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PURPOSE. To investigate the functional role of immunoproteasome subunit β5i in patho-
logic retinal neovascularization (RNV) and its ability to link the immunoproteasome and
autophagy.

METHODS. Oxygen-induced retinopathy (OIR) was induced in wild-type (WT) and β5i
knockout (KO) mouse pups on a C57BL/6J background. Proteasome catalytic subunit
expression and proteasome activity were evaluated by quantitative real-time PCR (qPCR)
and proteasome activity. Retinal vascular anatomy and neovascularization were charac-
terized and quantified by retinal vascular flat-mount staining, fluorescence angiography,
platelet endothelial cell adhesion molecule (PECAM) immunostaining, and hematoxylin
and eosin staining. Correlation factors, including VEGF and ICAM-1, were detected by
qPCR. Autophagy was examined by transmission electron microscopy (TEM). Autophagy
biomarkers, including LC3, P62, ATG5, and ATG7, were measured by immunostaining
and immunoblotting. The protein interaction between β5i and ATG5 was detected by
immunoprecipitation.

RESULTS. We observed that β5i had the greatest effect in WT OIR mice. Fundus fluores-
cence angiography, retinal flat-mount staining, and PECAM staining revealed that patho-
logic RNV decreased in β5i KO OIR mice compared with WT OIR mice. Concurrently,
TEM, immunostaining, and immunoblotting showed that autophagy was induced in β5i
KO OIR mice compared to WT OIR mice through increases in autophagosome and
LC3 expression and a decrease in P62. Mechanistically, β5i interacted with ATG5 and
promoted its degradation, leading to autophagy inhibition and pathogenic RNV.

CONCLUSIONS. This study identifies a functional role for β5i in RNV regulation. β5i deletion
ameliorates RNV and restores autophagy by stabilizing ATG5. These results demonstrate
the potential of β5i to serve as a bridge linking the immunoproteasome and autophagy.
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Retinal neovascularization (RNV) is a common patholog-
ical change that occurs in multiple ophthalmic diseases,

including proliferative diabetic retinopathy,1 retinal vein
occlusion,2 and retinopathy of prematurity.3 The hallmarks
of RNV are aberrant new vessel growth. Rapidly growing
vessels have common structural abnormalities that cause
these fragile immature vasculatures to hemorrhage easily.4

Moreover, severe RNV drives proliferative membrane forma-
tion and ultimately retinal detachment, which is a major
cause of vision loss.5 Multiple biological processes, such as
the unfolded protein response, oxidative stress, inflamma-
tion, autophagy, and pyroptosis, have been demonstrated to
play a role in the pathological conditions of RNV.6–8 These
interrelated phenomena all modulate the pathological RNV
process; however, there is limited evidence of their relation-
ships in RNV.

To maintain cellular homeostasis, organisms have evolved
several protein degradation systems to digest unfolded
or unnecessary proteins. The ubiquitin–proteasome system
(UPS) and autophagy are two major pathways for protein
digestion.9 The standard proteasome is comprised of three
β catalytic subunits—namely, β1 (PSMB6), β2 (PSMB7),
and β5 (PSMB5)—which have caspase-like, trypsin-like,
and chymotrypsin-like activity, respectively.10 When acti-
vated by cytokines, these subunits are replaced by inducible
subunits, β1i (PSMB9), β2i (PSMB10), and β5i (PSMB8), to
form the immunoproteasome.11 The immunoproteasome has
been reported to be involved in retinal injury, glaucoma,
and hypertensive retinopathy.12–15 Autophagy functions by
removing long-lived and aggregated proteins and digesting
damaged organelles.16 It has long been reported that the UPS
and autophagy show different regulatory patterns,14,17 but
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recent studies have suggested that they complement each
other.9,18 Novel therapeutic strategies based on the relation-
ship between these systems still must be investigated. In
addition, we previously found that β5i is expressed in the
ganglion cell layer (GCL), inner plexiform layer (IPL), inner
nuclear layer (INL), outer plexiform layer (OPL), and reti-
nal pigment epithelium (RPE) in the retina and that deletion
of β5i reduces hypertensive retinopathy.15 We also found
that autophagy is attenuated in pathologic RNV in oxygen-
induced retinopathy (OIR) mice.6 However, the role of β5i in
pathologic RNV and whether it modulates autophagy remain
largely unknown.

In the present study, by using an OIR model and β5i
knockout (KO) mice, we found that β5i functions as a posi-
tive regulator by directly targeting ATG5 degradation. This
study shows, for the first time to the best of our knowledge,
that β5i has a novel role as a proangiogenic factor in patho-
logic RNV, which strongly indicates a compensatory effect
between the UPS and autophagy in this condition.

MATERIALS AND METHODS

Animal Experiments

Wild-type (WT) mice and β5i KO mice (β5i KO, STOCK
Psmb8tm1Hjf/J, C57BL/6J) were purchased from The Jack-
son Laboratory (Bar Harbor, ME, USA). The DNA of
mice was isolated from the tails or fingernails and
subjected to PCR analyses for genotyping. β5i KO
mice were identified by PCR analysis using forward
(5′-CCGACGGCGAGGATCTCGTCGTGA-3′) and reverse (5′-
CTTGTACAGCAGGTCACTGACATCG-3′) primers. β5i KO
mice were bred by heterozygous × heterozygous. WT and
β5i KO mice were littermates with the same background in
this study.12,15 At least three litters were involved in each
part of the experiments.

OIR was induced in young postnatal mice as previously
described.19 In brief, the OIR group mice and their nursing
mothers were exposed to 75% ± 5% oxygen from postna-
tal day 7 (P7) to P12. Oxygen levels were checked using
a CY-12C portable oxygen measuring instrument (AIPU
Instrument, Ltd., Hangzhou, China). On P12, the mice were
subsequently returned to standard housing conditions (21%
oxygen) for an additional 5 days. The mice in the room air
(RA) group were maintained in normal RA from birth until
P17. The incubator temperature was maintained at 21°C ±
2°C with 45% to 60% humidity on a 12/12-hour day/night
cycle, and food and water were available ad libitum. After we
photographed the fundus at P17, we anesthetized all mice
by intraperitoneal (IP) injection of an overdose of pentobar-
bital (100 mg/kg; Sigma-Aldrich, St. Louis, MO, USA). The
eyes were prepared for further histological and molecular
analyses. All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee of Dalian Medical
University and conformed to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research and the
Guide for the Care and Use of Laboratory Animals adopted
by the National Institutes of Health (No. 85–23).20

Histopathological Analysis

Eyes from P17 mice were quickly removed and fixed in
4% paraformaldehyde for 24 hours. After paraffin embed-
ding, the blocks were sectioned at 5 μm. Selected sections
were stained with hematoxylin and eosin (H&E) according

to a standard procedure. Briefly, after they were deparaf-
finized and rehydrated, sections were stained in hematoxylin
for 3 minutes and differentiated in 1% acid alcohol for
30 seconds. Sections were then counterstained in eosin for
30 seconds. The nuclei of new vessels extending from the
retina to the vitreous were counted. Digital images of more
than 10 random fields from each retinal sample were taken at
400× magnification using an Olympus fluorescence micro-
scope (Olympus Corporation, Tokyo, Japan).

Immunostaining

Immunostaining was done as reported before.6,15 Briefly,
5-μm-thick retina frozen sections from P17 mice were
used. The eye sections were permeabilized with 0.3%
Triton X-100/PBS for 30 minutes at room temperature (RT),
blocked with 3% BSA/PBS, and then incubated at 4°C
overnight with anti-β5i (ab3329, 1:100; Abcam, Cambridge,
UK), anti-microtubule-associated protein 1 light chain 3α
(LC3, ab48394, 1:500; Abcam), and anti-platelet endothelial
cell adhesion molecule (PECAM) antibodies (ab24590, 1:20;
Abcam) followed by Alexa Fluor 594 (ab150116) and Alexa
Fluor 488 (ab150077) (1:1000; Abcam) conjugated secondary
antibodies (for PECAM and for β5i and LC3, respectively) at a
1:200 dilution for 1 hour and 4′,6-diamidino-2-phenylindole
(DAPI, 1:10,000; Sigma-Aldrich) for 5 minutes. Four non-
overlapping fields of each section were taken at 200×
magnification after background correction and analyzed by
ImageJ software (National Institutes of Health, Bethesda,
MD, USA).21 Fluorescein intensity was calculated by multi-
plying the positive stained area by intensity (mean) in the
same area of the retina. Relative intensity was normalized to
WT normoxia control mice.

Fundus Fluorescein Angiography

P17 mice were lightly anesthetized by IP injection of 2.5%
tribromoethanol (0.020 mL/g; Sigma-Aldrich). Before the
procedure, the eyes were dilated with one drop of tropi-
camide solution (Alcon, Fort Worth, TX, USA) and lubri-
cated with hypromellose ophthalmic demulcent solution
(Gonak; Akorn Pharmaceuticals, Lake Forest, IL, USA). We
then placed the mice on a custom heated stage for imag-
ing. Fundus fluorescein angiography (FFA) was performed
immediately after fluorescein sodium (13 mL/kg in saline;
Alcon) injection via the tail vein. Images were captured every
30 seconds for 5 minutes using a retinal imaging system
(OPTO-RIS; Optoprobe Science, Burnaby, BC, Canada). Fluo-
rescence intensity was calculated by multiplying the mean
retinal vessel intensity by vessel area.15,22 Retinal vein width
for each mouse was measured by selecting two points hori-
zontally at the edge of the vein.23 Retinal arterial tortuos-
ity was calculated as the ratio of actual vessel length to the
straight linear length from the optic disc to the edge of FFA
images.23,24 Average retinal vein width and artery tortuos-
ity were used to represent each mouse. All parameters were
measured using ImageJ software.25 All of the captures were
normalized to the WT in RA group.

Retinal Flat-Mount Staining

For retinal flat-mount staining, eyes from P12 and P17
mice were fixed in 4% PFA for 1 hour, and retinas were
then dissected out. After permeabilization with 0.5% Triton
X-100/PBS for 1 hour at RT, retinas were incubated with
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Isolectin GS-IB4 (20 μg/mL; Invitrogen, Carlsbad, CA, USA)
for 2 hours at RT. After being washed in PBS, retinas were
flat-mounted with 60% glycerol in PBS. Images were taken
with a laser scanning confocal microscope (DMI6000B with
TCS SP8 system; Leica, Wetzlar, Germany) at 10× magnifica-
tion. The relative neovascular area and avascular area were
analyzed with ImageJ software. The Freehand tool was used
to select the edge of the retina and vaso-obliteration area. For
the neovascular area, captures were inverted and shifted to
8-bit, and the threshold was set at 225. The ratios calculated
were vaso-obliteration area to retina area and neovascular
area to retina area.

Quantitative Real-Time PCR Analysis

Complementary DNA was generated from 1 μg of total RNA
extracted from each sample at P17 according to standard
methods (Promega Corporation, Madison, WI, USA). Quan-
titative real-time PCR (qPCR) was performed with the 7500
Fast Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA) at 95°C for 15 seconds, 60°C for 30 seconds, and
72°C for 30 seconds for 40 cycles and then quantified by
the 2−��CT method.26 The levels of all detected mRNAs were
normalized to the level of glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH).

Western Blot Analysis

Retinas from P17 mice were lysed with lysis buffer and
then homogenized. Equal amounts of protein (30 μg)
were loaded and separated on sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) gels, trans-
ferred to polyvinylidene difluoride membranes, incubated
with different primary antibodies, and then incubated with
secondary antibody (ab7090, 1:2000; Abcam). All blots
were generated by a FluorChem M system (ProteinSim-
ple, San Jose, CA, USA) and analyzed by a Gel-Pro 4.5
Analyzer (Media Cybernetics, Rockville, MD, USA). The rela-
tive intensities were normalized to the intensity of GAPDH
in each sample. The primary antibodies were as follows:
β5i (ab3329, 1:1000; Abcam); vascular endothelial growth
factor (VEGF, ab214424, 1:1000; Abcam); and ATG5 (12994),
ATG7 (8558), LC3 (ab48394, 1:1000; Abcam), P62 (23214),
protein kinase B (AKT, 9272), p-AKT (9271), p-ERK1/2
(9101), ERK1/2 (9102), and GAPDH (2118, 1:800; Cell Signal-
ing Technology, Danvers, MA, USA).

Transmission Electron Microscope

Transmission electron microscopy (TEM) was conducted as
before.6 Eyes from P17 mice were fixed in 2.5% glutaralde-
hyde at 4°C overnight, incubated in 1% osmium tetroxide,
dehydrated in ethanol, and embedded in gradient epoxy
resin. Ultrathin sections were sliced with an MT 5000 Sorvall
ultramicrotome (DuPont, Wilmington, DE, USA) and stained
with 3% uranyl acetate and 3% lead citrate for 15 minutes at
RT. Sections were imaged with a TEM system.

Proteasome Activity Measurement

To measure proteasome activity, retinal proteins from P17
mice were extracted in HEPES buffer (50 mM, pH 7.5; in 20-
mM KCl, 5-mM MgCl2, and 1-mM dithiothreitol). A total of
20 μg of protein was added to HEPES buffer contain-
ing different fluorogenic substrates, including Z-LLE-AMC

(5 mmol/L), Ac-RLRAMC (40 mmol/L), and Suc-LLVY-AMC
(8 mmol/L; all from Promega) for 1 hour at 37°C to detect
caspase-like, trypsin-like, and chymotrypsin-like activity,
respectively. We measured the fluorescence intensity at an
excitation wavelength of 380 nm and an emission wave-
length of 460 nm.

Immunoprecipitation

Retinas from P17 mice were lysed and homogenized in lysis
buffer. Samples were then centrifuged at 12,000 rpm at 4°C
for 20 minutes to obtain total protein. After quantification,
2 μg of primary antibody and Protein A-Sepharose were
mixed with the protein samples, and they were shaken for
24 hours at 4°C. After washing in buffers I and II, the
proteins were eluted in sample buffer. The precipitated
proteins were then subjected to immunoblotting for ATG5
and β5i.

Statistical Analysis

At least three separate litters were included in each part of
the present study. All results are presented as the mean ±
SEM. Results were normalized to WT mice in the RA group.
Data were processed using the t-test in two independent
groups, and one-way ANOVA was used for more than two
groups by using SPSS Statistics (IBM, Armonk, NY, USA).
P < 0.05 was considered statistically significant.

RESULTS

β5i Expression Is Upregulated in the Retinas of
OIR Mice

To evaluate the immunoproteasome during pathologic RNV,
we developed an OIR model and analyzed the proteasome
subunits by qPCR in P17 mice. Among these subunits,
β5i was the most upregulated at the mRNA level in WT
OIR mice (Fig. 1A), and this was further confirmed by
increased chymotrypsin-like activity (Fig. 1B). qPCR analysis
also revealed that β2i mRNA expression was mildly upreg-
ulated in WT OIR mice, as confirmed by trypsin-like activ-
ity (Figs. 1A, 1B). These results were consistent with our
previous findings in hypertensive retinopathy.15 To further
investigate the protein expression of β5i, we performed
immunoblotting for β5i in the retinas of WT OIR mice at P17,
and the results showed a corresponding change in the β5i
protein expression level compared with that in the control
mice (Fig. 1D). In addition, immunofluorescence showed
that β5i was obviously increased in the GCL, IPL, INL, OPL,
and RPE of OIR mouse retinas compared with control mouse
retinas (Fig. 1C), which was also consistent with a previous
study.15 Taken together, our data reveal that β5i is a potential
proangiogenic factor in the pathologic process of RNV.

β5i Deficiency Decreases Pathologic Retinal
Neovascularization in OIR Mice

To document the contribution of β5i to pathologic RNV,
we generated β5i deletion mice. We then induced OIR in
both WT and β5i KO mice. To confirm that β5i was deleted,
we examined β5i expression in the retinas of the WT mice
and β5i KO mice. Immunoblotting analysis revealed that β5i
was successfully deleted (Supplementary Fig. S1). To deter-
mine if β5i deletion affects retinal morphology, H&E staining
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FIGURE 1. β5i expression is upregulated in OIR mice. (A) WT mice were placed in an oxygen chamber (75% ± 5% O2) for 5 days beginning
on P7 and then exposed to room air for another 5 days. qPCR was used to analyze the expression of the proteasome catalytic subunits β1,
β2, β5, β1i, β2i, and β5i in retinas at P17 (n = 6 per group). (B) Proteasome activities (caspase-like, trypsin-like, and chymotrypsin-like)
were measured in retinas at P17 (n = 6 per group). (C) Representative immunostaining for β5i in retinal sections from P17 mice (left) and
quantification of the fluorescence intensity (right) (n = 6 per group). (D) Western blot analysis of β5i in retinas from P17 mice (upper) and
quantification of the protein levels (lower) (n = 6 per group). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01 versus WT normoxia
controls. Scale bars: 50 μm.

was performed. No obvious change in retinas was observed
between WT and β5i KO mice in the RA group. Endothelial
cell outgrowth into the vitreous was significantly decreased
in β5i KO OIR mice compared with WT OIR mice (Supple-
mentary Fig. S2). To determine the in vivo retinal vascu-
lar response, we used FFA and retinal flat-mount staining
techniques. FFA showed that β5i deletion attenuated reti-
nal vascular intensity, retinal vein width, and retinal artery
tortuosity in mice that underwent hyperoxia–hypoxia condi-
tions compared with WT mice at P17 (Fig. 2A). Meanwhile,
the neovascular area and avascular area were dramatically
reduced in β5i KO OIR mice compared to WT OIR mice
at P17 as determined by retinal flat-mount staining (Fig.
2B). Moreover, retinal avascular area was also decreased
in β5i KO OIR mice compared with WT OIR mice at P12
(vaso-obliteration phase), which indicated that β5i deletion
resulted in less vaso-obliteration, leading to less neovas-
cularization. In addition, we observed no obvious change
between WT and β5i KO mice housed under normal condi-
tions.

To further investigate the contribution of β5i to patho-
logic RNV, we evaluated immunostaining for PECAM (CD31),
an endothelial cell marker,27,28 which indicated that β5i defi-
ciency decreased retinal endothelial density in the patho-
logic process of RNV compared to WT OIR mice (Fig. 3A).
Moreover, qPCR revealed that VEGF and ICAM-1 were upreg-

ulated in WT OIR mice compared to normal WT mice
but obviously attenuated when β5i was deficient (Fig. 3B).
We observed no significant differences in these parameters
between the two groups when they were housed under stan-
dard conditions. Taken together, these findings indicate that
ablation of β5i ameliorates pathologic RNV formation.

β5i Deletion Restores Autophagy in the Retinas of
OIR Mice

An increasing number of studies have indicated that the
proteasome is associated with autophagy.9 Thus, TEM,
immunostaining, and immunoblotting techniques were used
to measure autophagy in retinas of WT OIR mice and
β5i KO OIR mice at P17. Our previous study demon-
strated that autophagy is attenuated in WT OIR mice.6 The
same results were found in the present study, confirm-
ing this phenomenon; the number of autophagosomes was
decreased in the retinas of WT OIR mice compared to those
of control mice. TEM also revealed that autophagy was
restored in β5i KO OIR mice compared to WT OIR mice,
as evidenced by an increase in the number of autophago-
somes (Fig. 4A). Concurrently, retinal immunostaining of
LC3, a marker of autophagy, was clearly decreased in WT
OIR mice compared to WT mice but restored in β5i KO
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FIGURE 2. Genetic knockout of β5 reduces RNV. (A) WT and β5i KO mice were placed in an oxygen chamber (75 ± 5% O2) for 5 days
beginning on P7 and then exposed to room air for another 5 days. Representative image of FFA from P17 mice (left) and quantification of
the relative fluorescence intensity (right) (n = 7 per group), relative retinal artery tortuosity (n = 7 per group), and relative retinal vein
width (n = 7 per group). (B) Representative images of retinal flat-mounting staining with GSI-B4 (left) at P12 and P17; quantification of the
neovascularization area and central avascular area at P17 (right) (n = 7 per group), as well as relative retinal central avascular area at P12
(right) (n = 6 per group). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT normoxia controls. Scale bars:
250 μm or 1 mm.

OIR mice at P17 (Fig. 4B), suggesting that autophagy was
recovered when β5i was deficient. Similarly, the LC3II/I ratio
was increased at the protein level, and the expression of the
autophagic substrate p62 was decreased in β5i KO OIR mice
compared with WT OIR mice (Fig. 5). However, there was
no obvious change in autophagy between WT and β5i KO
mice housed under normal conditions. These results demon-
strate that ablation of β5i functionally changes the status of
autophagy in the retinas of OIR mice.

ATG5 Is Targeted by β5i in the Retinas of the OIR
Model

To clarify the relationship between β5i and autophagy in
the retinas of OIR mice, we immunoblotted retinal tissues
from WT, β5i KO, WT OIR, and β5i KO OIR mice at
P17. We analyzed the expression of autophagy-associated
proteins, including ATG5 and ATG7, which are considered
to play central roles in autophagy initiation. Immunoblot-
ting analysis showed that ATG5 was upregulated in β5i KO
mice compared with WT mice after exposure to hyperoxia.
However, there was no significant change in ATG7 expres-
sion, which may indicate that the change in autophagy was
enhanced by ATG5 (Fig. 5A). Interestingly, β5i was clearly

upregulated in WT OIR mice compared to WT mice, but
ATG5 was downregulated. This phenomenon, however, was
completely reversed by β5i deletion, which suggested that
the digestion of ATG5 by β5i might be prevented, thus
restoring autophagy. To further elucidate the underlying
mechanisms of the relationship between ATG5 and β5i, we
examined their protein–protein interactions by immunopre-
cipitation. Notably, our results showed that the β5i protein
was efficiently precipitated by an antibody against ATG5
in the retina but not by a nonspecific immunoglobulin G
(IgG) control (Fig. 5B). Thus, our results show that β5i
directly interacts with ATG5, a finding that is also consistent
with our previous results in cardiac hypertrophy.12 In addi-
tion, we found that AKT and ERK1/2 were phosphorylated
in WT OIR mice and that this phosphorylation was obvi-
ously attenuated in β5i KO OIR mice. VEGF was also signif-
icantly downregulated in β5i KO OIR mice compared with
WT OIR mice (Fig. 5A), which means that pathological RNV
is improved through autophagy activation followed by the
AKT and ERK1/2 signaling pathways in β5i-deficient mice.
Overall, these data demonstrate that β5i functionally links
the immunoproteasome and autophagy by directly interact-
ing with ATG5 and then modulates the pathologic process
of RNV through the AKT and ERK1/2 signaling pathways
(Fig. 5C).
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FIGURE 3. Genetic ablation of β5 reduces retinal endothelial related factors. (A) Immunostaining for PECAM, an endothelial marker, in
retinal sections (left) from P17 mice and quantification of the relative fluorescence intensity (right) (n = 6 per group). (B) qPCR analysis of
VEGF and ICAM-1 mRNA expression in retinas from P17 mice (n = 7 per group). All data are presented as mean ± SEM. *P < 0.05 versus
WT normoxia controls. Scale bar: 50 μm.

DISCUSSION

Emerging evidence has indicated that the protein degrada-
tion system plays a role in modulating neovascularization.29

In the present study, we addressed the specific role of β5i,
an immunosubunit of the immunoproteasome, in pathologic
RNV in a mouse model of OIR using β5i KO mice. Deletion
of β5i significantly attenuated pathologic RNV, suggesting
that β5i acts as a proangiogenic immunosubunit. We also
found that β5i regulated autophagy by targeting ATG5, a
central regulator of autophagy. These findings strongly indi-
cate that β5i is a potential therapeutic target for RNV and acts
as a bridge linking the immunoproteasome and autophagy
in retinas with pathologic neovascularization.

It has been suggested that the UPS participates in almost
all biological processes in eukaryotic cells.11 In the ocular
disease field, the UPS has been proposed to play a role
in age-related macular degeneration,30 diabetic retinopa-
thy,31,32 and retinitis pigmentosa.33 As one of the major
components of the UPS, the immunoproteasome plays a key
role in antigen presentation, differentiation promotion, and
immune cell regulation.11 In addition, the immunoprotea-
some has been shown to be involved in ocular diseases,
including hypertensive retinopathy and glaucoma.14,15,22

Furthermore, an increasing number of studies has shown
that β1i, β2i, and β5i are expressed in human, mouse, and

rat retinas, including the GCL, IPL, and OPL.34 β1i and
β5i are increased in retinal injury35; however, limited stud-
ies have explored their functions in the pathologic process
of RNV. Thus, we ran an OIR model that mimics in vivo
pathologic RNV conditions. Our results definitively showed
that β5i was the most upregulated immunosubunit and that
chymotrypsin-like activity was also significantly induced,
which indicated that, among immunoproteasome subunits,
β5i was the greatest contributor to pathologic RNV forma-
tion. Based on this finding, we focused on exploring the
role of β5i in pathologic RNV generation. Upregulation
of β5i was further confirmed by immunofluorescence and
immunoblotting in WT OIR mice. These results seem reason-
able given that β5i might be involved in pathologic RNV.

Our approach to identifying the role of β5i was to utilize
β5i KO mice. H&E staining confirmed that β5i deletion did
not affect retinal histological features or structure. Notably,
β5i deficiency reduced new retinal vessel generation, retinal
avascular area, retinal vein width, and retinal artery tortu-
osity, in addition to downregulating neovascular-associated
factors. Notably, β5i deletion resulted in less retinal central
avascular area at P12, indicating that β5i deficiency inhib-
ited the vaso-obliteration phase, resulting in less pathologic
retinal neovascularization. Together, these findings indicate
that β5i might be a potential therapeutic target for patho-
logic RNV.
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FIGURE 4. Autophagy is restored in the absence of β5i. (A) WT and β5i KO mice were placed in an oxygen chamber (75 ± 5% O2) for
5 days beginning on P7 and then exposed to room air for another 5 days. Representative TEM images of the retina from P17 mice (left)
(red arrows indicate autophagosomes) and quantification of the number of autophagosomes per 50-μm2 field (right) (n = 7 per group).
(B) Representative images of LC3 immunostaining in retinal sections from P17 mice (green indicates LC3 and blue indicates DAPI) (left);
quantification of the relative LC3 fluorescence intensity (right) (n = 7 per group). Scale bars: 50 μm.

Unlike the proteasomal system, which digests only short-
lived cellular proteins, autophagy targets long-lived proteins
to maintain cellular homeostasis.9 Autophagy remains at
baseline levels under normal conditions and can be regu-
lated upon stimulation, such as inflammation and hypoxia.16

Studies have shown that autophagy protects photorecep-
tors from death36,37 and enhances retinal ganglion cell
survival in glaucoma and ischemia.38 Specific genes, includ-
ing ATG5, ATG6, and ATG7, are responsible for modulating
autophagy.16 Among these genes, ATG5 is a central molecule
involved in autophagy elongation. The conjugation system
of autophagy involves ATG7, ATG10, and ATG16L1, which
form the multimeric ATG5–ATG12–ATG16L1 complex.39 This
complex is essential for converting LC3-I to LC3-II.39 Our
previous study revealed that autophagy is attenuated in
pathologic RNV6; however, the underlying mechanisms still
must be explored. Recently, studies have shown that there
is a complementary relationship between autophagy and
the immunoproteasome.18,40,41 A previous report has shown
that NDP52, an autophagy receptor, links autophagy and the
UPS.42 Rapamycin-induced autophagy promotes cell survival
in the presence of proteasome inhibitors in vivo and in
vitro.43,44 Proteasome inhibition activates autophagy, with
p62 acting as a bridge.45,46 To confirm whether this comple-
mentary relationship occurs in pathologic RNV, autophagy
changes were investigated in the absence of immunosub-
unit β5i. Our findings clearly demonstrate that autophagy
was decreased in WT OIR mice compared to WT mice but
dramatically increased in β5i KO OIR mice. This finding

specifically supports a correlation between the immunopro-
teasome and autophagy.

To gain further insight into how these two degrada-
tion systems are linked, central initiators of autophagy were
examined. Our findings indicate that ATG5 showed oppo-
site changes in the presence and absence of β5i. Based on
our results, we speculated that ATG5 might directly interact
with β5i. As expected, β5i was precipitated by an anti-ATG5
antibody but not by control IgG, which further confirmed
our speculation. These findings comprehensively indicate
that autophagy was restored by stabilization of ATG5 when
β5i was knocked out, which strongly supports the comple-
mentary effects of the immunoproteasome and autophagy.
To uncover the underlying mechanism of improvements in
pathologic RNV, signaling pathways were evaluated. The
phosphorylation of AKT and ERK1/2 in β5i KO mice was
reduced compared with that in WT OIR mice. Our find-
ings clearly show that β5i deletion improves pathologic RNV
through inhibiting AKT and ERK signaling pathways, thus
further downregulating VEGF secretion (Fig. 5C). Further
studies are needed to evaluate the potential therapeutic role
of in vivo neutralization of β5i in pathologic RNV.

To conclude, we discovered that β5i is a proangio-
genic immunosubunit and documented its functional role
in modulating pathological RNV. Ablation of β5i stabi-
lizes ATG5, restores autophagy, and further ameliorates
pathological RNV through the AKT and ERK1/2 signal-
ing pathways. This indicates a critical role of β5i in link-
ing the immunoproteasome and autophagy; therefore, β5i
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FIGURE 5. β5i regulates autophagy by directly targeting ATG5. (A) WT and β5i KO mice were placed in an oxygen chamber (75 ± 5% O2) for
5 days beginning on P7 and then exposed to room air for another 5 days. Representative images of immunoblotting analysis of β5i, ATG5,
ATG7, LC3, P62, p-AKT, AKT, p-ERK1/2, ERK1/2, VEGF, and GAPDH protein in the retinas from P17 mice (left) and quantification after
normalization to GAPDH (right) (n = 8 per group). (B) Endogenous protein interactions were examined in P17 retinal lysates immunopre-
cipitated with rabbit IgG or an anti-β5i antibody and analyzed by western blotting with antibodies against ATG5 and β5i. (C) A working
model of the mechanism by which β5i modulates pathologic RNV. After β5i deletion, ATG5 avoids degradation and restores autophagy,
resulting in downregulation of the p-AKT and p-ERK signaling pathways, as well as reduced pathologic RNV.
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might be a potential therapeutic target for pathologic RNV
treatment.
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