
Title
The deubiquitinase Otud7b suppresses cone
photoreceptor degeneration in mouse models of
retinal degenerative diseases

Author(s) Varner, Leah Rie; Chaya, Taro; Maeda, Yamato et
al.

Citation iScience. 2024, 27(4), p. 109380

Version Type VoR

URL https://hdl.handle.net/11094/95642

rights
This article is licensed under a Creative
Commons Attribution-NonCommercial-NoDerivatives
4.0 International License.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



iScience

Article

ll
OPEN ACCESS
The deubiquitinase Otud7b suppresses cone
photoreceptor degeneration in mouse models of
retinal degenerative diseases
Leah Rie Varner,

Taro Chaya,

Yamato Maeda, ...,

Toshinori Tsujii,

Daisuke Okuzaki,

Takahisa Furukawa

taro.chaya@protein.osaka-u.ac.

jp (T.C.)

takahisa.furukawa@protein.

osaka-u.ac.jp (T.F.)

Highlights
Cone photoreceptor

damage by light exposure

stress is increased in

Otud7b�/� mice

Otud7b deficiency

exacerbates cone

degeneration in retinitis

pigmentosa mouse model

NF-kB is activated in

photoreceptor cells of the

light-exposed Otud7b�/�

retina

NF-kB inhibition

attenuates cone damage in

the light-exposed

Otud7b�/� retina

Varner et al., iScience 27,
109380
April 19, 2024 ª 2024 The
Authors.

https://doi.org/10.1016/

j.isci.2024.109380

mailto:taro.chaya@protein.osaka-u.ac.jp
mailto:taro.chaya@protein.osaka-u.ac.jp
mailto:takahisa.furukawa@protein.osaka-u.ac.jp
mailto:takahisa.furukawa@protein.osaka-u.ac.jp
https://doi.org/10.1016/j.isci.2024.109380
https://doi.org/10.1016/j.isci.2024.109380
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109380&domain=pdf


OPEN ACCESS

iScience ll
Article

The deubiquitinase Otud7b suppresses cone
photoreceptor degeneration in mouse models
of retinal degenerative diseases

Leah Rie Varner,1 Taro Chaya,1,* Yamato Maeda,1 Ryotaro Tsutsumi,1 Shanshan Zhou,1 Toshinori Tsujii,1

Daisuke Okuzaki,2 and Takahisa Furukawa1,3,*
SUMMARY

Primary and secondary cone photoreceptor death in retinal degenerative diseases, including age-related
macular degeneration (AMD) and retinitis pigmentosa (RP), leads to severe visual impairment and blind-
ness. Although the cone photoreceptor protection in retinal degenerative diseases is crucial for maintain-
ing vision, the underlying molecular mechanisms are unclear. Here, we found that the deubiquitinase
Otud7b/Cezanne is predominantly expressed in photoreceptor cells in the retina. We analyzed
Otud7b�/� mice, which were subjected to light-induced damage, a dry AMD model, or were mated
with an RP mouse model, and observed increased cone photoreceptor degeneration. Using RNA-
sequencing and bioinformatics analysis followed by a luciferase reporter assay, we found that Otud7b
downregulates NF-kB activity. Furthermore, inhibition of NF-kB attenuated cone photoreceptor degen-
eration in the light-exposed Otud7b�/� retina and stress-induced neuronal cell death resulting from
Otud7b deficiency. Together, our findings suggest that Otud7b protects cone photoreceptors in retinal
degenerative diseases by modulating NF-kB activity.

INTRODUCTION

Retinal photoreceptor cells are specialized neurons that perceive light and convert it into electrical signals that are transmitted to retinal gan-

glion cells, which send signals through the optic nerve to the brain. Photoreceptor cells in the vertebrate retina can be categorized into rods

and cones. 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. Retinitis pigmentosa (RP) and

age-related macular degeneration (AMD) are retinal degenerative diseases that lead to progressive vision loss because of retinal photore-

ceptor cell degeneration. RP affects approximately 1.5 million individuals worldwide1–3 while AMD affects approximately 200 million individ-

uals worldwide.4 A feature of the retinas of RP and AMD animal models and human patients is outer segment shortening accompanied by

photoreceptor dysfunction and degeneration.5–14 In RP, rod photoreceptor cell degeneration, which initially leads to night blindness, is fol-

lowed by cone photoreceptor deterioration, eventually resulting in blindness.15,16 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.17 Therefore, understanding the mo-

lecular mechanisms that protect cone photoreceptor cells from degeneration under stress conditions, such as in retinal degenerative dis-

eases, is valuable.

The nuclear factor-kappaB (NF-kB) pathway is a signaling cascade that plays key roles in diverse biological processes, including immunity,

inflammation, stress responses, and apoptosis. The NF-kB pathway consists of canonical and noncanonical pathways that regulate the sub-

cellular localization and activity of NF-kB, an evolutionarily highly conserved family of transcription factors.18–23 This pathway is known to be

activated in the retina of the RP mouse model and the light-induced retinal degeneration mouse model, which is widely used for studying

AMD.24,25 However, the role and regulatory mechanisms of the NF-kB pathway in retinal photoreceptor cells remain poorly understood.

In the present study, we found that the deubiquitinase Otud7b/Cezanne, whose function in the retina is unknown, is highly expressed in

retinal photoreceptor cells. Although Otud7b-deficient (Otud7b�/�) mice exhibited no obvious abnormalities in retinal development and

maintenance, cone photoreceptor damage was augmented by Otud7b deficiency in mice with light-induced retinal degeneration and RP

model mice. RNA-sequencing (RNA-seq) analysis and reporter gene assay showed that the NF-kB pathway is activated in cultured neuronal

cells knocked down forOtud7b and the retina ofOtud7b�/�mice. Inhibition of the NF-kB pathway suppressed increased apoptosis in serum-

starved cultured neuronal cells and light-induced cone photoreceptor damage in the mouse retina caused byOtud7b deficiency. Together,
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Figure 1. Phenotypic analysis of the Otud7b�/� mouse retina

(A) RT-PCR analysis of the Otud7b transcript in mouse tissues at 4 weeks. Otud7b was expressed ubiquitously with strong expression in the retina. b-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. b-actin was used as a loading control.

(E) Immunofluorescence analysis of retinal sections from Otud7b+/+ and Otud7b�/� mice at 1 M 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.

(F andG) ERG analysis ofOtud7b+/+ andOtud7b�/�mice at 1M. (F) Representative scotopic ERGs elicited by four different stimulus intensities (�4.0 to 1.0 log cd

s/m2). (G) Representative photopic ERGs elicited by four stimulus intensities (�0.5 to 1.0 log cd s/m2).

(H) Immunofluorescence analysis of retinal sections from Otud7b+/+ and Otud7b�/� mice at 6 M 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.

(I and J) ERG analysis ofOtud7b+/+ andOtud7b�/� mice at 6 M. (I) Representative scotopic ERGs elicited by four stimulus intensities (�4.0 to 1.0 log cd s/m2). (J)

Representative photopic ERGs elicited by four stimulus intensities (�0.5 to 1.0 log cd s/m2).

OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; GCL, ganglion cell layer.
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these results suggest that Otud7b protects cone photoreceptor cells from damage under stress conditions by repressing aberrant activation

of the NF-kB pathway.
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 photore-

ceptor cells.26 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 andOtx2 conditional

knockout retinas, in which the cell fate is altered from photoreceptor cells to amacrine-like cells.27,28 Among the candidate genes identified,

we focused onOtud7b, the function of which in the retina has not yet been elucidated. To confirm the expression ofOtud7b 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 1A). 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 inner segment (IS), outer nu-

clear layer (ONL), and outer plexiform layer (OPL) (Figure 1B). Furthermore, we observedOtud7b signals at the cone photoreceptor synapses

marked with peanut agglutinin (PNA) (Figure 1C). In addition, we found the expression of OTUD7B in the human retina using RT-PCR (Fig-

ure 1D). These results suggest that Otud7b is expressed in rod and cone photoreceptor cells.
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 S1A and S1B). To confirm the loss of Otud7b in the Otud7b�/� mouse retina, we performed immunofluorescence

analysis and western blotting using an anti-Otud7b antibody. 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 1E and S1C).Otud7b�/� mice were viable, fertile, and showed no gross morphological abnormalities. To examine the effects

ofOtud7b deficiency on the retina, we performed immunofluorescence analysis on mouse retinal sections at 1 month of age (1 M) using an-

tibodies 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 1E). 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 S2A).

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 (amarker for ganglion cells), and S100b (a marker for Müller glia) and

found no substantial differences between Otud7b+/+ and Otud7b�/� retinas (Figures S2B– S2F). 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 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 betweenOtud7b+/+ andOtud7b�/�mice (Figures 1F, 1G, S3A, and S3B).

Next, we examined Otud7b+/+ and Otud7b�/� mouse retinas at 6 months of age (6 M) to investigate whether Otud7b deficiency leads to

retinal degeneration. Similar to the mouse retinas at 1 M, no substantial differences between Otud7b+/+ and Otud7b�/� mouse retinas
iScience 27, 109380, April 19, 2024 3



Figure 2. Otud7b deficiency exacerbates light-induced retinal damage to cone photoreceptor cells

(A) Schematic representation of the exposure of Otud7b+/+ and Otud7b�/� mice to LED light.

(B) Immunofluorescence analysis of retinal sections fromOtud7b+/+ andOtud7b�/� mice after light exposure using antibodies as follows: Otud7b, Rhodopsin (a

marker for rod outer segments), S-opsin (a marker for S-cone outer segments), andM-opsin (amarker forM-cone outer segments). Nuclei were stainedwith DAPI.

OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.

(C–E) Rod outer segment (C), S-cone outer segment (D), and M-cone outer segment (E) lengths were measured. M-cone outer segments were shorter in the

Otud7b�/� retina than in the Otud7b+/+ retina. **p < 0.01, n.s. not significant (unpaired t-test), n = 4 per genotype.

(F–H) Scotopic ERG analysis of Otud7b+/+ and Otud7b�/� mice after light exposure. (F) Representative scotopic ERGs elicited by four different stimulus

intensities (�4.0 to 1.0 log cd s/m2). Scotopic a-wave (G) and b-wave (H) amplitudes are shown as functions of stimulus intensity. Data are presented as the

mean G SD. *p < 0.05 (unpaired t-test). n = 4 per genotype.

(I–K) Photopic ERG analysis ofOtud7b+/+ andOtud7b�/�mice after light exposure. (I) Representative photopic ERGs elicited by four different stimulus intensities

(�0.5 to 1.0 log cd s/m2). Photopic a-wave (J) and b-wave (K) amplitudes are shown as functions of stimulus intensity. Data are presented as the mean G SD.

*p < 0.05, **p < 0.01 (unpaired t-test), n = 4 per genotype.
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were observed when immunofluorescence analysis was performed using antibodies against Rhodopsin, S-opsin, and M-opsin (Figure 1H), or

when ERGs were recorded (Figures 1I, 1J, S3C, and S3D).
Light-induced retinal damage to cone photoreceptor cells is augmented in Otud7b-deficient mice

Next, we investigated the effects ofOtud7b deficiency on retinas under stress.Otud7b�/� mice were exposed to light-emitting diode (LED)

light (Figure 2A). Exposure to LED light induces oxidative stress in the retina, which results in photoreceptor degeneration.29 Immunofluores-

cence analysis using the anti-Otud7b antibody revealed the absence of Otud7b signal in the light-exposedOtud7b�/� retina (Figure 2B). 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 2B, S4A, and S4B). No obvious differences were observed in the microglia and Müller glia between light-exposed Otud7b+/+ and
4 iScience 27, 109380, April 19, 2024
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Otud7b�/� retinas (Figure S4B). 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 2B–2D). We quantified ONL thickness of light-exposed Otud7b+/+ and Otud7b�/� ret-

inas. There were no significant differences between theOtud7b+/+ andOtud7b�/� retinas (Figure S4C). We also did not observe significant

differences in the number of S-cones or M-cones between light-exposedOtud7b+/+ andOtud7b�/� retinas (Figures S4D and S4E). 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 2B, 2E, and S4A). Previous studies

have reported that outer segment shortening reflects photoreceptor degeneration.30,31 Additionally, outer segment shortening has been

observed in patients with RP.5,32 Based on these reports, our observations suggest that Otud7b suppresses cone photoreceptor damage un-

der environmental stress. To evaluate physiological changes, we performed ERGs in light-exposedOtud7b�/�mice. In the scotopic ERG, the

a-wave amplitude at the strongest stimulus showed a significant decrease inOtud7b�/�mice (Figures 2F–2H). 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 cells.33 In photopic ERG,Otud7b�/� mice had lower photopic amplitudes, which further

supports that cone photoreceptor damage increases in light-exposed Otud7b�/� mice (Figures 2I–2K). 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 degeneration.34,35 Subsequent analyses have shown that mutations in the human MAK

gene are associated with RP.36,37 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 3A). 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 3B). In addition, we observed that ONL thickness decreased in the

Otud7b�/�; Mak�/� retina (Figure 3C). In contrast, the thickness of the other retinal layers did not differ significantly between Otud7b+/+;

Mak�/� and Otud7b�/�; Mak�/� mice (Figure 3D). 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 (Figures 3E–3G), the photopic ERG b-wave amplitudes

were significantly lower in Otud7b�/�; Mak�/� mice than in Otud7b+/+; Mak�/� mice (Figures 3H–3J). Consistent with the results obtained

from the light exposure experiments (Figure 2), 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 stress.38,39 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 4A). 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 cleaved caspase 3 (a marker of apoptosis) or Otud7b (Figures 4B and

S5A). 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 S5A). We quantified cleaved cas-

pase 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 4C). In addition, a cell viability assay was performed to

compare the Neuro2A cells expressing shRNA-control with those expressing Otud7b-shRNA1 (Figures S5B and S5C). Neuro2A cells ex-

pressing the Otud7b-shRNA1 showed a decrease in cell viability compared to those expressing the shRNA-control (Figure S5C). How-

ever, no significant difference in the number of double-positive cells was observed between the shRNA-control and Otud7b-shRNA1-ex-

pressing cells without serum starvation (Figures S5D and S5E). 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 4D), we transfected Otud7b-siRNAs into

Neuro2A cells that were then cultured in serum-free medium. We performed immunofluorescence analysis using an anti-Otud7b anti-

body 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 S5F). Immunofluorescence analysis of serum-starved cells revealed

an increase in cleaved caspase 3-positive cells among cells transfected with Otud7b-siRNAs (Figures 4E and 4F). 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 S5G). 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

(Figures S5H and S5I). Additionally, we treated Neuro2A cells with 10 mM H2O2 for 20 h to induce oxidative stress and performed immu-

nofluorescence analysis using an anti-cleaved caspase 3 antibody (Figures S5J and S5K). 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 trans-

fected with the siRNA-control (Figures S5J and S5K). These results suggest that Otud7b protects neuronal cells from stress-induced

damage.
iScience 27, 109380, April 19, 2024 5



Figure 3. Otud7b deficiency exacerbates retinal degeneration in Mak�/� mice

(A) Immunofluorescence analysis of retinal sections fromOtud7b+/+;Mak�/� andOtud7b�/�;Mak�/� at 2M using antibodies against Rhodopsin (a marker for rod

outer segments), S-opsin (a marker for S-cone outer segments), M-opsin (a marker for M-cone outer segments), and Gnat2 (a marker for cone outer segments).

Nuclei were stained with DAPI. OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

(B) Cone outer segment length was measured inOtud7b+/+;Mak�/� andOtud7b�/�;Mak�/� retinas at 2 MOtud7b�/�;Mak�/� retinas had significantly shorter

cone outer segments. Data are presented as the mean G SD. *p < 0.05 (unpaired t-test), n = 3 per genotype.

(C) 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 G SD. **p < 0.01 (unpaired t-test), n = 6 retinal sections from 3 mice per genotype.

(D) The INL+IPL+GCL thickness was measured. Data are presented as the meanG SD. n.s., not significant (unpaired t-test). n = 6 retinal sections from 3mice per

genotype.

(E–G) Scotopic ERG analysis of Otud7b+/+; Mak�/� and Otud7b�/�; Mak�/� mice at 2 M. (E) Representative scotopic ERGs elicited by four different stimulus

intensities (�4.0 to 1.0 log cd s/m2). Scotopic a-wave (F) and b-wave (G) amplitudes are shown as functions of stimulus intensity. Data are presented as the

mean G SD (unpaired t-test). n = 3 per genotype.

(H–J) Photopic ERG analysis of Otud7b+/+; Mak�/� and Otud7b�/�; Mak�/� mice at 2 M. (H) Representative photopic ERGs elicited by four stimulus intensities

(�0.5 to 1.0 log cd s/m2). Photopic a-wave (I) and b-wave (J) amplitudes are shown as functions of stimulus intensity. Data are presented as the mean G SD.

*p < 0.05, **p < 0.01 (unpaired t-test). n = 3 per genotype.
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NF-kB is activated by Otud7b deficiency

To gain insights into howneuronal cell damage is enhancedbyOtud7b deficiency in cultured cells and in vivo, we performedRNA-seq analysis

using retinal RNAs fromOtud7b+/+ andOtud7b�/� 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 5A). The IPA networks showed that the transcription factor RelA was an upstream regulator (Figure 5B). RelA is one of

the five NF-kB proteins known to form dimers with four other proteins that regulate NF-kB activity.40,41 Activation of NF-kB has been
6 iScience 27, 109380, April 19, 2024
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Figure 4. Knockdown of Otud7b in neuronal cells increases susceptibility to cell death under stress

(A) Inhibition efficacy of shRNA expression constructs forOtud7b knockdown. ShRNA-control or Otud7b-shRNA1 expression plasmids were co-transfected with

plasmids expressing an 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 and C) 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. (B) 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 G SD. **p < 0.01 (unpaired t-test). n = 3 experiments.

(D) Inhibition efficacy of siRNAs forOtud7b knockdown. SiRNA-control, Otud7b-siRNA3, orOtud7b-siRNA4was transfected intoNeuro2A cells. Western blotting

was performed using antibodies against Otud7b and a-tubulin. a-tubulin was used as a loading control. Otud7b-siRNA3 and Otud7b-siRNA4 effectively

suppressed Otud7b expression.

(E and F) Neuro2A cells were transfected with siRNA-control, Otud7b-siRNA3, or Otud7b-siRNA4. The cells were serum starved for 14 h. (E) 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. (F) The number of cleaved caspase 3-positive cells was measured. Data are

presented as the mean G SD. **p < 0.01, ****p < 0.0001 (one-way ANOVA followed by Tukey’s multiple comparisons test). n = 4 experiments.
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associated with retinal degeneration.24 We performed immunofluorescence analysis of RelA in light-exposedOtud7b+/+ andOtud7b�/� ret-

inas (Figure 5C). We detected a significant increase in RelA signals in the ONL of light-exposedOtud7b�/� retinas, suggesting that NF-kB is

activated in photoreceptor cells of the light-exposedOtud7b�/� retina compared to that in the light-exposed Otud7b+/+ retina (Figure 5D).

We next analyzedNF-kB activation in the serum-starvedNeuro2A cell lysates using aNanoLuc luciferase reporter construct drivenby anNF-kB

response element and minimal promoter and observed that luciferase activity increased in theOtud7b knockdown cells (Figures 5E and 5F).

These results suggest that Otud7b suppresses aberrant NF-kB activation.
Neuronal cell death resulting from Otud7b knockdown is suppressed by NF-kB pathway inhibition

Based on the results of the IPA analysis and NanoLuc-luciferase (Figure 5), we hypothesized NF-kB 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-kB pathway, on neuronal cell death induced by Otud7b knockdown under stress conditions. Neuro2A cells expressing Otud7b-siR-

NAs were treated with curcumin, and immunofluorescence analysis was performed to observe apoptotic cells (Figures 6A and 6B). We

observed no significant difference in the number of cleaved caspase 3-positive cells between cells expressing siRNA-control treated with

DMSOand those treatedwith curcumin; however, the increase in cleaved caspase 3-positive cells inducedbyOtud7b-siRNAswas suppressed

by curcumin treatment (Figures 6A and 6B). In addition, immunofluorescence analysis of RelA revealed that curcumin repressed the increased

nuclear localization of RelA in the cells transfected with Otud7b-siRNAs (Figure 6C). In addition, immunofluorescence analysis of RelA re-

vealed that curcumin repressed the increased nuclear-to-cytoplasmic ratio of RelA in the cells transfected with Otud7b-siRNAs

(Figures 6C and S5L). To confirm these results, we performed similar experiments using another NF-kB inhibitor, BMS-345541 (Figures 6D

and 6E).Otud7b knockdown cells treated with BMS-345541 also showed significantly decreased numbers of cleaved caspase 3-positive cells

compared to those treated with DMSO (Figures 6D and 6E). Similar to the results for curcumin, BMS-345541 also repressed the increased

nuclear localization of RelA in the cells transfected with Otud7b-siRNAs (Figure 6F). These results suggest that Otud7b protects neuronal cells

from cell damage by downregulating NF-kB activation under stress conditions.
Light-induced retinal damage augmented by Otud7b deficiency is repressed by NF-kB pathway inhibition

We stained both retinal flat mounts and sections using PNA, assessed the number of cones, and found that there were no significant differ-

ences between the light-exposed Otud7b+/+ and Otud7b�/� retinas treated with DMSO (Figures S6A‒S6D). We then examined the cone

outer segment length from the retinal sections and found that the cone outer segment lengths ofOtud7b�/� retinas were significantly shorter

than those ofOtud7b+/+ retinas (Figures S6C and S6E). To examinewhether the inhibition of NF-kBwould rescue the phenotypes observed in

Otud7b�/�mouse retinas under stress conditions, we exposedOtud7b�/�mice injected with curcumin to LED light (Figure 7A). We analyzed

the histological changes by immunofluorescence using antibodies against Rhodopsin, S-opsin-, and M-opsin (Figures 7B–7D). 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 7B, 7C, 7E, and 7F). The numbers of S-cones andM-cones also did not show a significant difference (Figures S6F and S6G).

However, the decrease in the M-cone outer segment length in the Otud7b�/� retina was suppressed by curcumin (Figures 7D and 7G). 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 (Figures 7H and 7I). These results suggest that Otud7b suppresses light-induced retinal damage by downre-

gulatingNF-kB activation. In addition, we performed immunofluorescence analysis using an anti-RelA antibody andmeasured the RelA signal

intensity in theONL of light-exposedDMSO-treated and curcumin-treatedOtud7b�/� retinas (Figures 7J and 7K). The RelA signal intensity in

the ONL decreased significantly in the curcumin-treatedOtud7b�/� mice compared to that in the DMSO-treatedOtud7b�/� mice, suggest-

ing that the increased NF-kB activity in photoreceptor cells of the Otud7b�/� retina is suppressed by curcumin (Figure 7K). To confirm

these results, we exposedOtud7b+/+ andOtud7b�/� mice injected with BMS-345541 to LED light (Figure 8A). Immunofluorescence analysis

using antibodies against Rhodopsin, S-opsin, and M-opsin were used to observe the histological changes (Figures 8B–8D). Similar to the
8 iScience 27, 109380, April 19, 2024



Figure 5. NF-kB is activated by Otud7b deficiency

(A) IPA to predict the upstream transcription regulators affecting gene expression changes (fold change >1.5 or <�1.5; FPKM>0.2) in theOtud7b�/� retina after

light exposure. The transcription regulators with activation Z scores >2 and p < 0.05 are shown.

(B) The IPA networks showing the transcription factor RelA as an upstream regulator. RelA is predicted to be activated inOtud7b�/� retina after light exposure.

IPA, ingenuity pathway analysis.

(C) Immunofluorescence analysis of retinal sections from Otud7b+/+ and Otud7b�/� mice after light exposure using an anti-RelA antibody. Nuclei were stained

with DAPI. OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.

(D) 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 G SD. *p < 0.05 (unpaired t-test). n = 3 experiments.

(E) Schematic diagram of the NF-kB response element and minimal promoter.

(F) ShRNA-control or Otud7b-shRNA1 expression plasmids were co-transfected into Neuro2A cells with aNanoLuc luciferase reporter construct driven by an NF-

kB response element andminimal promoter as well as a Firefly luciferase-expressing construct driven by aminimal promoter. Luciferase activity of the cell lysates

wasmeasured 14 h after serum starvation. NanoLuc luciferase activity was normalized to Firefly luciferase activity. Data are presented as themeanG SD. *p < 0.05

(unpaired t-test). n = 3 experiments.
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Figure 6. NF-kB pathway inhibition 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 G 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.

(C) Immunofluorescence analysis of serum starved Neuro2A cells using an anti-RelA antibody. Curcumin suppressed the nuclear localization of RelA. Nuclei were

stained with DAPI.

(D) 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.

(E) 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 G SD. ***p < 0.001 ****p < 0.0001, n.s. not significant (two-way ANOVA followed by Tukey’s multiple

comparisons test). n = 3 experiments.

(F) 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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curcumin-treated mice, rod and S-cone outer segment lengths did not show a significant difference (Figures 8E and 8F). In contrast, the

decrease in theM-cone outer segment lengths of theOtud7b�/� retina was suppressed by BMS-345541 (Figure 8G). 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 S7A and S7B). In addition, the increased number of cleaved caspase 3-positive cells in theONLof the light-exposedOtud7b�/� retina

was reduced by BMS-345541 treatment (Figures 8H and 8I). Furthermore, we performed immunofluorescence analysis of RelA andmeasured

RelA signal intensity in the ONL of the retina from light-exposedOtud7b�/� mice treated with either DMSO or BMS-345541 (Figures 8J and

8K). The RelA signal intensity in the ONL decreased significantly in BMS-345541-treatedOtud7b�/� mice compared to that in DMSO-treated

Otud7b�/�mice (Figure 8K). These results further support the idea that Otud7b suppresses light-induced retinal damage by downregulating

NF-kB activation.
DISCUSSION

In this study, we found that Otud7b was highly expressed in retinal photoreceptor cells. We did not observe that ablation ofOtud7b affects

retinal photoreceptor development and function; however, cone photoreceptor damagewas enhanced in the retinas ofOtud7b�/�mice sub-

jected to stress conditions by exposure to intense light or mating with theMak�/� RP model mice. We also found thatOtud7b knockdown in

cultured neuronal cells subjected to serum starvation increased cell death. RNA-seq analysis and reporter gene assay showed that NF-kB is

activated byOtud7b deficiency. Inhibition of the NF-kB 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 photore-

ceptor cells from degeneration through the inhibition of the NF-kB 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, respectively.42 Given that light-induced damage, an AMD model,24,25 has been reported to significantly impact the dor-

sal/superior side of the retina compared to the ventral/inferior side,29,43 phenotypic differences between M-cone and S-cone outer segment

lengths in the light-exposedOtud7b�/� retina might be due to the locations of M-cone and S-cone photoreceptor cells in the retina. In addi-

tion, photopic ERG amplitudes indicated greater impairment in cone photoreceptor function in light-exposedOtud7b�/� mice than in light-

exposedOtud7b+/+ mice. In contrast to cone photoreceptor cells, the outer segments of rod photoreceptors in Otud7b+/+ andOtud7b�/�

mouse retinas exposed to intense light did not exhibit a significant difference. Furthermore, scotopic ERG amplitudes were almost un-

changed inOtud7b+/+ andOtud7b�/�mice subjected to light-damage experiments. Taken together, these results suggest thatOtud7b func-

tions 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 M.34 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 be-

tween 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 number.
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Figure 7. NF-kB 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 day for 7 days.

(B–D) Immunofluorescence analysis of retinal sections from curcumin-treatedOtud7b+/+ andOtud7b�/�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.

(E–G) Rod outer segment (E), S-cone outer segment (F), and M-cone outer segment (G) lengths measured in curcumin-treatedOtud7b+/+ andOtud7b�/� mice

after light exposure. The M-cone outer segments were longer in curcumin-treatedOtud7b�/� retina compared to DMSO-treatedOtud7b�/� retina. **p < 0.01,

****p < 0.0001, n.s. not significant (two-way ANOVA followed by Tukey’s multiple comparisons test), n = 4 per genotype.

(H) Immunofluorescence analysis of retinal sections from curcumin-treated Otud7b+/+ andOtud7b�/� mice after light exposure using an anti-cleaved caspase 3

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

(I) 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.

(J) 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.

(K) RelA intensity in the ONL of DMSO or curcumin-treatedOtud7b�/�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 G SD. *p < 0.05 (unpaired t-test). n = 4 experiments.

OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.

ll
OPEN ACCESS

iScience
Article
We found that RelA, a member of the NF-kB family of transcription factors, was activated in theOtud7b�/� mouse retina that underwent

light-induceddamage. The IPA networks also predicted the upregulation of RelB, another NF-kB family transcription factor, as a result of RelA

activation. For this reason, we focused on NF-kB for further experiments. In addition, we confirmed that NF-kB 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-kB reduced neuronal cell death and photoreceptor damage resulting from Otud7b deficiency. While previous studies

showed that several compounds suppressed the NF-kB pathway and ameliorated retinal damage,44–46 the causal relationship between

the suppression of the NF-kB pathway and the amelioration of retinal damage has not been investigated. Furthermore, it is not clear in which

retinal cell types inhibition of NF-kB 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-kB pathway in retinal photoreceptor cells. However, we cannot exclude the possibility that NF-kB

signaling pathway activation in other retinal cell types lackingOtud7b 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 ofOtud7b deficiency under stress conditions? The first 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 in-

crease in S-cone-like cells,47,48 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-kB compared with rod photoreceptor cells, result-

ing 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 genes.49 We found that rod-enriched genes were downregulated in the

Samd7�/� mouse retina, while cone-enriched genes were upregulated in the Samd7�/�mouse retina.49 Nfkb1, a gene that encodes the NF-

kB family transcription factor p105, was reported to be one of the cone-enriched genes that were upregulated in the Samd7�/� mouse

retina.49 In addition, another microarray analysis showed that Nfkb1 expression increased in the Nrl�/� mouse retina from P2 to 2M.50

Nfkb1 expression increase was corroborated by other studies that performed RNA-seq analysis on the Nrl�/� mouse retina.51,52 These pre-

vious studies suggest that the expression level ofNfkb1 in cone photoreceptor cells is higher than that in rod photoreceptor cells. When the

canonical NF-kB pathway is triggered, p105 undergoes partial degradation and generates p50, which forms dimers with the other NF-kB

family transcription factor, translocates to the nucleus, and transactivates NF-kB target genes.21 Taken together, we speculate that the en-

riched expression of Nfkb1 in cone photoreceptor cells results in increased NF-kB activity, leading to greater degeneration than that in rod

photoreceptor cells. A third possibility is that the additional deubiquitinase suppresses rod photoreceptor degeneration. Several compre-

hensive transcriptomic analyses have shown that the expression of Tnfaip3, also known asOtud7c, is reduced inNrl�/� retina,51–53 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-kB pathway by deubiquitinating RIP1 kinase or TRAF6.54,55 Thus, Tnfaip3 in addition to

Otud7b may suppress rod photoreceptor degeneration through the inhibition of the NF-kB pathway.

Otud7b was independently identified as a negative regulator of the noncanonical NF-kB pathway as it prevents the degradation of

TRAF356 and of the canonical NF-kB pathway through deubiquitination of RIP1 kinase or TRAF6.57–59 Under the steady-state, TRAF3 binds

to NF-kB-inducing kinase (NIK), resulting in the ubiquitination and degradation of NIK.19–21,56 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 a

(IKKa), leading to the ubiquitination and processing of p100.19–21,56 The inactive precursor protein p100 undergoes proteasome-mediated

processing to generate active protein p52, which binds to RelB and translocates to the nucleus.19–21 The deubiquitination of TRAF3 by

Otud7b inhibits NF-kB activation by preventing TRAF3 proteolysis and NIK accumulation.56 Alternatively, the canonical pathway relies on
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Figure 8. NF-kB 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.

(E–G) Rod outer segment (E), S-cone outer segment (F), and M-cone outer segment (G) 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.

(H) Immunofluorescence analysis of retinal sections from BMS-345541-treatedOtud7b+/+ andOtud7b�/� mice after light exposure using anti-cleaved caspase 3

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

(I) 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.

(J) Immunofluorescence analysis of retinal sections from DMSO or BMS-345541-treatedOtud7b�/�mice after light exposure using an anti-RelA antibody. Nuclei

were stained with DAPI.

(K) RelA intensity in the ONL of DMSO or BMS-345541-treatedOtud7b�/�mice after light exposure was measured. RelA intensity decreased in the BMS-345541-

treated Data are presented as the mean G SD. **p < 0.01 (unpaired t-test). n = 3 experiments.

OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.
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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).19–21,57–59 IKK activation triggers phosphorylation of IkBa, resulting in IkBa degradation. Then, the dimer

p50/RelA, which is bound to IkBa, is released for nuclear translocation.19–21,57–59 Otud7b inhibits the activation of NF-kB by deubiquitinating

RIP1 kinase and TRAF6.19–21,57–59 In addition, TRAF3 was reported to suppress the canonical NF-kB pathway in the Traf3-deficient mouse

thymus.60 Collectively, these previous reports support the idea that the loss of Otud7b can activate both canonical and noncanonical NF-

kB pathways in retinal photoreceptor cells.
Limitations of the study

We cannot exclude the possibility that Otud7b is involved in other signaling pathway(s). It was previously reported that Otud7b is a deubi-

quitinase that deubiquitinates and stabilizes Sox2 and promotes the maintenance of neural progenitor cells.61 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 retina.62–64 In addition, the fate determination of retinal progenitor cells depends on the levels

of Sox2.62 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 development.62 However, we did not observe any gross abnormalities inOtud7b�/�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 functionmay be compensated in vivo. Another pathway possibly affected byOtud7bdeficiency

in the retina may be the mTOR pathway. mTOR is the catalytic subunit of two complexes, mTORC1 and mTORC2.65 mTORC1 comprises

mTOR, a regulatory protein associated with mTOR (Raptor) and mammalian lethal with Sec13 protein 8 (mLST8, also referred to as GbL).65

In contrast, mTORC2 comprises mTOR, rapamycin insensitive companion of mTOR (Rictor), and GbL.65 Otud7b has been reported to pro-

mote mTORC2 signaling through the deubiquitination of GbL.66 The deletion of Otud7b in mouse embryonic fibroblasts elevates mTORC1

formation while reducing mTORC2 formation, resulting in impaired activation of mTORC2 signaling.66 Notably, loss of Raptor accelerates

cone death in a mouse model of RP; however, loss of Rictor does not affect cone death in that model.67 Taken together, GbL 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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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Rhodopsin Sigma Cat#O4886

Mouse monoclonal anti-Pax6 DSHB Cat# pax6, RRID:AB_528427

Mouse monoclonal anti-S100b Sigma Cat#S2532; RRID:AB_477499

Mouse monoclonal anti-Ctbp2 BD Biosciences Cat#612044; RRID:AB_399431

Rabbit polyclonal anti-M-opsin Millipore Cat#AB5405; RRID:AB_177456

Rabbit polyclonal anti-Pikachurin Sato et al.68 N/A

Rabbit polyclonal anti-Gnat2 Abcam Cat#AB97501

Rabbit polyclonal anti-Chx10 Koike et al.69 N/A

Rabbit polyclonal anti-Calbindin Calbiochem Cat#PC253L

Rabbit polyclonal anti-Otud7b Proteintech Cat#16605-1-AP; RRID:AB_2157149

Rabbit polyclonal anti-GFP MBL Cat#598; RRID:AB_591816

Rabbit anti-cleaved caspase 3 Cell Signaling Cat#9661; RRID:AB_2341188

Goat anti-S-opsin Santa Cruz Cat#sc-14363; RRID:AB_2158332

Goat anti-S-opsin ROCKLAND Cat#600-101-MP7S

Guinea pig polyclonal anti-Rbpms Millipore Cat#ABN1376; RRID:AB_2687403

Rhodamine-labeled peanut agglutinin (PNA) Vector Laboratories Cat#RL-1072; RRID:AB_2336642

Mouse monoclonal anti-GFAP Sigma Cat#G3893-.2ML

Rabbit polyclonal anti-IbaI WAKO Cat#019–19741; RRID:AB_839504

Rabbit polyclonal anti-p65 Abcam Cat#ab16502; RRID:AB_443394

Mouse monoclonal anti-a-Tubulin Sigma Cat#T9026; RRID:AB_477593

mouse monoclonal anti-FLAG M2 Sigma Cat#F1804; RRID:AB_262044

Alexa Fluor 488 anti-mouse IgG Invitrogen Cat#A21202; RRID:AB_141607

Alexa Fluor 488 anti-rabbit IgG Invitrogen Cat#A21206; RRID:AB_141708

Cy3 anti-mouse IgG Jackson Laboratory Cat#715-165-150; RRID:AB_2340813

Cy3 anti-rabbit IgG Jackson Laboratory Cat#711-165-152; RRID:AB_2307443

Cy3 anti-goat IgG Jackson Laboratory Cat#705-165-147; RRID:AB_2307351

Cy3 anti-guinea pig IgG Jackson Laboratory Cat#706-165-148; RRID:AB_2340460

Horseradish peroxidase-conjugated anti-mouse IgG Zymed Cat#81-6520

Horseradish peroxidase-conjugated anti-rabbit IgG Jackson Laboratory Cat#111-035-144; RRID:AB_2307391

Horseradish peroxidase-conjugated anti-rat IgG Jackson Laboratory Cat#112-035-062; RRID:AB_2338133

Chemicals, peptides, and recombinant proteins

Curcumin Sigma Cat#C7727

BMS-345541 Sigma-Aldrich Cat#B9935-5MG

DAPI (0.1 mg/ml) Nacalai Tesque Cat#11034-56

Critical commercial assays

Invitrogen� ReadyProbes� Cell Viability Imaging Kit Invitrogen Cat#R37610

Nano-Glo Dual-Luciferase Reporter Assay System Promega Cat#N1610

Deposited data

RNA sequence This paper GEO: GSE239573

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

HEK293T cell RIKEN RCB Cat#RCB1637

Neuro2A cell JCRB Cell Bank Cat#IFO50081

Experimental models: Organisms/strains

Otud7b�/� mice This paper N/A

Mak�/� mice Shinkai et al.70 N/A

Oligonucleotides

Otud7b-shRNA1: 50-GTGCTGAGGAAAGCGCTGTAT-30 This paper N/A

shRNA-control: 50-GACGTCTAACGGATTCGAGCT-30 Itoh et al.71 N/A

siGENOME non-targeting siRNA pool #2:

UAAGGCUAUGAAGAGAUAC,

AUGUAUUGGCCUGUAUUAG,

AUGAACGUAGAAUUGCUCAA, and

UGGUUUACAUGUCGACUAA

Dharmacon Cat# D-001206-14-05

siGENOME_mouse_Otud7b:

GCCGGUAUAUGAAAGCCUA

Dharmacon Cat# D-050018-03

siGENOME_mouse_Otud7b:

GCAAUGGCGGGAGCAAGUA

Dharmacon Cat# D-050018-04

minimal promoter: 50-AGACACTAGAGGG

TATATAATGGAAGCTCGACTTCCAG-30
This paper N/A

5x NF-kB response element: 50-GGGAATT

TCCGGGGACTTTCCGGGAATTTCCGGG

GACTTTCCGGGAATTTCC-30

This paper N/A

See Table S1 for CRISPR, genotyping,

RT-PCR, construct

This paper N/A

Recombinant DNA

pCAGGSII-N-3x-FLAG mouse Otud7b This paper N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism GraphPad Software https://www.graphpad.com

ZEN (Black Edition) Image Carl Zeiss https://www.zeiss.com/microscopy/en/home.html;

RRID: SCR_018163

Zen (Blue Edition) Image Acquisition Carl Zeiss https://www.zeiss.com/microscopy/en/home.html;

RRID: SCR_013672
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Takahisa Furukawa.

E-mail: takahisa.furukawa@protein.osaka-u.ac.jp.

Materials availability

Plasmids and cell lines generated in this study are available upon request.

Data and code availability

� RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed in the

key resources table.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

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 Com-

mittees 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 h light/dark cycle. Fresh water and rodent diet were avail-

able at all times. All animal experiments were performed with mice of either sex at 1 M, 2 M, or 6 M.
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 mg/mL) and streptomycin (100 mg/mL) at 37�C with 5% CO2.
METHOD DETAILS

Generation of Otud7b�/� mice

Otud7b�/�mice were generated using the CRISPR/Cas9 system. Two gRNAs were designed within exon 2 of theOtud7b gene using CRISPR

Design (http://crispr.mit.edu/). Oligo DNAs for the gRNA sequence were cloned into the pX330 vector.72 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�/� mice70 to generate Otud7b�/�;
Mak�/� mice. The primer sequences for the gRNA expression plasmid and genotyping are listed in Table S1.
Plasmid construction

Plasmids expressing enhanced green fluorescent protein (EGFP) have been previously constructed.34,73 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 vector.74 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, 50-GTGCTGAGGAAAGCGCTGTAT-30 and shRNA-control, 50-GACGTCTAACGGATTC

GAGCT-30.71 Primer sequences used for amplification are listed in Table S1.
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.
Cell culture and transfection

Transfectionwas performedusing the calciumphosphatemethod for HEK293T cells. Neuro2A cell transfectionwas performedusing Lipofect-

amine 3000 (Thermo Fisher Scientific) for shRNA and Lipofectamine RNAiMAX (Life Technologies) for siRNA. To induce cellular stress in trans-

fected 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-

freemedium. To examine the effects of curcumin andBMS-345541 on cellular stress, Neuro2A cells were incubatedwith serum-supplemented

medium containing 5 mM curcumin or 2 mM BMS-345541 for 4 h before and 24 h after transfection and further incubated with serum-free me-

dium containing 5 mM curcumin or 2 mM 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 se-

quences: nontargeting control #2, catalog no. D-001206-14-05, target sequences: UAAGGCUAUGAAGAGAUAC, AUGUAUUGG

CCUGUAUUAG, 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 previously.75,76 Total RNA was extracted from tissues dissected from ICR mice at 4 weeks using TRIzol

(Ambion). Total RNA (2 mg) was reverse-transcribed into cDNA with random hexamers using PrimescriptII (TaKaRa). Human cDNA was pur-

chased from Clontech (Mountain View, CA, USA). The cDNA was used for PCR with rTaq polymerase (TaKaRa).
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Immunofluorescence analysis of retinal sections and cells

Immunofluorescence analysis of retinal sections was performed as described previously.77 Mouse eyes and eyecups were fixed in 4% para-

formaldehyde (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-mm sections placed on slides were dried overnight at room temperature.

Tissue sections from eyecups werewashed three timeswith PBS. Eye cryosections were fixed inmethanol for 5min 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 tem-

perature and immunostainedwith primary antibodies in blocking buffer overnight at 4�C. After washingwith 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 5min at room temperature, and incubatedwith blocking buffer for 1 h at room temperature. Cells were immunostainedwith

primary antibodies in blocking buffer overnight at 4�C, washed with PBS, and incubated with fluorescent dye-conjugated secondary anti-

bodies 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-S100b (1:200, Sigma, S-2532), mouse anti-Ctbp2 (1:500, BD Biosciences, 612044), rabbit anti-M-opsin (1:500, Millipore, AB5405),

rabbit anti-Pikachurin (1:300),68 rabbit anti-Gnat2 (1:500, Abcam, ab97501), rabbit anti-Chx10 (1:200),69 rabbit anti-Calbindin (1:200, Calbio-

chem, 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) andAlexa 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 previously.26 Animals weremaintained 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-anesthetizedmice were exposed to�9,000 lux LED light for 3 h in amirrored box with clear partitions to separate themice while allowing

for light reflection. The ambient temperature was maintained at 25G 1.5�C during the light exposure. The mice were returned to their cages

after light exposure and 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 performedonday 7.Otud7b+/�micewere backcrossedwith 129S6/SvEvTacmice to generate

Otud7b+/+ and Otud7b�/� mice homozygous for the variant encoding Leu450 in the Rpe65 gene, which was used for the experiment.78

Otud7b+/+ and Otud7b�/� mice treated with curcumin were also subjected to the experiment.
ERG recordings

Electroretinograms (ERGs) were recorded as described previously.79 Themicewere adapted to the dark overnight. Ketamine (100mg/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 Corpo-

ration). Scotopic ERGswere recorded at four stimulus intensities ranging from�4.0 to 1.0 log cd s/m2. Themice were light-adapted for 10min

before photopic ERGs were recorded on a rod-suppressing white background of 1.3 log cd s/m2. Photopic ERGs were recorded at four stim-

ulus 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 described.80 Neuro2A cells were washed with PBS twice and lysed in a lysis buffer supple-

mented 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, 2 mg/mL leu-

peptin, 5 mg/mL aprotinin, and 3 mg/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 mg/mL leupeptin, 5 mg/mL aprotinin, and 3 mg/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 10min each and then incubatedwith secondary antibodies for 2–5 h at room temperature. Signals were detected using a Chemi-LumiOne

L (Nacalai) or PierceWestern Blotting Substrate Plus (Thermo Fisher Scientific). The following primary antibodies were used:mouse anti-FLAG

M2 (1:5,000, Sigma, F1804), mouse anti-a-tubulin (Cell Signaling Technology, DM1A, 1:5,000, T9026), rabbit anti-GFP (1:2,500, MBL, 598), rab-

bit anti-cleaved caspase 3 (1:100, Cell Signaling, 9661), and rabbit anti-Otud7b (1:500, Proteintech, 16605-1-AP). The following secondary an-

tibodies were used: horseradish peroxidase-conjugated anti-mouse IgG (1:10,000; Zymed) and anti-rabbit IgG (1:10,000; Jackson Laboratory).
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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 sam-

ple under a laser confocal microscope (LSM700 or LSM900; Carl Zeiss).
RNA-seq and data analysis

RNA-seq analysis was performed as previously described81 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 Illu-

mina 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 usingCuffdiff 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 manufac-

turer’s protocol. To generate the reporter construct, a minimal promoter (50-AGACACTAGAGGGTATATAATGGAAGCTCGACTTCCAG-

30) and 5x NF-kB response element (50-GGGAATTTCCGGGGACTTTCCGGGAATTTCCGGGGACTTTCCGGGAATTTCC-30) 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-transfected to measure transfection effi-

ciency. 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).
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed usingGraphPad Prism version 9 (GraphPad Software). Data are represented as themeanG 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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