of syndromic RP for Usher 

syndrome is 1.8 to 6.2/100,000 individuals while syndromic RP for Bardet Biedl 

syndrome is 1/150,00013. Mode of inheritance include, autosomal dominant forms, 

autosomal recessive form, X-linked forms, and digenic forms13,19. In the autosomal 

dominant form, a person will receive the trait if either of their parents have the mutations 

in the genes that cause RP. Autosomal dominant cases of RP have been reported to be a 

Figure 3. Visual field of a person with retinitis pigmentosa.  

Left shows the visual field of a healthy eye. Right shows one that is afflicted with 

retinitis pigmentosa. Only the central retinal photoreceptors retains the ability to process 

light.   
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mild form where people exhibit symptoms after their 20s and retain central vision13,15,20. 

Around 10 to 20% of RP cases are autosomal dominant20. Autosomal recessive 

inheritance occurs when an individual receives two copies of a gene with a mutation. 

Autosomal recessive RP symptoms begin to manifest in the early teen years13,20. In the 

X-linked inheritance, mutations in genes that cause RP are on the X chromosome. Thereby, 

males, XY, only need one mutant allele to inherit the disease. Females, XX, can become 

carriers of the disease if they inherit a mutant allele. X-linked RP start early are associated 

with myopia, nearsightedness13. Digenic forms are rare as it results from heterozygous 

mutations in ROM1 in combination with heterozygous mutations in RDS13. Since the 

identification of the first gene associated with RP in 1990, around 80 genes have been 

implicated with RP (Figure 4)13,15. After almost all the rod photoreceptor cells have died, 

cone photoreceptor degeneration occurs in RP; however, cone cell death can occur for 

years21. The reason for the delay in cone cell death is still unclear.  
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Figure 4. Venn diagram of genes associated with retinitis pigmentosa and other 

retinal dystrophies. 

Abbreviations: MD: macular dystrophy, CRD: cone-rod dystrophy, CSNB: congenital 

stationary night blindness, ESCS: enhanced S-cone syndrome, LCA: Leber congenital 

amaurosis, RP: retinitis pigmentosa  
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AMD affects the central vision. In AMD, deterioration of the macula, the central part 

of the retina that contains the highest concentration of cone photoreceptor cells, causes 

loss of central vision (Figure 5)22. Rod photoreceptor cells are completely absent from the 

fovea. People who have AMD will still have their periphery vision. 9% of all cases of 

blindness are due to AMD23. AMD affects approximately 200 million individuals 

worldwide24 AMD is classified into two types, dry or atrophic and wet or neovascular 

(Figure 6)25. Choroidal neovascularization is a hallmark of wet AMD whereas 

degeneration of the retinal pigmented epithelium and photoreceptor cells occur in dry 

AMD26. Dry AMD progresses slowly and can go unnoticed for years while the wet AMD 

can cause vision loss within a few months. The majority of people who suffer from AMD 

have dry AMD27. Dry AMD, however, can progress to wet AMD28. In wet AMD, blood 

vessels grow abnormally and penetrate the RPE of the retina. Leakage or hemorrhage can 

result in RPE detachment can cause rapid vision loss26,29. The rate of progression vary 

among individuals due to the environmental and demographic risk factors29. These risk 

factors, include age, hyperthyroidism, diabetes, smoking, and sunlight exposure29. Aside 

from age, the others have been reported to induce oxidative stress which results in reactive 

oxygen species29. Photoreceptor cells are susceptible to oxidative stress due to their high 

metabolic activity29.  
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Figure 5. Visual field of age-related macular degeneration at different stages. 

Healthy eye visual field. Early: minimal blurring vision. Intermediate: blurring with 

loss of vision. Advanced: loss of vision in the center. 

 

Figure 6. Two types of age-related macular degeneration. 

Left shows the geographic atrophy or dry AMD. Choroidal blood vessels constrict and 

confluent regions of RPE. Right shows neovascular AMD or wet AMD where the 

blood vessels enter into the RPE. 
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We aim to elucidate the molecular mechanisms that protect cone photoreceptor cells 

from degeneration under stress conditions, such as in retinal degenerative diseases. To 

understand the mechanisms of photoreceptor degeneration, we investigated enzymes that 

are part of the ubiquitin proteasome pathway. The ubiquitin proteasome pathway is 

involved in protein quality control, signal transduction, proliferation, and development30. 

Ubiquitin, which was first discovered in 1975 by Gideon Goldstein, is a 76 amino acid 

essential protein that is highly conserved in eukaryotes and involved in the post-

translational modification of proteins31-36. Ubiquitination process is a reversible protein 

modification that is regulated by E3 ubiquitin ligases and deubiquitinases (DUBs) (Figure 

7A)34-38. E1, an ubiquitin-activating enzyme, activates ubiquitin which is then transferred 

to E2, an ubiquitin-conjugating enzyme. E2 forms a complex with an E3 ubiquitin ligase 

(Figure 7A). E3 ubiquitin ligases are responsible for ligating ubiquitin to the lysine 

residues of a substrate (Figure 7A). Around 600 E3 ubiquitin ligases have been identified 

in the human genome39. Various types of ubiquitination exist, since ubiquitin can be 

conjugated by another ubiquitin through the lysine (Lys) residues (Lys6, Lys11, Lys27, 

Lys29, Lys33, Lys48, and Lys63) or Methionine1 (Met1)34,40. Different lysine chains 

result in different processes. Monoubiquitination of a substrate results in protein 

interactions, localization, trafficking, activity modulation, or proteasomal degradation34. 

Lys11 and Lys48 often result in proteasomal degradation. Lys48, Lys63, and possibly 

Lys6 autophagy degradation34. Linkages of Lys6, Lys27, Lys29, Lys33, and Met1 have 

not been well studied34.  

DUBs remove or trim the ubiquitin chains on the substrate (Figure 7A)32,34,36,37. Three 

main role of DUBs is the maintenance of ubiquitin levels, maintenance of protein 

homeostasis and signaling in cells and process of ubiquitin chains36,37. Around 100 DUBs 
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exist within the human genome. These DUBs are classified into seven families: ubiquitin-

specific proteases (USP), ubiquitin carboxyl-terminal hydrolases (UCH), Machado-

Josephin domain-containing proteases (MJD), ovarian tumor proteases (OTU), motif-

interacting with ubiquitin-containing novel DUB family (MINDY), JAB1/MPN/MOV34 

family (JAMM), ZUFSP/Mug105 family (ZUP1) (Figure 7B)32,34-38,41. USP, UCH, MJD, 

OTU, MINDY, and ZUP1 are cysteine proteases, on the other hand, JAMM is the only 

metalloprotease32,34,41. The enzymatic activity relies on the thiol of the cysteine which is 

stabilized by nearby histidine aspartic acid residues41,42. This catalytic triad cuts the 

ubiquitin from the target protein41,42. DUBs are known to regulate biological processes 

such as endocytosis, DNA damage repair, chromatin remodeling, signaling pathways, and 

inflammatory processes32,35,36,41,42. It was reported that mutations in KLHL7, substrate 

adaptor for the CUL3-based E3 ligase, cause autosomal-dominant retinitis 

pigmentosa43,44. In addition, we previously found that the knockout of Klhl18 could 

suppress light-induced photoreceptor damage45. We used a previously generated 

microarray to search for other genes involved in ubiquitin metabolism. In this study, we 

examined the role of the DUB Otud7b/Cezanne in the retina.  
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Figure 7. The ubiquitination cascade and deubiquitinases. 

(A) Schematic diagram of ubiquitination and deubiquitination. E1 enzyme activates 

ubiquitin. Ubiquitin is then transferred to E2 which forms a complex with E3. The 

complex targets a specific substrate for ubiquitination. The ubiquitination becomes a 

signal for the substrate degradation. DUBs trim the ubiquitin chains, thereby stabilizing 

the substrate and preventing its degradation. (B) Phylogenic tree of deubiquitinases 

found in human genome.  
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Results 

 

Otud7b is expressed in retinal photoreceptor cells  

We previously reported that the ubiquitin ligase Cul3-Klhl18 regulates transducin 

translocation during light-dark adaptation in rod photoreceptor cells45. To identify other 

enzymes that are involved in ubiquitin metabolism in the retina and that may regulate 

photoreceptor function and/or development, we searched for genes enriched in 

photoreceptor cells. We compared transcripts between control and Otx2 conditional 

knockout retinas, in which the cell fate is altered from photoreceptor cells to amacrine-

like cells46,47. Among the candidate genes identified, we focused on Otud7b, the function 

of which in the retina has not yet been elucidated. Otud7b belongs to the OTU protease 

family. The OTU is further separated into four subclasses, including otubains, OTUD, 

A20-like OTU, and OTULIN (Figure 8)36. Otud7b consists of an ubiquitin association 

domain, OTU domain, and zinc-finger domain. Otud7b interacts with its substrate 

through the ubiquitin association domain and deubiquitinates its substrate with the OTU 

domain36. To confirm the expression of Otud7b in the retina, RT-PCR was performed 

using various tissues from 4-week-old mice. Otud7b was ubiquitously expressed but was 

highly enriched in the retina (Figure 9A). To investigate the localization of the Otud7b 

protein in the retina, immunofluorescence analysis was performed on adult mouse retinal 

sections using an antibody against Otud7b. Otud7b immunofluorescence signals were 

observed in the IS, ONL, and OPL (Figure 9B). Furthermore, we observed Otud7b signals 

at the cone photoreceptor synapses marked with peanut agglutinin (PNA) (Figure 9C). In 

addition, we found the expression of OTUD7B in the human retina using RT-PCR (Figure 

9D). These results suggest that Otud7b is expressed in rod and cone photoreceptor cells.  
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Figure 8. Phylogenic tree of ovarian tumor proteases 

(A) Sixteen ovarian tumor proteases in four subclasses (left). Domain structure of each 

ovarian tumor protease (right).  
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Figure 9. Expression pattern of Otud7b. 

(A) RT-PCR analysis of the Otud7b transcript in mouse tissues at 4 weeks. Otud7b was 

expressed ubiquitously with strong expression in the retina. β-actin was used as a 

loading control. (B) Immunofluorescence analysis of the wild-type retina using an anti-

Otud7b antibody. Nuclei were stained with DAPI. Otud7b was localized to the 

photoreceptor inner segment, cell body, and synapse. (C) Immunofluorescence analysis 

of the wild-type retina using the anti-Otud7b antibody and PNA (a marker for cone 

outer segments and synapses). Nuclei were stained with DAPI. Otud7b signals were 

observed in the vicinity of PNA signals in the OPL. (D) RT-PCR analysis of the 

OTUD7B transcript in the human retina. β-actin was used as a loading control.  

 



19 

 

  

Figure 10. Generation of Otud7b‒/‒ mice. 

(A) Schematic representation (upper panel) and DNA sequence of exon 2 (lower 

panel) in Otud7b‒/‒ mice. Otud7b‒/‒ mice were generated using CRISPR/Cas9-

mediated genome editing. Thirty-five base-pair deletions, boxed in red in Otud7b+/+, 

results in a translational frameshift and a premature stop codon. The gRNA regions 

are underlined in green. Blue boxes represent the PAM sequences. (B) PCR products 

of 338 and 303 bp were amplified from wild-type and 35-bp deleted alleles, 

respectively. (C) Western blotting of the Otud7b protein in Otud7b+/+ and Otud7b‒/‒ 

retinas. No Otud7b bands were detected in the Otud7b‒/‒ retina. α-tubulin was used as 

a loading control. 
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Histological and functional analysis of the retina in Otud7b‒/‒ mice 

To investigate the functional role of Otud7b in retinal photoreceptor cells, we 

generated conventional Otud7b‒/‒ mice using CRISPR/Cas9 genome editing (Figures 10A 

and 10B). To confirm the loss of Otud7b in the Otud7b‒/‒ mouse retina, we performed 

western blotting and immunofluorescence analysis using an anti-Otud7b antibody 

(Figures 10C and 11A). Immunostaining revealed that Otud7b signals were not detected 

in the Otud7b‒/‒ retina, and western blotting revealed that the protein bands observed in 

the Otud7b+/+ retina were missing in the Otud7b‒/‒ retina (Figures 10C and 11A). Otud7b‒

/‒ mice were viable, fertile, and showed no gross morphological abnormalities. To 

examine the effects of Otud7b deficiency on the retina, we performed 

immunofluorescence analysis on mouse retinal sections at 1 month of age using 

antibodies against Rhodopsin (a marker for rod outer segments), S-opsin (a marker for S-

cone outer segments), and M-opsin (a marker for M-cone outer segments); no obvious 

differences were observed between Otud7b+/+ and Otud7b‒/‒ retinas (Figure 11A). We 

examined the synapses of photoreceptor cells by immunostaining using antibodies against 

Pikachurin (a marker for photoreceptor synaptic terminals) and Ctbp2 (a marker for 

synaptic ribbons); no obvious differences were observed between Otud7b+/+ and Otud7b‒

/‒ retinas (Figure 11B). We also examined other cell types using antibodies against Chx10 

(a marker for bipolar cells), Pax6 (a marker for amacrine and ganglion cells), Calbindin 

(a marker for horizontal and a subset of amacrine cells), Rbpms (a marker for ganglion 

cells), and S100β (a marker for Müller glia) and found no substantial differences between 

Otud7b+/+ and Otud7b‒/‒ retinas (Figures 12A–12E). To investigate the physiological 

effects of Otud7b deficiency, we performed electroretinograms (ERGs) under dark 

(scotopic) and light-adapted (photopic) conditions. The electrical activities of rod 
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photoreceptor cells and rod bipolar cells in response to light stimuli were visualized using 

the amplitudes of a-waves and b-waves, respectively, under scotopic conditions. In 

contrast, under photopic conditions, the amplitudes of the a-waves and b-waves reflect 

the population activity of cone photoreceptors (a-waves) and cone ON-bipolar cells (b-

waves). We observed no significant differences in a- and b-wave amplitudes under the 

scotopic and photopic conditions between Otud7b+/+ and Otud7b‒/‒ mice (Figures 13 and 

14). Next, we examined Otud7b+/+ and Otud7b‒/‒ mouse retinas at 6 months of age to 

investigate whether Otud7b deficiency leads to retinal degeneration. Similar to the mouse 

retinas at 1 month, no substantial differences between Otud7b+/+ and Otud7b‒/‒ mouse 

retinas were observed when immunofluorescence analysis was performed using 

antibodies against Rhodopsin, S-opsin, and M-opsin (Figure 15), or when ERGs were 

recorded (Figures 16 and 17).   
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Figure 11. Phenotypic analysis of the Otud7b‒/‒ mouse retina at 1 month. 

(A) Immunofluorescence analysis of retinal sections from Otud7b+/+ and Otud7b‒/‒ 

mice at 1 month using antibodies against Otud7b, Rhodopsin (a marker for rod outer 

segments), S-opsin (a marker for S-cone outer segments), and M-opsin (a marker for 

M-cone outer segments). Nuclei were stained with DAPI. No obvious difference was 

observed comparing the photoreceptor cells of Otud7b+/+ and Otud7b‒/‒ retinas. (B) 

Immunofluorescence analysis of the synaptic regions of Otud7b+/+ and Otud7b‒/‒ 

retinas at 1 month using antibodies against Pikachurin (a marker for photoreceptor 

synaptic terminals) and Ctbp2 (a marker for synaptic ribbons).  
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Figure 12. Phenotypic analysis of the Otud7b‒/‒ mouse retina at 1 month. 

(A–E) Immunofluorescence analysis of Otud7b+/+ and Otud7b‒/‒ retinas at 1 month 

using antibodies against Chx10 (a marker for bipolar cells, A), Pax6 (a marker for 

amacrine and ganglion cells, B), Calbindin (a marker for horizontal and a subset of 

amacrine cells, C), Rbpms (a marker for ganglion cells, D), and S100β (a marker for 

Müller glia, E). Nuclei were stained with DAPI.  
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Figure 13. Scotopic ERG analysis of Otud7b+/+ and Otud7b‒/‒ mice at 1 month.  

(A) Representative photopic ERGs elicited by four stimulus intensities (−4 to 1.0 log 

cd s/m2). Scotopic a-wave (B) and b-wave (C) amplitudes are shown as functions of 

stimulus intensity. Data are presented as the mean ± SD (unpaired t-test). n = 4 per 

genotype. 
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Figure 14. Photopic ERG analysis of Otud7b+/+ and Otud7b‒/‒ mice at 1 month. 

(A) Representative photopic ERGs elicited by four stimulus intensities (−0.5 to 1.0 log 

cd s/m2). Photopic a-wave (B) and b-wave (C) amplitudes are shown as functions of 

stimulus intensity. Data are presented as the mean ± SD (unpaired t-test). n = 4 per 

genotype. 
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Figure 15. Phenotypic analysis of the Otud7b‒/‒ mouse retina at 6 months. 

(A) Immunofluorescence analysis of retinal sections from Otud7b+/+ and Otud7b‒/‒ 

mice at 6 months using antibodies against Rhodopsin (a marker for rod outer 

segments), S-opsin (a marker for S-cone outer segments), and M-opsin (a marker for 

M-cone outer segments). Nuclei were stained with DAPI. No obvious difference was 

observed between Otud7b+/+ and Otud7b‒/‒ retinas. 

Data are presented as the mean ± SD (unpaired t-test). n = 6 and 7 for Otud7b+/+ and 

Otud7b‒/‒ respectively.  
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Figure 16. Scotopic ERG analysis of Otud7b+/+ and Otud7b‒/‒ mice at 6 months.  

(A) Representative scotopic ERGs elicited by four stimulus intensities (−4.0 to 1.0 log 

cd s/m2). Scotopic a-wave (B) and b-wave (C) amplitudes are shown as functions of 

stimulus intensity. Data are presented as the mean ± SD (unpaired t-test). n = 6 and 7 for 

Otud7b+/+ and Otud7b‒/‒ respectively.  
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Figure 17. Photopic ERG analysis of Otud7b+/+ and Otud7b‒/‒ mice at 6 months.  

(A) Representative photopic ERGs elicited by four stimulus intensities (−0.5 to 1.0 log 

cd s/m2). Photopic a-wave (B) and b-wave (C) amplitudes are shown as functions of 

stimulus intensity.Data are presented as the mean ± SD (unpaired t-test). n = 6 and 7 for 

Otud7b+/+ and Otud7b‒/‒ respectively.  
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Light-induced retinal damage to cone photoreceptor cells is augmented in Otud7b-

deficient mice 

Next, we investigated the effects of Otud7b deficiency on retinas under stress. 

Otud7b‒/‒ mice were exposed to light-emitting diode (LED) light (Figure 18A). Exposure 

to LED light induces oxidative stress in the retina, which results in photoreceptor 

degeneration48. Immunofluorescence analysis using the anti-Otud7b antibody revealed 

the absence of Otud7b signal in the light-exposed Otud7b‒/‒ retina (Figure 18B). To 

evaluate histological changes, we performed immunofluorescence analysis using 

antibodies against Rhodopsin, S-opsin, M-opsin, IbaI, and GFAP to observe the rod outer 

segments, S-cone outer segments, M-cone outer segments, microglia, and Müller glia, 

respectively (Figures 19 and 20). No obvious differences were observed in the microglia 

and Müller glia between light-exposed Otud7b+/+ and Otud7b‒/‒ retinas (Figure 20). We 

quantified ONL thickness of light-exposed Otud7b+/+ and Otud7b−/− retinas. There were 

no significant differences between the Otud7b+/+ and Otud7b−/− retinas (Figure 21A). 

There were no significant differences in the lengths of the rod and S-cone outer segments 

between the light-exposed Otud7b+/+ and Otud7b‒/‒ retinas (Figures 19A, 19B, 21B, and 

21C). We also did not observe significant differences in the number of S-cones or M-

cones between light-exposed Otud7b+/+ and Otud7b‒/‒ retinas (Figures 21D and 21E). 

However, M-cone outer segments were significantly shorter in the light-exposed Otud7b‒

/‒ retinas than in the Otud7b+/+ retinas, suggesting that M-cone photoreceptor cells were 

more severely damaged in the light-exposed Otud7b‒/‒mice (Figures 19C, 19D, and 21F). 

Previous studies have reported that outer segment shortening reflects photoreceptor 

degeneration49,50. Additionally, outer segment shortening has been observed in patients 

with RP51,52. Based on these reports, our observations suggest that Otud7b suppresses 
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Figure 18. Light-induced damage protocol and Otud7b immunofluorescence. 

(A) Schematic representation of the exposure of Otud7b+/+ and Otud7b‒/‒ mice to 

LED light. (B) Immunofluorescence analysis of retinal sections from Otud7b+/+ and 

Otud7b‒/‒ mice after light exposure using an anti-Otud7b antibody. Nuclei were 

stained with DAPI.  
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Figure 19. Otud7b deficiency exacerbates light-induced retinal damage to cone 

photoreceptor cells. 

Immunofluorescence analysis of retinal sections from Otud7b+/+ and Otud7b‒/‒ mice 

after light exposure using antibodies as follows: Rhodopsin (a marker for rod outer 

segments A), S-opsin (a marker for S-cone outer segments B), and M-opsin (a marker 

for M-cone outer segments C). (D) Enlarged a section of M-opsin. Nuclei were stained 

with DAPI.  
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Figure 20. Microglial and Müller glial immunofluorescence. 

Immunofluorescence analysis of retinal sections from Otud7b+/+ and Otud7b‒/‒ mice 

after light exposure using antibodies against: IbaI (a marker for microglia) and GFAP (a 

marker for reactive gliosis in Müller glia).  
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Figure 21. Quantification of photoreceptor cells of Otud7b+/+ and Otud7b‒/‒ mice 

after light exposure. 

(A) The ONL thickness was measured. No significant difference in ONL thickness 

between the Otud7b+/+ and Otud7b‒/‒ retina. n = 3 retinal sections from 4 mice per 

genotype. (B) Rod outer segment lengths were measured. (C) S-cone outer segment 

lengths were measured. (D, E) The number of S-cones (D) and M-cones (E) were 

counted. (F) M-cone outer segment lengths were measured. M-cone outer segments 

were shorter in the Otud7b‒/‒ retina than in the Otud7b+/+ retina.  
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Figure 22. Scotopic ERG of Otud7b+/+ and Otud7b‒/‒ mice after light exposure. 

(A) Representative scotopic ERGs elicited by four different stimulus intensities (−4.0 to 

1.0 log cd s/m2). Scotopic a-wave (B) and b-wave (C) amplitudes are shown as functions 

of stimulus intensity. Data are presented as the mean ± SD. n.s., not significant (unpaired 

t-test), *p < 0.05, **p < 0.01 (unpaired t-test), n = 4 per genotype.  
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Figure 23. Photopic ERG analysis of Otud7b+/+ and Otud7b‒/‒ mice after light 

exposure.  

(A) Representative photopic ERGs elicited by four different stimulus intensities (−0.5 to 

1.0 log cd s/m2). Photopic a-wave (B) and b-wave (C) amplitudes are shown as functions 

of stimulus intensity. Data are presented as the mean ± SD. n.s., not significant (unpaired 

t-test), *p < 0.05, **p < 0.01 (unpaired t-test), n = 4 per genotype.  
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cone photoreceptor damage under environmental stress. To evaluate physiological 

changes, we performed ERGs in light-exposed Otud7b‒/‒ mice. In the scotopic ERG, the 

a-wave amplitude at the strongest stimulus showed a significant decrease in Otud7b‒/‒ 

mice (Figure 22). Under the scotopic conditions, light stimuli below the threshold of -2 

log cd s m-2 are purely derived from the rod photoreceptor cells; however, stronger light 

stimuli are derived from both the rod and cone photoreceptor cells53. In photopic ERG, 

Otud7b‒/‒ mice had lower photopic amplitudes, which further supports that cone 

photoreceptor damage increases in light-exposed Otud7b‒/‒ mice (Figure 23). These 

observations suggest that Otud7b protects cone photoreceptor cells from stress-induced 

degeneration. 

 

Cone photoreceptor degeneration is intensified by Otud7b deficiency in the Mak‒/‒ 

RP model mice 

To determine the effects of Otud7b deficiency on progressive photoreceptor 

degeneration, we mated Otud7b‒/‒ mice with male germ cell-associated kinase knockout 

(Mak‒/‒) mice. We previously reported that Mak is highly expressed in retinal 

photoreceptor cells and that Mak‒/‒ mice exhibit progressive photoreceptor 

degeneration54,55. Subsequent analyses have shown that mutations in the human MAK 

gene are associated with RP56,57. Immunofluorescence analysis was performed using 

antibodies against Rhodopsin, S-opsin, M-opsin, and Gnat2 (a marker for cone outer 

segments) in Otud7b‒/‒; Mak‒/‒ retinas (Figure 24). Although there were no obvious 

differences in rod outer segments between the Otud7b+/+; Mak‒/‒ and Otud7b‒/‒; Mak‒/‒ 

retinas, the Otud7b‒/‒; Mak‒/‒ retinas had shorter cone outer segments than the Otud7b+/+; 

Mak‒/‒ retinas (Figure 25A). In addition, we observed that ONL thickness decreased in  
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Figure 24. Immunofluorescence of photoreceptor cells. 

Immunofluorescence analysis of retinal sections from Otud7b+/+; Mak‒/‒ and Otud7b‒/‒; 

Mak‒/‒ at 2 months using antibodies against Rhodopsin (a marker for rod outer segments 

A), S-opsin (a marker for S-cone outer segments B), M-opsin (a marker for M-cone 

outer segments C), and Gnat2 (a marker for cone outer segments D). Nuclei were stained 

with DAPI. 
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Figure 25. Otud7b deficiency exacerbates retinal degeneration in Mak‒/‒ mice. 

(A) Cone outer segment length was measured in Otud7b+/+; Mak‒/‒ and Otud7b‒/‒; 

Mak‒/‒ retinas at 2 months. Otud7b‒/‒; Mak‒/‒ retinas had significantly shorter cone 

outer segments. Data are presented as the mean ± SD. *p < 0.05 (unpaired t-test), n = 

3 per genotype. (B) The ONL thickness was measured. The ONL thickness in the 

Otud7b‒/‒; Mak‒/‒ retina was significantly thinner than that in the Otud7b+/+; Mak‒/‒ 

retina. Data are presented as the mean ± SD. **p < 0.01 (unpaired t-test), n = 6 retinal 

sections from 3 mice per genotype. (C) The INL+IPL+GCL thickness was measured. 

Data are presented as the mean ± SD. n.s., not significant (unpaired t-test). n = 6 retinal 

sections from 3 mice per genotype.  
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A
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Figure 26. Scotopic ERG analysis of Otud7b+/+; Mak‒/‒ and Otud7b‒/‒; Mak‒/‒ mice 

at 2 months. 

(A) Representative scotopic ERGs elicited by four different stimulus intensities (−4.0 

to 1.0 log cd s/m2). Scotopic a-wave (B) and b-wave (C) amplitudes are shown as 

functions of stimulus intensity. Data are presented as the mean ± SD (unpaired t-test). 

n = 3 per genotype.  
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Figure 27. Photopic ERG analysis of Otud7b+/+; Mak‒/‒ and Otud7b‒/‒; Mak‒/‒ mice 

at 2 months.  

(A) Representative photopic ERGs elicited by four stimulus intensities (−0.5 to 1.0 log 

cd s/m2). Photopic a-wave (B) and b-wave (C) amplitudes are shown as functions of 

stimulus intensity. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01 (unpaired 

t-test). n = 3 per genotype.  
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the Otud7b‒/‒; Mak‒/‒ retina (Figure 25B). In contrast, the thickness of the other retinal 

layers did not differ significantly between Otud7b+/+; Mak‒/‒ and Otud7b‒/‒; Mak‒/‒ mice 

(Figure 25C). Next, we examined the electrophysiological properties of Otud7b‒/‒; Mak‒

/‒ mice by ERG analysis. While we did not observe a significant difference in the scotopic 

ERGs (Figure 26), the photopic ERG b-wave amplitudes were significantly lower in 

Otud7b‒/‒; Mak‒/‒ mice than in Otud7b+/+; Mak‒/‒ mice (Figure 27). Consistent with the 

results obtained from the light exposure experiments (Figures 18–23), these results 

suggest that Otud7b suppresses cone photoreceptor degeneration under stress conditions.  

 

Otud7b-deficient neuronal cells are susceptible to cell death under stress 

We investigated the role of Otud7b in neuronal cells cultured under stress from serum 

starvation, an environmental stress that has been shown to induce oxidative stress58,59. We 

constructed plasmids expressing a short hairpin RNA (shRNA) to knockdown Otud7b 

and confirmed by western blotting that Otud7b-shRNA1 was able to suppress Otud7b 

expression (Figure 28A). Plasmids encoding shRNA-control or Otud7b-shRNA1 were 

transfected into the murine neuronal cell line, Neuro2A. These cells were starved of serum 

for 14 h before immunofluorescence analysis using an antibody against Otud7b or cleaved 

caspase 3 (a marker of apoptosis) (Figures 28B and 29A). We observed that Otud7b 

signals markedly decreased in the cells expressing Otud7b-shRNA1 but not in those 

expressing shRNA-control, indicating that Otud7b was knocked down in Neuro2A cells 

by Otud7b-shRNA1 (Figure 28B). We quantified cleaved caspase 3 and GFP double-

positive cells and normalized them to GFP-positive cells. Neuro2A cells transfected with 

Otud7b-shRNA1 had more double-positive cells than those transfected with shRNA-

control (Figure 29B). In addition, a cell viability assay was performed to compare the  
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Figure 28. Efficiency of Otud7b knockdown using shRNA.  

(A) Inhibition efficacy of shRNA expression constructs for Otud7b knockdown. 

ShRNA-control or Otud7b-shRNA1 expression plasmids were co-transfected with 

plasmids expressing a FLAG-tagged Otud7b and a GFP into HEK293T cells. Western 

blotting was performed using anti-FLAG and anti-GFP antibodies. GFP was used as 

an internal transfection control. Otud7b-shRNA1 effectively suppressed Otud7b 

expression. (B) Inhibition efficacy of shRNA expression constructs for Otud7b 

knockdown. ShRNAcontrol or Otud7b-shRNA1 expression plasmids were co-

transfected with plasmids expressing a FLAG-tagged Otud7b and a GFP into Neuro2A 

cells. The cells were serum starved for 14 h. Immunofluorescence analysis was 

performed using anti-Otud7b antibody. Nuclei were stained with DAPI.  
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Figure 29. Knockdown of Otud7b with shRNA in neuronal cells increases 

susceptibility to cell death under stress. 

(A, B) ShRNA-control or Otud7b-shRNA1 expression plasmids were co-transfected 

with a plasmid expressing EGFP into Neuro2A cells. The cells were serum starved for 

14 h. (A) Immunofluorescence analysis was performed using an anti-cleaved caspase 3 

antibody. Nuclei were stained with DAPI. Increased number of cleaved caspase 3 and 

GFP double-positive cells was observed in the Otud7b-shRNA1 transfected cells. (C) 

The number of cleaved caspase 3 and GFP double-positive cells per GFP-positive cells 

was measured. Data are presented as the mean ± SD. **p < 0.01 (unpaired t-test). n = 3 

experiments.  
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Figure 30. Cell viability assay was performed on Neuro2A cells transfected with 

shRNA.  

(A) Fluorescent imaging of cell viability assay after 14 h serum starvation performed by 

ReadyProbesTM cell viability imaging kit. Neuro2A cells were stained with NucBlueTM 

(total cells) and propidium iodide (non-viable cells). (B) Cell viabilities are shown as 

percentage. Otud7b-shRNA1 transfected cells showed a decrease in cell viability 

compared to the shRNA-control. Data are presented as the mean ± SD. **p < 0.01 

(unpaired t-test). n = 3 experiments.  
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Figure 31. Knockdown of Otud7b with shRNA in neuronal cells increases 

susceptibility to cell death under stress. 

(A, B) ShRNA control or Otud7b-shRNA1 expression plasmids were co-transfected 

with a plasmid expressing EGFP into Neuro2A cells. Cells were cultured with serum. 

(A) Immunofluorescence analysis was performed using an anti-cleaved caspase 3 

antibody. Nuclei were stained with DAPI. (B) Number of cleaved caspase 3 and GFP 

double-positive cells per GFP-positive cell was determined. Data are presented as the 

mean ± SD. n.s., not significant (unpaired t-test). n = 3 experiments. 
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Figure 32. Efficiency of Otud7b knockdown using shRNA. 

(A) Inhibition efficacy of siRNAs for Otud7b knockdown. SiRNA-control, Otud7b-

siRNA3, or Otud7b-siRNA4 was transfected into Neuro2A cells. Western blotting was 

performed using antibodies against Otud7b and α-tubulin. α-tubulin was used as a 

loading control. Otud7b-siRNA3 and Otud7b-siRNA4 effectively suppressed Otud7b 

expression. (B) Inhibition efficacy of siRNA for Otud7b knockdown. SiRNA-control, 

Otud7bsiRNA3, or Otud7b-siRNA4 was transfected into Neuro2A cells. The cells 

were serum starved for 14 h. Immunofluorescence analysis was performed using anti-

Otud7b antibody. Nuclei were stained with DAPI.  
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Figure 33. Otud7b knockdown using siRNA reduces cell survival in neuronal cells.  

(A, B) Neuro2A cells were transfected with siRNA-control, Otud7b-siRNA3, or 

Otud7b-siRNA4. The cells were serum starved for 14 h. (A) Immunofluorescence 

analysis was performed with an anti-cleaved caspase 3 antibody. Nuclei were stained 

with DAPI. Increased number of cleaved caspase 3-positive cells was observed in the 

cells transfected with Otud7b-siRNA3 and Otud7b-siRNA4. (B) The number of 

cleaved caspase 3-positive cells was measured. Data are presented as the mean ± SD. 

**p < 0.01, ****p < 0.0001 (one-way ANOVA followed by Tukey’s multiple 

comparisons test). n = 4 experiments. (C) Western blot analysis using an anti-cleaved 

caspase 3 was performed on Neuro2A cells that were transfected with siRNA-control, 

Otud7b-siRNA3, or Otud7bsiRNA4 and serum starved for 14 h.  
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Figure 34. Cell viability of Otud7b knockdown using siRNA. 

(A, B) Cell viability assay was performed on Neuro2A cells transfected with siRNA-

control, Otud7b-siRNA3, or Otud7b-siRNA4. (A) Fluorescent imaging of cell 

viability assay after 14 h serum starvation performed by ReadyProbesTM cell 

viability imaging kit. Neuro2A cells were stained with NucBlueTM (total cells) and 

propidium iodide (non-viable cells). (B) Cell viabilities are shown as percentages. 

Otud7b-siRNA4 transfected cells showed a decrease in cell viability compared to 

the siRNA-control. Data are presented as the mean ± SD. *p < 0.05 (two-way 

ANOVA followed by Tukey’s multiple comparisons test). n = 3 experiments.  
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Figure 35. Otud7b knockdown with siRNA increases cell death after H2O2. 

(A, B) Neuro2A cells were transfected with siRNA-control, Otud7b-siRNA3, or 

Otud7b-siRNA4. The cells were treated with 10 μM H2O2 for 20 h. (A) 

Immunofluorescence analysis was performed with an anti-cleaved caspase 3 antibody. 

Nuclei were stained with DAPI. Increased number of cleaved caspase 3-positive cells 

was observed in the cells transfected with Otud7b-siRNA3 and Otud7b-siRNA4. (B) 

The number of cleaved caspase 3-positive cells was measured. Data are presented as 

the mean ± SD. **p < 0.01, *** p < 0.001 (two-way ANOVA followed by Tukey’s 

multiple comparisons test). n = 3 experiments. 



57 

 

Neuro2A cells expressing shRNA-control with those expressing Otud7b-shRNA1 (Figure 

30A and 30B). Neuro2A cells expressing the Otud7b-shRNA1 showed a decrease in cell 

viability compared to those expressing the shRNA-control (Figure 30B). However, no 

significant difference in the number of double-positive cells was observed between the 

shRNA-control and Otud7b-shRNA1-expressing cells without serum starvation (Figure 

31). To confirm these results, we used small interfering RNAs (siRNAs) to knock down 

Otud7b in Neuro2A cells. After confirming the knockdown efficiency of the siRNAs 

(Figure 32A), we transfected Otud7b-siRNAs into Neuro2A cells that were then cultured 

in serum-free medium. We performed immunofluorescence analysis using an anti-Otud7b 

antibody and observed that Otud7b-positive cells markedly decreased in the cells 

transfected with Otud7b-siRNA3 or Otud7b-siRNA4 compared with the cells transfected 

with the siRNA-control (Figure 32B). Immunofluorescence analysis of serum-starved 

cells revealed an increase in cleaved caspase 3-positive cells among cells transfected with 

Otud7b-siRNAs (Figures 33A and 33B). We performed western blot analysis and 

observed an increase in cleaved caspase 3 in Neuro2A cells transfected with Otud7b-

siRNA3 or Otud7b-siRNA4 after serum starvation (Figure 33C). Furthermore, a 

significant reduction in cell viability was observed in the serum-starved cells transfected 

with the Otud7b-siRNA4, while the serum-starved cells transfected with the Otud7b-

siRNA3 showed a tendency to decrease cell viability (Figure 34). Additionally, we treated 

Neuro2A cells with 10 μM H2O2 for 20 h to induce oxidative stress and performed 

immunofluorescence analysis using an anti-cleaved caspase 3 antibody (Figure 35A). The 

percentage of cleaved caspase 3-positive cells significantly increased in the H2O2-treated 

cells transfected with Otud7b-siRNA3 and Otud7b-siRNA4 compared to those 

transfected with the siRNA-control (Figure 35B). These results suggest that Otud7b 
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protects neuronal cells from stress-induced damage.  

 

NF-κB is activated by Otud7b deficiency 

To gain insights into how neuronal cell damage is enhanced by Otud7b deficiency in 

cultured cells and in vivo, we performed RNA-seq analysis using retinal RNAs from 

Otud7b+/+ and Otud7b‒/‒ mice exposed to light. Ingenuity pathway analysis (IPA) 

revealed that the genes encoding transcription regulators of Cebpa, Rela, Ebf1, Cebpd, 

Spi1, Ncoa1, Id3, and Srebf1 were upregulated in light-exposed Otud7b‒/‒ retina (Z scores 

> 2) (Figure 36). The IPA networks showed that the transcription factor RelA was an 

upstream regulator (Figure 37). RelA is one of the five NF-κB proteins known to form 

dimers with four other proteins that regulate NF-κB activity60,61. Activation of NF-κB has 

been associated with retinal degeneration62. We performed immunofluorescence analysis 

of RelA in light-exposed Otud7b+/+ and Otud7b‒/‒ retinas (Figure 38A). We detected a 

significant increase in RelA signals in the ONL of light-exposed Otud7b‒/‒ retinas, 

suggesting that NF-κB is activated in photoreceptor cells of the light-exposed Otud7b−/− 

retina compared to that in the light-exposed Otud7b+/+ retina (Figure 38B). We next 

analyzed NF-κB activation in the serum-starved Neuro2A cell lysates using a NanoLuc 

luciferase reporter construct driven by a NF-κB response element and minimal promoter 

and observed that luciferase activity increased in the Otud7b knockdown cells (Figure 

39). These results suggest that Otud7b suppresses aberrant NF-κB activation. 
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Figure 36. NF-κB is activated by Otud7b deficiency. 

IPA to predict the upstream transcription regulators affecting gene expression 

changes (fold change > 1.5 or < ‒1.5; FPKM > 0.2) in the Otud7b‒/‒ retina after 

light exposure. The transcription regulators with activation Z scores > 2 and p < 

0.05 are shown.  
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Figure 37. NF-κB is activated by Otud7b‒/‒ mouse retina after light exposure. 

(A) The IPA networks showing the transcription factor RelA as an upstream regulator. 

RelA is predicted to be activated in Otud7b‒/‒ mouse retina after light exposure. IPA, 

ingenuity pathway analysis.  
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Figure 38. Higher RelA intensity in the ONL of Otud7b‒/‒ 

(A) Immunofluorescence analysis of retinal sections from Otud7b+/+ and Otud7b‒/‒ 

mice after light exposure using an anti-RelA antibody. Nuclei were stained with DAPI. 

(B) RelA signal intensity in the ONL of Otud7b+/+ and Otud7b‒/‒ retinas after light 

exposure was measured. RelA signal intensity in the ONL increased in the Otud7b‒/‒ 

retina. Data are presented as the mean ± SD. *p < 0.05 (unpaired t-test). n = 3 

experiments  
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Figure 39. NF-κB is activated by Otud7b deficient Neuro2A cells. 

(A) Schematic diagram of the NF-κB response element and minimal promoter. (F) 

ShRNA-control or Otud7b-shRNA1 expression plasmids were co-transfected into 

Neuro2A cells with a NanoLuc luciferase reporter construct driven by a NF-κB response 

element and minimal promoter as well as a Firefly luciferase-expressing construct 

driven by a minimal promoter. Luciferase activity of the cell lysates was measured 14 h 

after serum starvation. NanoLuc luciferase activity was normalized to Firefly luciferase 

activity. Data are presented as the mean ± SD. *p < 0.05 (unpaired t-test). n = 3 

experiments. 
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Neuronal cell death resulting from Otud7b knockdown is suppressed by NF-κB 

pathway inhibition 

Based on the results of the IPA analysis and NanoLuc-luciferase (Figure 37 and 39), 

we hypothesized NF-κB as a factor for Neuro2A cell death and photoreceptor 

degeneration caused by Otud7b deficiency. To test this hypothesis, we examined the 

effects of curcumin, an inhibitor of the NF-κB pathway, on neuronal cell death induced 

by Otud7b knockdown under stress conditions. Neuro2A cells expressing Otud7b-

siRNAs were treated with curcumin, and immunofluorescence analysis was performed to 

observe apoptotic cells (Figure 40). We observed no significant difference in the number 

of cleaved caspase 3-positive cells between cells expressing siRNA-control treated with 

DMSO and those treated with curcumin; however, the increase in cleaved caspase 3-

positive cells induced by Otud7b-siRNAs was suppressed by curcumin treatment (Figure 

40). In addition, immunofluorescence analysis of RelA revealed that curcumin repressed 

the increased nuclear localization of RelA in the cells transfected with Otud7b-siRNAs 

(Figure 41A). In addition, immunofluorescence analysis of RelA revealed that curcumin 

repressed the increased nuclear-to-cytoplasmic ratio of RelA in the cells transfected with 

Otud7b-siRNAs (Figures 41B). To confirm these results, we performed similar 

experiments using another NF-κB inhibitor, BMS-345541 (Figures 42A). Otud7b 

knockdown cells treated with BMS-345541 also showed significantly decreased numbers 

of cleaved caspase 3-positive cells compared to those treated with DMSO (Figure 42B). 

Similar to the results for curcumin, BMS-345541 also repressed the increased nuclear 

localization of RelA in the cells transfected with Otud7b-siRNAs (Figure 43). These 

results suggest that Otud7b protects neuronal cells from cell damage by downregulating 

NF-κB activation under stress conditions.   
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Figure 40. NF-κB pathway inhibition using curcumin reduces cell death 

induced by Otud7b knockdown. 

(A) Neuro2A cells treated with curcumin were transfected with siRNA-control, 

Otud7b- siRNA3, or Otud7b-siRNA4. The cells were serum starved for 24 h in a 

medium containing curcumin. Cells were immunostained with an anti-cleaved 

caspase 3 antibody. Nuclei were stained with DAPI. (B) The number of cleaved 

caspase 3-positive cells was counted. Curcumin treatment suppressed the increase 

of cleaved caspase 3-positive cells caused by Otud7b knockdown. Data are 

presented as the mean ± SD. *p < 0.05, ***p < 0.001 ****p < 0.0001, n.s. not 

significant (two-way ANOVA followed by Tukey’s multiple comparisons test). n = 

4 experiments. 
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Figure 41. RelA nuclear localization inhibited by curcumin treatment. 

(A) Immunofluorescence analysis of serum starved Neuro2A cells using an anti-RelA 

antibody. Curcumin suppressed the nuclear localization of RelA. Nuclei were stained 

with DAPI. (B) RelA nuclear-to-cytoplasmic ratio was measured in curcumin-treated 

Neuro2A cells transfected with siRNA-control, Otud7b-siRNA3, or Otud7b-siRNA4. 

Data are presented as the mean ± SD. **** p < 0.0001, n.s. not significant (two-way 

ANOVA followed by Tukey’s multiple comparisons test). n = 50-70 cells per treatment. 
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Figure 42. NF-κB pathway inhibition using BMS-345541 reduces cell death 

induced by Otud7b knockdown. 

(A) Neuro2A cells treated with BMS-345541 were transfected with siRNA-

control or Otud7b- siRNA3. The cells were serum starved for 24 h in the medium 

containing BMS-345541. Cells were immunostained with an anti-cleaved caspase 

3 antibody. Nuclei were stained with DAPI. (B) The number of cleaved caspase 

3-positive cells was counted. BMS-345541 treatment suppressed the increase of 

cleaved caspase 3-positive cells caused by Otud7b knockdown. Data are 

presented as the mean ± SD. ***p < 0.001 ****p < 0.0001, n.s. not significant 

(two-way ANOVA followed by Tukey’s multiple comparisons test). n = 3 

experiments. (C) Immunofluorescence analysis of serum starved Neuro2A cells 

using an anti-RelA antibody. BMS-345541 suppressed the nuclear localization of 

RelA. Nuclei were stained with DAPI. 
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Figure 43. RelA nuclear localization inhibited by BMS-345541 treatment. 

Immunofluorescence analysis of serum starved Neuro2A cells using an anti-RelA 

antibody. BMS-345541 suppressed the nuclear localization of RelA. Nuclei were 

stained with DAPI. 
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Light-induced retinal damage augmented by Otud7b deficiency is repressed by NF-

κB pathway inhibition 

We stained both retinal flat mounts and sections using PNA, assessed the number of 

cones, and found that there were no significant differences between the light-exposed 

Otud7b+/+ and Otud7b−/− retinas treated with DMSO (Figures 44A–D). We then examined 

the cone outer segment length from the retinal sections and found that the cone outer 

segment lengths of Otud7b−/− retinas were significantly shorter than those of Otud7b+/+ 

retinas (Figures 44C and 44E). To examine whether the inhibition of NF-κB would rescue 

the phenotypes observed in Otud7b‒/‒ mouse retinas under stress conditions, we exposed 

Otud7b‒/‒ mice injected with curcumin to LED light (Figure 45A). We analyzed the 

histological changes by immunofluorescence using antibodies against Rhodopsin, S-

opsin-, and M-opsin (Figures 45B–45D). No significant differences were observed in the 

outer segments of the rod and S-cones between Otud7b+/+ and Otud7b‒/‒ mice treated with 

or without curcumin (Figures 45B, 45C, 46A, and 46B). The numbers of S-cones and M-

cones also did not show a significant difference (Figures 46C and 46D). However, the 

decrease in the M-cone outer segment length in the Otud7b‒/‒ retina was suppressed by 

curcumin (Figures 45B and 46E). We observed a significant increase in cells that express 

cleaved caspase 3 in the ONL of the retina from Otud7b‒/‒ mice treated with DMSO 

compared to those from Otud7b+/+ mice treated with DMSO, whereas curcumin treatment 

reduced the number of cleaved caspase 3 in the ONL of Otud7b‒/‒ retinas (Figure 47). 

These results suggest that Otud7b suppresses light-induced retinal damage by 

downregulating NF-κB activation. In addition, we performed immunofluorescence 

analysis using an anti-RelA antibody and measured the RelA signal intensity in the ONL 

of light-exposed DMSO-treated and curcumin-treated Otud7b−/− retinas (Figure 48A). 
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The RelA signal intensity in the ONL decreased significantly in the curcumin-treated 

Otud7b‒/‒ mice compared to that in the DMSO-treated Otud7b‒/‒ mice, suggesting that the 

increased NF-κB activity in photoreceptor cells of the Otud7b‒/‒ retina is suppressed by 

curcumin (Figure 48B). To confirm these results, we exposed Otud7b+/+ and Otud7b‒/‒ 

mice injected with BMS-345541 to LED light (Figure 49A). Immunofluorescence 

analysis using antibodies against Rhodopsin, S-opsin, and M-opsin were used to observe 

the histological changes (Figures 49B–49D). Similar to the curcumin-treated mice, rod 

and S-cone outer segment lengths did not show a significant difference (Figures 50A and 

50B). There was no significant difference in the number of S-cones or M-cones between 

Otud7b+/+ and Otud7b−/− mice treated with either DMSO or BMS-345541 (Figures 50C 

and 50D). In contrast, the decrease in the M-cone outer segment lengths of the Otud7b−/− 

retina was suppressed by BMS-345541 (Figure 50E). In addition, the increased number 

of cleaved caspase 3-positive cells in the ONL of the light-exposed Otud7b‒/‒ retina was 

reduced by BMS-345541 treatment (Figure 51). Furthermore, we performed 

immunofluorescence analysis of RelA and measured RelA signal intensity in the ONL of 

the retina from light-exposed Otud7b−/− mice treated with either DMSO or BMS-345541 

(Figure 52A). The RelA signal intensity in the ONL decreased significantly in BMS-

345541-treated Otud7b‒/‒ mice compared to that in DMSO-treated Otud7b‒/‒ mice (Figure 

52B). These results further support the idea that Otud7b suppresses light-induced retinal 

damage by downregulating NF-κB activation.   
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Figure 44. Flat-mount of Otud7b+/+ and Otud7b‒/‒ retinas after light-exposure.  

(A) Retinal flat-mount fluorescent staining with PNA of Otud7b+/+ and Otud7b‒/‒ retinas 

after light-exposure. No significant difference observed in the Otud7b‒/‒ retina. (B) The 

number of cones was counted. Data are presented as the mean ± SD. n.s., not significant 

(unpaired t-test). n = 3 per genotype. (C) Immunofluorescence analysis of retinal sections 

from DMSO-treated Otud7b+/+ and Otud7b‒/‒ mice after light exposure using PNA. 

Nuclei were stained with DAPI. (D, E) The number of cones (D) and the length of PNA 

(E) was measured. Cone outer segments were shorter in the DMSO-treated Otud7b‒/‒ 

retina than in the Otud7b+/+ retina. Data are presented as the mean ± SD. **p < 0.01, n.s., 

not significant (unpaired t-test), n = 4 per genotype.  
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Figure 45 NF-κB pathway inhibition suppresses light-induced retinal damage in 

Otud7b‒/‒ mice. 

(A) Schematic representation of LED light exposure to mice treated with curcumin. 

Curcumin was injected into mice every treated Otud7b+/+ and Otud7b‒/‒ mice after 

light exposure using the following antibodies: Rhodopsin (a marker for rod outer 

segments, B), S-opsin (a marker for S-cone outer segments, C), and M-opsin (a marker 

for M-cone outer segments, D). Nuclei were stained with DAPI.  
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Figure 46. NF-κB pathway inhibition rescues phenotype observed in M-cones. 

(A) Rod outer segment lengths measured. (B) S-cone outer segment lengths measured. 

(C–D) The number of S-cones (C) and M-cones (D) of DMSO or curcumin-treated 

mice after light exposure was counted. n.s. not significant (two-way ANOVA followed 

by Tukey’s multiple comparisons test) n = 4 per genotype. (E) M-cone outer segment 

lengths measured. **p < 0.01, **** p < 0.0001, n.s. not significant (two-way ANOVA 

followed by Tukey’s multiple comparisons test), n = 4 per genotype. 
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Figure 47. Increase in cleaved caspase3 cells of Otud7b‒/‒ mice after light 

exposure.  

(A) Immunofluorescence analysis of retinal sections from curcumin-treated 

Otud7b+/+ and Otud7b‒/‒ mice after light exposure using an anti-cleaved caspase 3 

antibody. Nuclei were stained with DAPI. White arrows indicate cleaved caspase 3-

positive cells. (B) The number of cleaved caspase 3-positive cells was counted. 

Curcumin treatment significantly reduced the number of cleaved caspase 3-positive 

cells in the Otud7b‒/‒ retina. *p < 0.05, n.s. not significant (two-way ANOVA 

followed by Tukey’s multiple comparisons test), n = 4 per genotype. 
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Figure 48. NF-κB pathway inhibition confirmation. 

(A) Immunofluorescence analysis of retinal sections from DMSO or curcumin-treated 

Otud7b‒/‒ mice after light exposure using an anti-RelA antibody. Nuclei were stained 

with DAPI. (R) RelA intensity in the ONL of DMSO or curcumin-treated Otud7b‒/‒ 

mice after light exposure was measured. RelA signal intensity in the ONL decreased 

in the curcumin-treated Otud7b−/− retina. Data are presented as the mean ± SD. *p < 

0.05 (unpaired t-test). n = 4 experiments. 
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Figure 49. NF-κB pathway inhibition by BMS-345541 suppresses light-induced 

retinal damage in Otud7b‒/‒ mice. 

(A) Schematic representation of LED light exposure to mice treated with BMS-

345541. BMS-345541 was injected into mice every day for 7 days. (B–D) 

Immunofluorescence analysis of retinal sections from BMS-345541-treated 

Otud7b+/+ and Otud7b‒/‒ mice after light exposure using the following antibodies: 

Rhodopsin (a marker for rod outer segments, B), S-opsin (a marker for S-cone outer 

segments, C), and M-opsin (a marker for M-cone outer segments, D). Nuclei were 

stained with DAPI.  
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Figure 50. BMS-345541 rescues phenotype observed in Otud7b‒/‒ mice after light 

exposure. 

(A) Rod outer segment length was measured. (B) S-cone outer segment (C, D) The 

number of S-cones (C) and M-cones (D) of DMSO or BMS-345541-treated mice after 

light exposure was counted. Data are presented as the mean ± SD. n.s., not significant 

(two-way ANOVA followed by Tukey’s multiple comparisons test), n = 3 per 

genotype. (E) M-cone outer segment lengths measured in BMS-345541-treated 

Otud7b+/+ and Otud7b‒/‒ mice after light exposure. The M-cone outer segments were 

longer in BMS-345541-treated Otud7b‒/‒ retina compared to DMSO-treated Otud7b‒

/‒ retina. *p < 0.05, n.s. not significant (two-way ANOVA followed by Tukey’s 

multiple comparisons test), n = 3 per genotype 
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Figure 51. BMS-345541 decreased cleaved caspase3.  

(A) Immunofluorescence analysis of retinal sections from BMS-345541-treated 

Otud7b+/+ and Otud7b‒/‒ mice after light exposure using anti-cleaved caspase 3 

antibody. Nuclei were stained with DAPI. White arrows indicate cleaved caspase 3-

positive cells. (B) The number of cleaved caspase 3-positive cells was counted. BMS-

345541 treatment significantly reduced the number of cleaved caspase 3-positive cells 

in the Otud7b‒/‒ retina. **** p < 0.0001, n.s. not significant (two-way ANOVA 

followed by Tukey’s multiple comparisons test), n = 3 per genotype.  
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Figure 52. NF-κB pathway inhibition by BMS-345541.  

 (A) Immunofluorescence analysis of retinal sections from DMSO or BMS-345541-

treated Otud7b‒/‒ mice after light exposure using an anti-RelA antibody. Nuclei were 

stained with DAPI. (B) RelA intensity in the ONL of DMSO or BMS-345541-treated 

Otud7b‒/‒ mice after light exposure was measured. RelA intensity decreased in the 

BMS-345541-treated Data are presented as the mean ± SD. **p < 0.01 (unpaired t-

test). n = 3 experiments.  
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Discussion 

In this study, we found that Otud7b was highly expressed in retinal photoreceptor cells. 

We did not observe that ablation of Otud7b affects retinal photoreceptor development and 

function; however, cone photoreceptor damage was enhanced in the retinas of Otud7b‒/‒ 

mice subjected to stress conditions by exposure to intense light or mating with the Mak‒

/‒ RP model mice. We also found that Otud7b knockdown in cultured neuronal cells 

subjected to serum starvation increased cell death. RNA-seq analysis and reporter gene 

assay showed that NF-κB is activated by Otud7b deficiency. Inhibition of the NF-κB 

pathway ameliorated cone degeneration and neuronal cell death caused by the loss of 

Otud7b in the retina and Otud7b knockdown in cultured cells, respectively. These 

findings suggest that Otud7b protects cone photoreceptor cells from degeneration through 

the inhibition of the NF-κB in the retina. 

The M-cone outer segments, but not the S-cone outer segments, were shorter in light-

exposed Otud7b‒/‒ mouse retinas than in light-exposed Otud7b+/+ mouse retinas. M-cone 

and S-cone photoreceptor cells are mainly located on the dorsal/superior and 

ventral/inferior sides of the retina, respectively63. Given that light-induced damage, an 

AMD model62,64, has been reported to significantly impact the dorsal/superior side of the 

retina compared to the ventral/inferior side48,65, phenotypic differences between M-cone 

and S-cone outer segment lengths in the light-exposed Otud7b‒/‒ retina might be due to 

the locations of M-cone and S-cone photoreceptor cells in the retina. In addition, photopic 

ERG amplitudes indicated greater impairment in cone photoreceptor function in light-

exposed Otud7b‒/‒ mice than in light-exposed Otud7b+/+ mice. In contrast to cone 

photoreceptor cells, the outer segments of rod photoreceptors in Otud7b+/+ and Otud7b‒/‒ 

mouse retinas exposed to intense light did not exhibit a significant difference. 
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Furthermore, scotopic ERG amplitudes were almost unchanged in Otud7b+/+ and Otud7b‒

/‒ mice subjected to light-damage experiments. Taken together, these results suggest that 

Otud7b functions more in cone photoreceptor cells than in rod photoreceptor cells under 

intense light. 

We also investigated the effects of Otud7b ablation in an RP model Mak‒/‒ mice. In 

this model, progressive retinal deterioration of rods and cones begins at approximately 1 

month54. A significant decrease in ONL thickness was observed in the Otud7b‒/‒; Mak‒/‒ 

mouse retina compared to that in the Otud7b+/+; Mak‒/‒ mouse retina; however, scotopic 

ERG did not indicate a significant difference between the Otud7b+/+; Mak‒/‒ and Otud7b‒

/‒; Mak‒/‒ mouse retinas, suggesting that rod photoreceptor cell function is not drastically 

altered by Otud7b deficiency. Notably, the outer segments of cone photoreceptor cells 

were significantly shorter in Otud7b‒/‒; Mak‒/‒ retinas than in Otud7b+/+; Mak‒/‒ retinas. 

In addition, photopic ERG indicated decreased cone photoreceptor function in Otud7b‒/‒; 

Mak‒/‒ retinas. These results imply that Otud7b mitigates cone photoreceptor 

degeneration under stress conditions. Given that OTUD7B was also found to be expressed 

in the human retina, mutations and/or variants of the OTUD7B gene may be disease 

modifiers of AMD and RP. 

The cleaved caspase 3-positive cells significantly increased in the ONL of the light-

exposed Otud7b‒/‒ mice compared with that of the light-exposed Otud7b+/+ mice. 

However, we observed no significant change in the number of cone photoreceptor cells 

between the light-exposed Otud7b+/+ and Otud7b‒/‒ mice. One possible explanation of 

this result may be that more time is needed after light exposure to observe significant 

cone photoreceptor cell loss. Another possible explanation may be that the percentage of 

cone photoreceptor cells that expressed cleaved caspase 3 is too low to impact the cell 
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number. 

We found that RelA, a member of the NF-κB family of transcription factors, was 

activated in the Otud7b‒/‒ mouse retina that underwent light-induced damage. The IPA 

networks also predicted the upregulation of RelB, another NF-κB family transcription 

factor, as a result of RelA activation. For this reason, we focused on NF-κB for further 

experiments. In addition, we confirmed that NF-κB activity was upregulated by Otud7b 

knockdown in Neuro2A cells that had undergone serum starvation using a luciferase 

reporter assay. Furthermore, we showed that inhibition of NF-κB reduced neuronal cell 

death and photoreceptor damage resulting from Otud7b deficiency. While previous 

studies showed that several compounds suppressed the NF-κB pathway and ameliorated 

retinal damage66-68, the causal relationship between the suppression of the NF-κB 

pathway and the amelioration of retinal damage has not been investigated. Furthermore, 

it is not clear in which retinal cell types inhibition of NF-κB can suppress photoreceptor 

degeneration. We observed that Otud7b is predominantly expressed in photoreceptor cells 

of the retina, strongly suggesting that the degeneration of photoreceptor cells observed in 

Otud7b‒/‒ retinas under stress is induced by the activated NF-κB pathway in retinal 

photoreceptor cells. However, we cannot exclude the possibility that NF-κB signaling 

pathway activation in other retinal cell types lacking Otud7b contributes to promoting 

retinal photoreceptor degeneration. It would be helpful to evaluate the effects of Otud7b 

loss in rod and/or cone photoreceptor cells on retinal damage under stress using 

conditional approaches, such as the Cre/loxP system. 

Immunohistochemical analysis showed that Otud7b is expressed in both rod and cone 

photoreceptor cells. Why are cone photoreceptor cells more damaged than rod 

photoreceptor cells because of Otud7b deficiency under stress conditions? The first 
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possibility is the difference in the expression levels of Otud7b between rod and cone 

photoreceptor cells. A previous comprehensive transcriptomic analysis showed that 

Otud7b expression is increased in the Nrl‒/‒ mouse retina in which the absence of rod 

photoreceptor cells is accompanied by an increase in S-cone-like cells69,70, suggesting that 

Otud7b is more highly expressed in cone photoreceptor cells than in rod photoreceptor 

cells. A second possibility is that cone photoreceptor cells may have increased activation 

of NF-κB compared with rod photoreceptor cells, resulting in further degradation. We 

previously performed a microarray analysis of a wild-type mouse retina and Samd7‒/‒ 

mouse retina, in which deletion of Samd7 caused rod photoreceptor cells to express cone 

genes71. We found that rod-enriched genes were downregulated in the Samd7‒/‒ mouse 

retina, while cone-enriched genes were upregulated in the Samd7‒/‒ mouse retina71. Nfkb1, 

a gene that encodes the NF-κB family transcription factor p105, was reported to be one 

of the cone-enriched genes that were upregulated in the Samd7‒/‒ mouse retina71. In 

addition, another microarray analysis showed that Nfkb1 expression increased in the Nrl‒

/‒ mouse retina from P2 to 2M72. Nfkb1 expression increase was corroborated by other 

studies that performed RNA-seq analysis on the Nrl‒/‒ mouse retina73,74. These previous 

studies suggest that the expression level of Nfkb1 in cone photoreceptor cells is higher 

than that in rod photoreceptor cells. When the canonical NF-κB pathway is triggered, 

p105 undergoes partial degradation and generates p50, which forms dimers with the other 

NF-κB family transcription factor, translocates to the nucleus, and transactivates NF-κB 

target genes75. Taken together, we speculate that the enriched expression of Nfkb1 in cone 

photoreceptor cells results in increased NF-κB activity, leading to greater degeneration 

than that in rod photoreceptor cells. A third possibility is that the additional deubiquitinase 

suppresses rod photoreceptor degeneration. Several comprehensive transcriptomic 
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analyses have shown that the expression of Tnfaip3, also known as Otud7c, is reduced in 

Nrl‒/‒ retina73,74,76, suggesting that the expression level of Tnfaip3 in rod photoreceptor 

cells is higher than that in cone photoreceptor cells. In addition, Tnfaip3 is an anti-

inflammatory protein that negatively regulates the NF-κB pathway by deubiquitinating 

RIP1 kinase or TRAF677,78. Thus, Tnfaip3 in addition to Otud7b may suppress rod 

photoreceptor degeneration through the inhibition of the NF-κB pathway. 

Otud7b was independently identified as a negative regulator of the noncanonical NF-

κB pathway as it prevents the degradation of TRAF379 and of the canonical NF-κB 

pathway through deubiquitination of RIP1 kinase or TRAF680-82. Under the steady-state, 

TRAF3 binds to NF-κB-inducing kinase (NIK), resulting in the ubiquitination and 

degradation of NIK80-82,79. Activation of the noncanonical pathway leads to TRAF3 

proteolysis, which allows for NIK accumulation. Accumulation of NIK induces 

phosphorylation of the inhibitor of kappa-B kinase α (IKKα), leading to the ubiquitination 

and processing of p10080-82,79. The inactive precursor protein p100 undergoes proteasome-

mediated processing to generate active protein p52, which binds to RelB and translocates 

to the nucleus80-82. The deubiquitination of TRAF3 by Otud7b inhibits NF-κB activation 

by preventing TRAF3 proteolysis and NIK accumulation79. Alternatively, the canonical 

pathway relies on ubiquitination of RIP1 kinase or TRAF6. RIP1 and TRAF6 

ubiquitination promotes the activation of TAK1, which phosphorylates and activates the 

inhibitor of kappa-B kinase (IKK)80-82,80-82. IKK activation triggers phosphorylation of 

IκBα, resulting in IκBα degradation. Then, the dimer p50/RelA, which is bound to IκBα, 

is released for nuclear translocation80-82,80-82. Otud7b inhibits the activation of NF-κB by 

deubiquitinating RIP1 kinase and TRAF680-82,80-82. In addition, TRAF3 was reported to 

suppress the canonical NF-κB pathway in the Traf3-deficient mouse thymus83. 
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Collectively, these previous reports support the idea that the loss of Otud7b can activate 

both canonical and noncanonical NF-κB pathways in retinal photoreceptor cells. 

 We cannot exclude the possibility that Otud7b is involved in other signaling pathway(s). 

It was previously reported that Otud7b is a deubiquitinase that deubiquitinates and 

stabilizes Sox2 and promotes the maintenance of neural progenitor cells84. Otud7b 

silencing decreases Sox2 levels and promotes neuronal differentiation in cultured cells. 

Several studies have revealed that Sox2 is expressed in Müller glia and a subset of 

amacrine cells in the adult vertebrate retina85-87. In addition, the fate determination of 

retinal progenitor cells depends on the levels of Sox285. Specifically, a decrease in Sox2 

levels results in thinning of the retina and loss of ganglion cells, suggesting that the 

reduction in Sox2 expression results in defective retinal development85. However, we did 

not observe any gross abnormalities in Otud7b‒/‒ mouse retinas under normal conditions. 

Our results imply that Otud7b is not crucial for Sox2 expression in the retina. Defects in 

the maintenance of neural progenitor cells caused by the loss of Otud7b function may be 

compensated in vivo. Another pathway possibly affected by Otud7b deficiency in the 

retina may be the mTOR pathway. mTOR is the catalytic subunit of two complexes, 

mTORC1 and mTORC288. mTORC1 comprises mTOR, a regulatory protein associated 

with mTOR (Raptor) and mammalian lethal with Sec13 protein 8 (mLST8, also referred 

to as GβL)88. In contrast, mTORC2 comprises mTOR, rapamycin insensitive companion 

of mTOR (Rictor), and GβL88. Otud7b has been reported to promote mTORC2 signaling 

through the deubiquitination of GβL89. The deletion of Otud7b in mouse embryonic 

fibroblasts elevates mTORC1 formation while reducing mTORC2 formation, resulting in 

impaired activation of mTORC2 signaling89. Notably, loss of Raptor accelerates cone 

death in a mouse model of RP; however, loss of Rictor does not affect cone death in that 



96 

 

model90. Taken together, GβL does not seem to be a functional substrate of Otud7b in the 

retina. Future studies identifying the target proteins of Otud7b in the retina would deepen 

our understanding of the molecular mechanisms underlying cone photoreceptor cell 

protection in retinal degenerative diseases, including AMD and RP, and lead to the 

development of therapeutic strategies to treat these diseases.  
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Materials and Methods  

Animal care 

All procedures conformed to the ARVO Statement for the Use of Animals in Ophthalmic 

and Vision Research, and these procedures were approved by the Institutional Safety 

Committee on Recombinant DNA Experiments (approval ID 04913) and the Animal 

Experimental Committees of Institute for Protein Research (approval ID R04-02-0), 

Osaka University, and were performed in compliance with the institutional guidelines. 

Mice were housed in a temperature-controlled room at 22°C with a 12 hr light/dark cycle. 

Fresh water and rodent diet were available at all times. All animal experiments were 

performed with mice of either sex at 1 month, 2 months, or 6 months. 

 

Cell lines 

HEK293T (RIKEN RCB, RCB1637) and Neuro2A (JCRB Cell Bank, IFO50081) cells 

were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal 

bovine serum supplemented with penicillin (100 μg/mL) and streptomycin (100 μg/mL) 

at 37°C with 5% CO2. 

 

Generation of Otud7b‒/‒ mice 

Otud7b‒/‒ mice were generated using the CRISPR/Cas9 system. Two gRNAs were 

designed within exon 2 of the Otud7b gene using CRISPR Design (http://crispr.mit.edu/). 

Oligo DNAs for the gRNA sequence were cloned into the pX330 vector91. The plasmid 

constructs were co-injected into B6C3F1 fertilized eggs, which were then transferred into 

the uteri of pseudopregnant ICR females. Mutated individuals were selected using PCR 

and subjected to sequencing analyses. Otud7b‒/‒ mice were crossed with Mak‒/‒ mice92 to 
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generate Otud7b‒/‒; Mak‒/‒ mice. The primer sequences for the gRNA expression plasmid 

and genotyping are listed in Table 1. 

 

Plasmid construction 

Plasmids expressing enhanced green fluorescent protein (EGFP) have been previously 

constructed54,93. The full-length cDNA fragment of mouse Otud7b was amplified by PCR 

using mouse retinal cDNA as a template and subcloned into the pCAGGSII-N-3xFLAG 

vector94. For Otud7b knockdown, the Otud7b-shRNA and shRNA-control cassettes were 

subcloned into the pBAsi-mU6 vector (Takara Bio). The target sequences were as 

follows: Otud7b-shRNA1, 5′-GTGCTGAGGAAAGCGCTGTAT-3′ and shRNA-control, 

5′-GACGTCTAACGGATTCGAGCT-3′95. Primer sequences used for amplification are 

listed in Table 1. 

 

Chemicals 

Curcumin (Sigma, C7727) was dissolved in DMSO at 200 mg/mL or 5 mM and stored at 

-20°C. BMS-345541 (Sigma-Aldrich, B9935-5MG) was dissolved in DMSO at 25 

mg/mL or 50 mM and stored at -20°C. 

 

Drug administration 

Curcumin was dissolved in DMSO (200 mg/mL) and diluted with sunflower seed oil 

(Sigma-Aldrich). Curcumin (100 mg/kg) was administered to the mice daily by 

subcutaneous injection 4 h before light exposure. BMS-3455341 was dissolved in DMSO 

(25 mg/mL) and diluted with sunflower seed oil. BMS-345541 (30 mg/kg) was 

administered to the mice daily by subcutaneous injection 4 h before light exposure. 
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Cell culture and transfection 

Transfection was performed using the calcium phosphate method for HEK293T cells. 

Neuro2A cell transfection was performed using Lipofectamine 3000 (Thermo Fisher 

Scientific) for shRNA and Lipofectamine RNAiMAX (Life Technologies) for siRNA. To 

induce cellular stress in transfected cells, the medium was replaced with a serum-free 

medium 24 or 48 h after transfection, and the cells were cultured for 14 h in a serum-free 

medium. To examine the effects of curcumin and BMS-345541 on cellular stress, 

Neuro2A cells were incubated with serum-supplemented medium containing 5 μM 

curcumin or 2 μM BMS-345541 for 4 h before and 24 h after transfection and further 

incubated with serum-free medium containing 5 μM curcumin or 2 μM BMS-345541 for 

24 h. For knockdown experiments, the cells were transfected with siGENOME non-

targeting siRNA pool #2 or mouse Otud7b siRNA (Dharmacon-Horizon Discovery). The 

following are the catalog numbers and siRNA sequences: nontargeting control #2, catalog 

no. D-001206-14-05, target sequences: UAAGGCUAUGAAGAGAUAC, 

AUGUAUUGGCCUGUAUUAG, AUGAACGUAGAAUUGCUCAA, and 

UGGUUUACAUGUCGACUAA; siGENOME_ mouse_Otud7b, catalog no. D-050018-

03; target sequence: GCCGGUAUAUGAAAGCCUA; siGENOME_mouse_Otud7b, 

catalog no. D-050018-04; target sequence, GCAAUGGCGGGAGCAAGUA.  

 

RT-PCR analysis 

RT-PCR was performed as described previously96,97. Total RNA was extracted from 

tissues dissected from ICR mice at 4 weeks using TRIzol (Ambion). Total RNA (2 μg) 

was reverse-transcribed into cDNA with random hexamers using PrimescriptII (TaKaRa). 
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Human cDNA was purchased from Clontech (Mountain View, CA, USA). The cDNA was 

used for PCR with rTaq polymerase (TaKaRa).  

 

Immunofluorescence analysis of retinal sections and cells 

Immunofluorescence analysis of retinal sections was performed as described previously98. 

Mouse eyes and eyecups were fixed in 4% paraformaldehyde (PFA) in phosphate-

buffered saline (PBS) for 5 or 30 min. Samples were placed in 30% sucrose in PBS 

overnight at 4°C and embedded in TissueTec OCT Compound 4583 (Sakura). Frozen 20-

μm sections placed on slides were dried overnight at room temperature. Tissue sections 

from eyecups were washed three times with PBS. Eye cryosections were fixed in 

methanol for 5 min before washing three times with PBS. The samples were then 

incubated with blocking buffer (5% normal donkey serum and 0.1% Triton X-100 in PBS) 

for 1 h at room temperature and immunostained with primary antibodies in blocking 

buffer overnight at 4°C. After washing with PBS, the samples were incubated with 

fluorescent dye-conjugated secondary antibodies and DAPI (1:1,000, Nacalai Tesque). 

Neuro2A cells were washed with PBS, fixed with 4% PFA in PBS for 5 min at room 

temperature, and incubated with blocking buffer for 1 h at room temperature. Cells were 

immunostained with primary antibodies in blocking buffer overnight at 4°C, washed with 

PBS, and incubated with fluorescent dye-conjugated secondary antibodies and DAPI in 

blocking buffer for 2 h at room temperature. The samples were washed three times with 

PBS and then coverslipped with gelvatol.  

The primary antibodies used in this study were as follows: mouse anti-Rhodopsin 

(1:1,000, Sigma, O4886), mouse anti-Pax6 (1:500, DSHB), mouse anti-S100β (1:200, 

Sigma, S-2532), mouse anti-Ctbp2 (1:500, BD Biosciences, 612044), rabbit anti-M-opsin 
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(1:500, Millipore, AB5405), rabbit anti-Pikachurin (1:300)99, rabbit anti-Gnat2 (1:500, 

Abcam, ab97501), rabbit anti-Chx10 (1:200)100, rabbit anti-Calbindin (1:200, 

Calbiochem, PC253L), rabbit anti-Otud7b (1:500, Proteintech, 16605-1-AP), rabbit anti-

GFP (1:2,500, MBL, 598), rabbit anti-cleaved caspase 3 (1:500, Cell Signaling, 9661), 

goat anti-S-opsin (1:500, Santa Cruz, sc-14363 or 1:500, ROCKLAND, 600-101-MP7S), 

rabbit anti-IbaI (1:500, WAKO, 019-19741), mouse anti-GFAP (1:500, Sigma, 

G3893-.2ML), and guinea pig anti-Rbpms (1:1,000, Millipore, ABN1376). Cy3-

conjugated (1:500; Jackson ImmunoResearch Laboratories) and Alexa Fluor 488-

conjugated (1:500; Sigma-Aldrich) secondary antibodies were used. DAPI was used for 

nuclear staining. The specimens were observed under a laser confocal microscope 

(LSM700 or LSM900; Carl Zeiss). Rhodamine-labeled peanut agglutinin (PNA) (1:250) 

(RL-1072, Vector Laboratories) was used to stain cone photoreceptor synapses. The 

thicknesses and lengths of the ONL, INL+IPL+GCL, M-opsin, S-opsin, and Gnat2 were 

measured using ZEN imaging software (ZEN (black edition) or ZEN (blue edition), Carl 

Zeiss). 

 

Exposure to LED light 

Exposure to LED light was performed as described previously45. Animals were 

maintained in the dark for 12 h. Thirty minutes before LED light (~450 nm) exposure, the 

pupils were dilated using 1% cyclopentolate hydrochloride eye drops (Santen 

Pharmaceuticals, Osaka, Japan). The non-anesthetized mice were exposed to ~9,000 lux 

LED light for 3 h in a mirrored box with clear partitions to separate the mice while 

allowing for light reflection. The ambient temperature was maintained at 25 ± 1.5°C 

during the light exposure. The mice were returned to their cages after light exposure and 
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kept under normal light conditions for 9 h before the next 12 h dark cycle. Light exposure 

was repeated for 6 days. ERG recordings and/or retinal dissections were performed on 

day 7. Otud7b+/‒ mice were backcrossed with 129S6/SvEvTac mice to generate Otud7b+/+ 

and Otud7b‒/‒ mice homozygous for the variant encoding Leu450 in the Rpe65 gene, 

which was used for the experiment101. Otud7b+/+ and Otud7b‒/‒ mice treated with 

curcumin were also subjected to the experiment.  

 

ERG recordings 

Electroretinograms (ERGs) were recorded as described previously102. The mice were 

adapted to the dark overnight. Ketamine (100 mg/kg) and xylazine (10 mg/kg) diluted in 

saline (Otsuka) were injected intraperitoneally to anesthetize the mice. Pupils were dilated 

with topical 0.5% tropicamide and 0.5% phenylephrine HCl. The ERG responses were 

measured using the PuREC system with LED electrodes (Mayo Corporation). Scotopic 

ERGs were recorded at four stimulus intensities ranging from ‒4.0 to 1.0 log cd s/m2. The 

mice were light-adapted for 10 min before photopic ERGs were recorded on a rod-

suppressing white background of 1.3 log cd s/m2. Photopic ERGs were recorded at four 

stimulus intensities ranging from ‒0.5 to 1.0 log cd s/m2. Eight and four responses were 

averaged for the scotopic recordings (‒4.0 and ‒3.0 log cd s/m2, respectively). Sixteen 

responses were averaged for the photopic recordings. 

 

Western blotting 

Western blotting was performed as previously described103. Neuro2A cells were washed 

with PBS twice and lysed in a lysis buffer supplemented with protease inhibitors (buffer 

A: 20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 1 mM PMSF, 
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2 μg/mL leupeptin, 5 μg/mL aprotinin, and 3 μg/mL pepstatin A). Mouse retinas were 

lysed in lysis buffer supplemented protease inhibitors (buffer B: 20 mM Tris-HCl pH 7.4, 

150 mM NaCl, 1% Nonidet P-40, 0.5 mM EDTA, 1 mM PMSF, 2 μg/mL leupeptin, 5 

μg/mL aprotinin, and 3 μg/mL pepstatin A). Samples were resolved by SDS-PAGE and 

transferred to PVDF membranes (Millipore) using a semi-dry transfer cell (Bio-Rad) or 

the iBlot system (Invitrogen). The membranes were blocked with blocking buffer (3% 

skim milk and 0.05% Tween 20 in Tris-buffered saline (TBS)) for 1 h and incubated with 

primary antibodies overnight at 4°C. The membranes were washed with 0.05% Tween 20 

in TBS three times for 10 min each and then incubated with secondary antibodies for 2–

5 h at room temperature. Signals were detected using a Chemi-Lumi One L (Nacalai) or 

Pierce Western Blotting Substrate Plus (Thermo Fisher Scientific). The following primary 

antibodies were used: mouse anti-FLAG M2 (1:5,000, Sigma, F1804), mouse anti-α-

tubulin (Cell Signaling Technology, DM1A, 1:5,000, T9026), rabbit anti-GFP (1:2,500, 

MBL, 598), rabbit anti-cleaved caspase 3 (1:100, Cell Signaling, 9661), and rabbit anti-

Otud7b (1:500, Proteintech, 16605-1-AP). The following secondary antibodies were 

used: horseradish peroxidase-conjugated anti-mouse IgG (1:10,000; Zymed) and anti-

rabbit IgG (1:10,000; Jackson Laboratory).  

 

Cell Viability 

Neuro2A cells transfected with shRNA or siRNA were cultured in serum-free medium 

for 14 h. Viability was assayed using a ReadyProbes Cell Viability Imaging Kit 

(Blue/Red) based on Hoechst 33342 for live cells and propidium iodide nucleic acid stain 

for dead cells (Thermo Fischer Scientific). Cell viability was determined as the percentage 

of live cells among the total cells counted in six fluorescence images of each sample under 
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a laser confocal microscope (LSM700 or LSM900; Carl Zeiss). 

 

RNA-seq and data analysis  

RNA-seq analysis was performed as previously described104 with certain modifications. 

Total retinal RNAs from three Otud7b+/+ and three Otud7b‒/‒ mice after light exposure 

were isolated using TRIzol RNA extraction reagent (Invitrogen). Sequencing was 

performed on an Illumina NovaSeq 6000 platform in 101-base single-end mode. Raw 

reads were mapped to mouse reference genome sequences (mm10) using TopHat ver. 

2.1.1, in combination with Bowtie2 ver. 2.2.8 and SAMtools ver. 0.1.18. The number of 

fragments per kilobase of exon per million mapped fragments (FPKMs) was calculated 

using Cuffdiff ver. 2.2.1. Upstream regulator analysis was performed using IPA (Qiagen). 

The RNA-seq analysis datasets are available in the Gene Expression Omnibus (GEO) 

database of NCBI (Accession Number GSE239573). 

 

Luciferase reporter assay 

Reporter gene assays were performed using the Nano-Glo Dual-Luciferase Reporter 

Assay System (Promega), according to the manufacturer’s protocol. To generate the 

reporter construct, a minimal promoter (5′-

AGACACTAGAGGGTATATAATGGAAGCTCGACTTCCAG-3′) and 5x NF-κB 

response element (5′-

GGGAATTTCCGGGGACTTTCCGGGAATTTCCGGGGACTTTCCGGGAATTTCC-

3′) were cloned into the pGL3-Basic vector (Promega) in which Firefly luciferase was 

replaced with NanoLuc luciferase amplified from the pNLF-N [CMV/Hygro] vector 

(Promega) by PCR. The pGL3-Basic vector containing the minimal promoter was co-
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transfected to measure transfection efficiency. A plasmid expressing Otud7b-shRNA1 

was transfected with the reporter construct into Neuro2A cells. After 48 h of transfection, 

the cells were incubated in the serum-free medium for 14 h, washed with TBS, and lysed 

with buffer A. Luminescence signal was detected using the GloMax® Multi+ Detection 

System (Promega). 

 

Statistical Analysis 

Statistical analyses were performed using GraphPad Prism version 9 (GraphPad 

Software). Data are represented as the mean ± SD. Statistical analyses were performed 

using unpaired t-test, one-way ANOVA, or two-way ANOVA, as indicated in the figure 

legends. Asterisks indicate significance as follows: *p < 0.05, **p < 0.01, ***p < 0.001, 

and ****p < 0.0001. 
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Table1. Primer sequences 

        

Experiment Primer name Sequence (5' to 3')  

CRISPR Otud7b-gRNA1-F CACCGTGGAACGAACAAAATCCGAC 

 Otud7b-gRNA1-R AAACGTCGGATTTTGTTCGTTCCAC 

 Otud7b-sgRNA2-F CACCGCAGCCCTGGCTCTGCACCTG 

 Otud7b-sgRNA2-R AAACCAGGTGCAGAGCCAGGGCTGC 

Otud7b ‒/‒ genotyping Otud7b-PCR-51 CTGGTTAGGTGAGCCTTGTGCATGCA 

 Otud7b-PCR-31 CATACAAGGTGACCAGGGAATCTGTG 

RT-PCR Otud7b-RT-PCR-52 CAGCTTCATAGAGCGAGACCTCATTGA 

 Otud7b-RT-PCR-32 TCCTCAGCACCAAGTCTCTATCATGGA 

 beta-actin-RT-PCR-51 CGTGCGTGACATCAAAGAGAA 

 beta-actin-RT-PCR-31 TGGATGCCACAGGATTCCAT 

 

human Otud7b RT-PCR-

51 TGAGCAGTCCATGCTGGTTGCCTTGGA 

 

human Otud7b RT-PCR-

31 GCTTTCCGCAGCATCAAGTCCCGATCA 

 

human beta-actin RT-

PCR-51 CACCACACCTTCTACAATGAGCTG 

 

human beta-actin RT-

PCR-31 GAGTCCATCACGATGCCAGTGGTA 

Construct     

pCAGGSII-N-3x-FLAG   

mouse Otud7b mOtud7b-ORF-SalI-51 GGGGTCGACATGACCCTGGACATGGATGCTGTC 

 

mOtud7b-ORF-EcoRI-

31 ACATGGAATTCCTCTAGGCTTTCA 

 

mOtud7b-ORF-kozak-

SalI-51 GGGGTCGACGCCACCATGACCCTGGACATGGATGCTGTC 

  mOtud7b-ORF-NotI-31 GGGGCGGCCGCTCAGAACCTGTGTGCCAGCAGTTC 

 

 


