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Purroskt. Oxidative stress is a major factor underlying many neurodegenerative diseases.
However, antioxidant therapy has had mixed results, possibly because of its indis-
criminate activity. The purpose of our study was to determine if the human OXR1
(hOXR1) antioxidant regulatory gene could protect neurons from oxidative stress and
delay photoreceptor cell death.

MerHoDs. The cone-like 661W cell line was transfected to stably express the hOXR1 gene.
Oxidative stress was induced by the addition of hydrogen peroxide (H,O,). Intracellu-
lar levels of reactive oxygen species (ROS), caspase cleavage, and cellular resistance to
oxidative stress were determined and compared between the control and hOXR1 cells.
For in vivo analysis, AAV8-hOXR1 was injected subretinally into the »d1 mouse model
of retinal degeneration. Functional and structural integrity of the photoreceptors were
assessed using electroretinography (ERG), histology, and immunofluorescence analysis.

Resurts. Expression of hOXR1 increased cellular resistance and reduced ROS levels and
caspase cleavage in the 661W cell line after H,O,-induced oxidative stress. Subretinal
injection of AAV8-hOXR1 in the rd1 mice improved their photoreceptor light response,
expression and localization of photoreceptor-specific proteins, and delayed retinal
degeneration.

Concrusions. Our results suggest that OXR1 is a potential therapy candidate for retinal
degeneration. Because OXR] targets oxidative stress, a common feature of many retinal
degenerative diseases, it should be of therapeutic value to multiple retinal degenerative
diseases.
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hotoreceptors (rods and cones) are the light-sensing

neurons of the retina, a multilayered neuronal tissue
located in the back of the eye. Degeneration of photorecep-
tors due to genetic or environmental insults underlies the
pathogenesis of the majority of retinal degenerative diseases,
such as retinitis pigmentosa (RP).!

RP is characterized by the loss of peripheral vision
and night blindness due to the loss of rod photorecep-
tors followed by progressive loss of the central vision
due to cone photoreceptor dysfunction.? Mutations in
genes that are expressed specifically in rod photorecep-
tors have been found to cause RP (https://sph.uth.edu/
retnet/disease.htm). These gene mutations lead to rod cell
death, which is accompanied or followed by cone cell death,
although the causative gene is not expressed in cones.” Such
bystander effects on cone survival have been attributed to
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several mechanisms, including oxidative stress.®® Among
these, oxidative stress due to hyperoxic conditions in the
absence of rod photoreceptors is a major contributor to
the secondary cone death. Such conditions arise because
photoreceptors are highly metabolically active neurons and
consume significantly high levels of oxygen.*10-13

The oxidation resistance 1 (OXR1) gene is induced by
oxidative stress and is required for the expression of a
number of genes that contribute to oxidative stress resis-
tance, either by directly controlling their expression, or
by controlling the transcription factors that regulate genes
involved in oxidative stress resistance.'*"7 OXR1 is required
for the expression of several genes required for repair
of oxidative DNA damage and the cell cycle arrest genes
required for repair to be efficient. OXR1 controls genes
required for detoxification of reactive oxygen species (ROS)
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and genes involved in ROS production as well as pro
and anti-apoptotic genes contributing to increased oxidative
stress resistance upon exposure to an oxidizing agent.!>!

In mouse models of diabetic retinopathy and oxygen
induced retinopathy, OXR1 mRNA and protein levels decline
shortly before the onset of retinal degeneration.!®! A
reduction in OXR1 mRNA and protein prior to the onset
of neurodegeneration has also been found to occur in
several neurodegenerative disease models, including Parkin-
son’s disease,?’"2* neuronal cell death due to ischemia,?*
and a cellular model of sevoflurane-induced neurotoxicity.?®
Further evidence that OXR1 functions to prevent neurode-
generation is that a mouse carrying an OXR1 deletion muta-
tion incurs high levels of oxidative damage in cerebel-
lar granular layer neurons, which are involved in motion
control. This mouse develops a rapidly progressing ataxia
beginning at 2 weeks of age and death ensues by 4 weeks
of age. This phenotype can be reversed by reintroduction
of OXR1.% These results clearly suggest that expression of
OXR1 plays a critical role in a number of retinal degen-
erative and neurodegenerative diseases (for review see
Ref. 27).

We hypothesized that OXR1 is an excellent candidate
to reduce oxidative stress in retinal degeneration. To test
this hypothesis, we delivered the human OXR1 gene pack-
aged into the adeno-associated virus serotype 8 (AAVS-
hOXR1) subretinally in the rd1 mutant mouse of early
onset aggressive retinal degeneration in order to test if
the human gene can function in this regard. Human and
mouse OXR1 proteins are 83% identical and 88% similar
indicating they are highly conserved. Retinal degeneration
in the rd1 mouse is much more rapid than that seen in
human RP. However, it follows a similar pattern of rod
cell death followed by secondary cone cell death as is
seen in patients with RP and the rd10 and Rbo-KO mouse
models.?®? AAV8 has a high affinity for photoreceptors,
but also enters the RPE.>° This was deemed beneficial, as
it has been shown that reducing oxidative stress in both cell
types can reduce retinal degeneration in the rd10 mouse
model.>® In the 7d1 mouse, retinal degeneration is due
to a mutation in rod-specific gene Pdef (beta-subunit of
phosphodiesterase).>'3> We found that OXRI overexpres-
sion leads to significantly improved photoreceptor survival
and light response kinetics. Our results suggest that OXR1
gene therapy is a viable approach to the treatment of retinal
degenerative diseases and possibly other neurodegenerative
diseases.

METHODS

Construction of 661W Cells Overexpressing
OXR1B2

The 0661W cone-like cells were obtained from Dr.
Muayyad R. Al-Ubaidi (University of Houston). The human
OXR1B2 (hOXR1B2) isoform (accession no. 851999.2) was
cloned into the pcDNA3.1 vector plasmid to produce
PMV1632 for construction of stably transfected 661W mouse
photoreceptor-like cells overexpressing this gene. After
G418 selection, 10 independent clones were combined to
produce a stock of cells containing a random pool of
insertions of the cytomegalovirus (CMV) promoter driven
OXR1 expression plasmid, pMV1632, to produce the cell line
MVL120. Control cells were produced in an identical manner
using the pcDNA3.1 vector plasmid for stable transfection.
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RNA Extraction and Quantitative Reverse
Transcriptase-Polymerase Chain Reaction Analysis

Total RNAs were isolated from 661w cells with QIAzol
Lysis Reagent (Qiagen) and precipitated according
to the manufacturer’s instructions. Reverse transcrip-
tion was performed with 1 pg of total RNAs with the
SuperScript First-Strand Synthesis System for RT-PCR
(Invitrogen). The resulting ¢cDNA was used to perform
gene expression analysis using the BioRad CFX96 qPCR
instrument and Power SYBR Green PCR Master Mix
(Thermo Fisher Scientific). The following quantitative
PCR (qPCR) primers were used to quantify OXR1 expres-

sion: OXR1_Fwdl: 5-GCAAACTTTGGAAAACCCATACTA-
3, OXRI1_Revl: 5-GATGCCTTTGCTTTTCTTTTAAAAG-
3, OXR1_Fwd2: 5'-CAAACTTTGGAAAACCCATAC-3,

OXR1_Rev2: 5-AACTTATGTAATCGATGCC-3/, B-Actin_Fwd:
5-GGCTGTATTCCCCTCCATCG-3/, and fB-Actin_Rev: 5'-
CCAGTTGGTAACAATGCCATG-3'.

Immunoblotting

The cells were lysed on ice in Pierce RIPA Buffer (Thermo
Scientific) containing Halt Protease Inhibitor Cocktail (100X;
Thermo Fisher). Lysates were sonicated and centrifugated
at 12,000 g for 15minutes. Supernatants were quanti-
fied and 20 pg of total protein lysate was incubated for
5minutes at 95°C with Laemmli sample buffer. Proteins
were separated on a 4 to 20% Mini-PROTEAN TGX Precast
Protein Gel (BioRad) and transferred to a nitrocellulose
membrane (BioRad). The blots were processed using LI-
COR (per manufacturer’s instructions) and protein expres-
sion was detected using LI-COR Odyssey Fc detection
system and quantified with Image Studio Lite quantification
software.??

Intracellular ROS Levels

The levels of ROS were measured by growing cells to 70
to 80% confluence. The 2',7'-dicholorfluorescin diacetate
(DCFDA; Millipore Sigma) was added at a final concentra-
tion of 1 mM to the cells and incubated for 1 hour. Cells
were washed three times with DPBS, then fresh medium
containing H,O, was added at the indicated concentra-
tions and cells were incubated for 20 minutes. ROS levels
were measured immediately with a fluorescence plate
reader using 480 nm excitation and measuring fluorescence
at 530 nm.

Caspase Activity

Cells were seeded to reach 70 to 80% confluence, treated
with H,O, at the indicated concentrations and incubated
for 16 hours in the presence of H,O,. Caspase 3/7 cleav-
age was determined using the Caspase-Glo 3/7 assay kit
(Promega) according to manufacturer’s instructions. Briefly,
cells were lysed in Pierce RIPA Buffer (Thermo Scientific)
and the protein concentration was determined using the
Pierce BCA Protein Assay kit (Thermo Fisher Scientific).
Cell lysates (5 pg of protein) were incubated with the
caspase substrates and luminescence was quantified after
30 minutes using Cytalion 5 cell imaging multi model reader
from Biotek. Caspase activity was normalized to the protein
concentration.
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Cell Viability

To measure cellular resistance to oxidative stress, cells were
grown and treated with H,O, as indicated for caspase assays.
After 16 hours of incubation in the presence of H,0,, viabil-
ity was measured using the Cell Titer-Glo kit (Promega)
according to the manufacturer’s protocols.

Virus Vector Construction

For AAV production, human OXR1 variant hOXR1-B2 (acces-
sion no. 851999.2) ¢cDNA was cloned in the pAAV2 viral
cassette to produce the plasmid pMV1622 (Supplemen-
tary Fig. S1). Digestion of this plasmid with the restric-
tion enzyme Smal releases four fragments. Two fragments
of 11 bp each, the vector backbone, and the region to
be packaged, which lies between the two inverted termi-
nal repeat (ITR) sequences. Contained within the packaged
region are the following sequences: the first ITR sequence,
the chicken beta actin 6 (CB6) promoter, the CMV enhancer,
a short hybrid intron comprised of parts of the beta-actin and
the immunoglobulin heavy chain gene to activate splicing
and mRNA processing. This was followed by the hOXR1B2
coding sequence, an IRES sequence to drive transcrip-
tion of the downstream EGFP gene, and a polyadenylation
signal sequence, followed by the second ITR sequence. The
hOXR1B2 sequence is comprised of OXR1 exons 4 to 12 and
15 to 19.* This cassette was packaged into the AAVS capsid
by the UMass Medical School, Horae Gene Therapy Center’s
Viral Vector Core Facility, using the HEK293-triple transfec-
tion method and purification by CsCl gradient centrifugation,
as described previously** The purified AAVS carrying the
hOXR1B2 gene (AAV8-hOXR1) was delivered in the subreti-
nal space to rd1 mouse eyes as described below.

Antibodies

The following antibodies and dilutions were used: OXR1
antibody (1:500) was described previously,®®> B-Tubulin
(Thermo Fisher; #MA5-16308, 1:2000), Goat Anti-Mouse
secondary Ab 680RD (LiCor 926-68070, 1:5000), and Goat
Anti-Rabbit Secondary Ab 800CW (Licor 926-32211, 1:5000).
For immunostaining studies, the following antibodies and
dilutions were used: rhodopsin antibody (Mouse Anti-
Rhodopsin monoclonal; MAB5356, 1:500, EMD Millipore),
red-green opsin antibody (Rabbit Red/Green opsin; AB5405,
1:500, EMD Millipore), OXR1 antibody, described previ-
ously35 (1:200) were used. Secondary antibodies: (Alexa
Fluor 488 goat anti-rabbit IgG and Alexa Fluor 546 goat anti-
mouse IgG; 1:500; Life Technology Corporation).

Animals

All animal experiments were performed in accordance with
institutional guidelines and all animal procedures were
approved by the Institutional Animal Care and Use Commit-
tee, UMASS Medical School, and adhered to the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision
Research. Mice were housed in 12 hours light and 12 hours
dark cycle rooms. The PdeGf"™/"! (referred as rd1) mice
were provided Dr. Claudio Punzo (Department of Ophthal-
mology, UMass Medical School). All mice were genotyped to
exclude the 7d8 allele.

For anesthesia, ketamine and xylazine cocktail (Ketamine,
10 mg/mL and Xylazine, 1 mg/mL) with volume 10 uL/gm
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body weight was used to anesthetize the mice. For euthana-
sia, mice in cages were placed in a CO, chamber. The
chamber was slowly filled with CO, replacing 30 to 70% of
chamber volume/min. Gas flow was slowly stopped after all
animal movement had ceased. Secondary physical method
of cervical dislocation was used to confirm the death.

Subretinal Injection

AAV8-hOXR1 was injected subretinally in 3 different loca-
tions in the eye with 0.5 pL per injection for a total of 1.5
uL virus (1 x 10'? genome copies/mL) per eye.’*3” Control
eyes were injected with balanced salt solution (BSS) at either
day P0/1 or P10 following identical procedures. Subretinal
injection of either virus or mock-BSS control was performed
on 8 to 10 mice in each group and both eyes of each animal
were treated with either virus or BSS control. Injections were
performed in three different regions with either virus or BSS
solution. Two injection sites were around the temporal and
nasal regions. The third injection site was centered between
these two locations. Multiple injections were performed to
increase the area of the retina that was treated. A small inci-
sion along the closed lid fissure was made. The eyes were
proptosed and the eyelids were pinched slightly to hold the
eye in position for injection. A glass needle filled with virus
was inserted in the sclera in the subretinal space by hold-
ing the needle parallel to outer wall of the eye. Although no
substantial ocular injuries were noted in this study, cataract
formation is the usual exclusion criteria for subretinal injec-
tion.

Electroretinography

Scotopic and photopic electroretinography (ERG) were
performed as described earlier,>*33 using the CELERIS
Next Generation rodent ERG testing (ERG Diagnosys LLC).
The flash intensities for scotopic ERG were 0.01, 0.1, and
1 cd.s/m?> and for photopic ERG were 3 cd.s/m? and
10 cd.s/m?. Light adaptation was performed with a back-
ground illumination of 30 cd/m? for 5 minutes.

Immunofluorescence Microscopy

Staining of the retinal cryosections was performed essen-
tially as described previously.3®3® The sections were stained
with primary antibodies overnight followed by washing and
incubation with appropriate secondary antibodies and DAPI
(stock 300 pm/mlL, diluted 1:1000 for treatment) for 1 hour
at room temperature. The sections were then washed in
0.1 M phosphate buffer 3 times for 5 minutes each, air dried,
and mounted with fluoro-gel (Electron Microscopy Sciences)
with a cover slip. The images were produced using a Leica
upright microscope (Leica Microsystems).

Statistical Analysis

All data are presented as mean =+ standard error of the mean.
We have used 1-way ANOVA for multiple comparisons. The
groups are statistically significant if P < 0.05. Statistically
significant P values were indicated by asterisks (x P <
0.01-0.05; #x P < 0.001-0.01; #*x P < 0.0001-0.001; and
skkk P < 0.00001).
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FiGure 1.
was analyzed by qRT-PCR.

In vitro validation of hOXR1 overexpression in 661W cone derived cell lines. (A) Expression of hOXR1 in 661W cells
P < 0.0001. (B) Protein extracts (40 pg) of the indicated 661W cells were analyzed by SDS-PAGE and

immunoblotting using OXR1 specific (green) or B-tubulin (red; loading control) antibodies. CTL, control cells. (C) Total OXR1 protein
expression was calculated relative to the g-tubulin levels, which were uniform among all samples. Data are mean £ SD from two independent

experiments.

REsuLrs
OXR1 Expression Vectors

To confirm that the 661W cells overexpressed hOXRI1,
qRT-PCR using the human OXRI1-specific primers was
performed. Figure 1A shows that these primers do not detect
mouse Oxrl mRNA in the untransfected MVL118 control
(CTL) cells. However, the human OXR1 mRNA is highly
expressed in the stably transfected MVL120 cell line. Protein
expression, measured by Western blot analysis using an
antibody that recognizes both human and mouse OXRI1,
revealed approximately 7-fold higher OXR1 protein levels
in the MVL120 cells compared to the MVL118 control cells
(Figs. 1B, 1C).

Elevated Expression of OXR1 Reduces Cellular
Levels of ROS

Because OXR1 is known to affect multiple enzymes involved
in H,O, processing and ROS production and detoxifica-
tion,'®17 we tested if elevating OXR1 protein levels could
reduce intracellular levels of these toxic compounds in 661W
cells. The DCFDA, which functions only after intracellular
deacetylation, was used to measure intracellular H,O, and
ROS levels.® Figure 2A shows that MVL120 cells overex-
pressing OXR1 have lower intracellular levels of H,O, and
ROS prior to treatment and after exposure to exogenous to
H,O, than the MVL118 control cells. This demonstrates that
increasing OXR1 expression levels increases H,O, and ROS
detoxification, production of these reactants, or both.

Elevated OXR1 Expression Decreases Caspase
Activation

In HelLa cells, repression of OXR1 levels by an inhibitory
RNA causes an increase in caspase 9 expression and expres-
sion of multiple genes involved in activation of the caspase
cascade.’® To determine if OXR1 overexpression causes a
general inhibition of caspase activation, we measured cleav-

age of caspase 3 and 7. Cells were treated with peroxide and
caspase 3 and 7 cleavage was measured using the Caspase-
Glo 3/7 cleavage assay. Figure 2B shows that caspase cleav-
age is reduced in the MVL120 - 661W OXR1 overexpress-
ing cells compared to the MVL118 controls at all doses
tested. In the control cells, caspase cleavage increases up to
a peroxide concentration of 250 pM. At 500 pM, the level of
caspase cleavage is reduced in the control cells compared to
250 uM. This may be because cell death, cell lysis, and/or
excessive damage to remaining cells, which impairs their
ability to respond and produce caspases resulting in lower
levels cleaved caspase. By contrast, in the OXR1 overex-
pressing cells caspase cleavage is still increasing at 500 uM
compared to the level seen at 250 uM, but still remains lower
than the control cells. Our results demonstrate that OXR1
overexpression reduces caspase 3 and 7 activation and there-
fore reduces the level of apoptosis, which leads to cell death
and degeneration of retinal photoreceptors.

Elevated OXR1 Expression Increases Oxidative
Stress Resistance

The decrease in ROS levels and activation of apoptosis seen
when OXR1 is overexpressed suggests that cells should be
more resistant to oxidative stress. To test this, we treated
661w cells overexpressing OXR1 (MVL120) and compared
their resistance to H,O, with 661w vector control cells
(MVL118). The cells were treated with increasing concentra-
tions of H,O, and assessed for viability using the Cell-Glo
cell viability assay (Promega). Figure 2C shows that elevat-
ing the level of OXR1 in 661w cells markedly increases the
cellular resistance to oxidative stress.

AAVS8-hOXR1 Improves Photoreceptor Light
Response in the 7d1 Mouse

Because hOXR1 is effective at protecting cells from oxidative
stress, we constructed a plasmid, pMV1622, that expresses
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Ficure 2. Protective effects of hOXR1 in the 661W cone-derived photoreceptor cell line after H,O, treatment. (A) ROS levels in
661W cells overexpressing hOXR1 normalized to control cells was determined using DCF-DA. Fluorescence was measured 20 minutes after
treatment with the indicated concentrations of H,O;. (B) Caspase activity of 661W cells overexpressing hOXR1 (MVL120 cells) normalized to
control (CTL) cells was determined with the Caspase 3/7-Gloassay 16 hours following the addition of the indicated concentrations of H>O,.
(C) Cell titer-Gloassay was used to determine percent cell viability 16 hours after the addition of the indicated concentrations of H,O5. *
P < 0.05, * P < 0.01, ** P < 0.001, **** P < 0.0001, ns = nonsignificant, 2-way ANOVA test. Data are mean £ SD from two independent
experiments, with three sets of samples per experiment.

this isoform and contains a region suitable for packaging hOXR1 treated eyes. Thus, early intervention and injection

into AAVS capsids (see Supplementary Fig. S1). of AAV8-hOXR1 at PO/P1 resulted in an increase in the reten-

In the rd1 mouse model of aggressive and early onset tion of partial visual activity in the »d1 mutant mouse that
retinal degeneration, rod photoreceptors die by 3 to 4 remained well beyond the time the eyes of control mice lost
weeks of age with secondary cone death initiating only visual activity.

after approximately 50% rod photoreceptor loss.* In the
initial proof of concept experiments, we delivered AAV8-
hOXR1 subretinally at day PO/P1 into the 7d1 mice. The mice Later-Stage Injection of AAV8-hOXR1 Results in
were evaluated by scotopic (rod-mediated) and photopic Greater Photoreceptor Survival

(cone-mediated) ERG starting at 4, 6, 9, and 13-weeks post-

injection (WPI), which also corresponds to their chronolog- To demonstrate translatability of our approach, we next
ical age. Mock (BSS) injected mice showed no detectable tested if injection at a later time (P10) also provided reten-
scotopic or photopic ERG activity at 4 weeks of age, the time tion of visual activity. In these experiments, ERG activity was
at which rd1 mutant mice typically do not exhibit detectable monitored at 4, 6, 8, and 10 WPI. Figures 4A and 4B and
light responses.*! The lack of measurable ERG activity is also Supplementary Figures S3 show that »d1 mice treated with

seen at all later time points for the mock treated eyes. By AAV8-hOXR1 exhibited both scotopic and photopic ERG
contrast, mice injected with AAV8-hOXR1 showed detectable activity at 4 WPIL. At this time, the mock treated eyes showed
levels of both scotopic (Fig. 3A) and photopic (Fig. 3B) ERG no detectable photopic or scotopic ERG activity. ERG activ-
activity, indicating they were still capable of responding to ity was retained up to 8 WPIL. By 10 WPI, ERG activity was
light and retained partial photoreceptor activity (Supple- no longer significantly above that of the mock treated mice.
mentary Fig. S2). The improved ERG activity in the AAV8- The increased age at which measurable ERG activity could
hOXR1 treated mice peaked at 6 weeks PI. By 9 and 13 be detected when later injection was performed suggests
weeks of age, visual activity was undetectable in the AAVS- this is the more effective procedure. These results reinforce
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Ficure 3. Protection of retinal function in rd1 mice after
AAVS8-hOXR1 injection at P1. Eyes of rdl mice were injected
with AAV8-hOXR1 vector and BSS at P1 via the subretinal route.
ERG recordings were performed at 4, 6, 9, and 13 weeks post-
injection (A). Quantification of scotopic a-wave and b-wave ampli-
tudes are presented as box-whisker plots (z = 10-14 eyes for
BSS injection, and n# = 8-15 eyes for AAV8-hOXR1 injection). (B)
Photopic b-wave ERG responses are presented as box-whisker
plots (n = 9-12 eyes for BSS injection, and n = 9-13 eyes
for AAV8-hOXR1 injection). ANOVA was used to determine the
statistical significance. Data are represented as mean =+ SEM.
* P < 0.05,* P < 0.01, ** P < 0.001, *** P < 0.0001.

the role of OXR1 in delaying the loss of visual activity in the
rd1 mutant mouse.

Morphological Improvement of Retina Following
AAVS8-hOXR1 Gene Delivery

The rd1 mice exhibit undetectable outer segment protein
expression and massive loss of the rod and cone photorecep-
tors by 2 weeks of age. We therefore investigated whether
OXR1 protein expression also results in improvement of the
photoreceptor outer segment protein expression. Figures 5A
and 5B indicate transduced and untransduced regions of
the retina. The AAV8-hOXR1 transduced region was iden-
tified by the presence of higher levels of OXR1 (green)
and rhodopsin (red) staining (see arrowheads in Figs. 5A-
C) and 2 to 3 layers of the photoreceptor nuclei (see Figs.
5A, 5D). The transduced region also revealed higher levels
of red/green cone opsin expression (arrowheads in Figs.
6A, 6G), indicating preservation of cones as compared to
barely detectable cone-opsin staining in the untransduced
region (see Figs. 6A-E; arrows). As both OXR1 and cone-
opsin antibodies are raised in rabbits, we used the rhodopsin
antibody to mark the transduced region. Subretinal injec-
tion is unlikely to transduce the inner retinal layers. The
intense OXR1 staining of this region is presumably because
the OXR1 antibody reacts well with both mouse and human
OXR1 protein, suggesting these regions either have high
constitutive levels of mouse OXR1 expression or are also
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Ficure 4. Rescue of retinal function in 7d1 mice after AAVS-
hOXR1 injection at P10. Eyes of rd1 mice were injected with AAVS-
hOXR1 vector and BSS at P10 via subretinal route. Scotopic and
photopic ERGs were recorded at 4, 6, 8, and 10 weeks post-injection
(A) Scotopic a-wave and b-wave ERG responses are presented in
box-whisker plots (z = 8-15 eyes BSS injection and n = 8-11 eyes
AAV8-hOXR]1 injection). (B) Photopic b-wave amplitudes are shown
in box-whisker plots ( = 8-11 eyes for BSS injection and n = 8-14
eyes for AAV8-hOXR] injection). ANOVA was used to determine the
statistical significance. Data are represented as mean + SE. * P <
0.05, * P < 0.01, ** P < 0.001, *** P < 0.0001.

experiencing oxidative stress and have induced the endoge-
nous mouse OXR1 to high levels.

DISCUSSION

OXR1 is a regulatory gene that functions upstream of
a number of transcription factors.!>!7 It also interacts
and stimulates the protein methyltransferases (PRMT5 and
PRMT1), two proteins involved in chromatin remodeling
and protein methylation.! It has been suggested that OXR1
may function as a sensor of oxidative stress that signals
downstream regulatory elements that control expression of
protective genes.!> Among the many genes that are differ-
entially expressed when OXRI is inhibited are genes that
protect cells from oxidative stress, caspases, and caspase
activation factors, DNA repair genes, and the p53 response
to oxidative stress.!>'7 OXR1 overexpression also alleviates
inflammation,*? however, it is not known if this is a direct
or indirect effect due to reduced oxidative stress. OXRI
is highly expressed in neurons and is induced when cells
encounter oxidative stress (for review see Ref. 27). Based
on our results, increasing OXR1 levels above the normal
background expression in the 661w cell line by adding a
highly expressed copy of hOXR1, increases cellular resis-
tance to peroxide induced oxidative stress, and reduces
caspase activation and cellular ROS levels. These results
suggest that elevating OXR1 protein levels in degenerating
neurons protects them from oxidative stress induced death.
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Ficure 5. HOXRI1 expression and rod preservation in AAV8-hOXR1 injected retinas in rd1 mice. (A) Retinal cryosections of rd1
mice were immunostained with OXR1 (green) and rhodopsin (red) antibodies. Nuclei were stained with DAPI (blue). Arrowheads indicate
expression of OXR1 and rhodopsin (orange = transduced area) in the preserved outer nuclear layer (ONL). Arrows indicate untransduced
region and undetectable ONL. (B) Quantification of OXR1 intensity was performed in the transduced area as compared to the untransduced
area. Panel (C) depicts the transduced area marked by box in A showing OXR1 and rhodopsin expression. (D) Quantification of the nuclear
layers in the ONL indicates a significant improvement in the preservation of the nuclei in the transduced area. INL, inner nuclear layer; GCL,

ganglion cell layer. Scale 200 pm. **** P < 0.0001.

We tested the hypothesis that increasing OXR1 expres-
sion can prevent or delay retinal degeneration by treating
the rd1 mutant mouse model of retinal degeneration with
AAV8-hOXR1 to see if this would retard the rate of neurode-
generation of the photoreceptor cells. We demonstrate
that subretinal injection of this viral vector is effective at
delaying the loss of retinal activity and that the retinal struc-
ture is maintained at a time when untreated regions of the
same retina show signs of severe degradation. Untreated
or mock treated eyes of rdl1 mice lose all retinal activ-
ity, as measured by ERG, by 4 weeks of age (see Figs. 3
4). However, increasing OXR1 expression by hOXR1 addi-
tion reduces the rate of degeneration and ERG activity
remains detectable up to 9.5 weeks of age (8 WPI) when
injected on day P10. Although we presume that much of
this is due to the reduction in ROS levels and the reduc-
tion in the activation of caspase, other factors, such as
effects on inflammation, which are also modulated by OXR1
may also play a role.*> Thus, OXR1 gene therapy in the
rd1 mouse model results in a significant delay in retinal
degeneration.

In rd1 mice, the rod photoreceptors are completely lost
by postnatal day 21 and this leads to the eventual degenera-
tion of cone photoreceptors.* We investigated the hypothe-
sis of structural preservation of rod and cone cells in the
injected area. At first, we revealed 2 to 3 layers of outer
nuclear layer (ONL) in the injected area by DAPI staining
when compared to uninjected area at 4-weeks post-injection
(5.5 week age). ONL layer protection improves ERG activity
in the rd1 mice at 4 weeks post injection. This protection
is not uniform but very regional, which may also reflect the
less than full improvement of scotopic and photopic ERG
activity in rd1 mice after AAV8-hOXR] treatment. The rd1
mice treated with AAV8-hOXR1 displayed 25% to 30% of
wild-type scotopic ERG activity, which is also similar to the
regional restoration of rod photoreceptor function in the
retina. A significant expression of hOXR1 in this area was
revealed by OXR1 antibody treatment and was accompanied
by retention of rod photoreceptors as indicated by staining
with rhodopsin antibody. The conclusion of the effects of
OXR1 on the retinal structure is based on the analysis of the
transduced regions of the retina. Future studies using slower



Investigative Ophthalmology & Visual Science

AAV8-hOXR1 Gene Therapy for Retinal Degeneration

Cone
Opsin

DAPI

IOVS | September 2021 | Vol. 62 | No. 12 | Article8 | 8

Cone
Opsin

Rhodopsin

B (o
INL
G H |

- "3? - L

Ficure 6. Cone survival in rd1 mouse retina treated with AAV8-hOXR1. The retinal cryosections were immunostained with red/green
cone opsin (green) and rhodopsin (red) antibodies. Nuclei were stained with DAPI (blue). (A) Lower magnification image shows the
expression of cone opsin (green; arrowheads) marking the transduced area. The corresponding untransduced area showing reduced to
no cone-opsin staining is marked by arrows. The untransduced (B-E) and transduced (F-I) areas (marked by white rectangles in A) were
further examined under higher magnification. Arrowbeads in F indicate the presence of the outer nuclear layer (ONL). **** P < 0.0001. INL,

inner nuclear layer; GCL, ganglion cell layer. Scale 200 pm.

degenerating mouse models will be useful for validation of
the results from the rd1 mouse study.

We hypothesize that hOXR1 alleviates oxidative stress
and reduces ROS levels in photoreceptors, as was seen
in cells in culture, and delays photoreceptor degeneration.
AAV expressing SOD2 and catalase seems to reduce super-
oxide radicals (O,7) generated by oxidative stress in rd1
mice and, like OXR1, increases photoreceptor survival.® We
visualized maintenance of significant photopic function in
rd1l mice after AAV8-hOXR1 injection. Therefore, we also
examined structural maintenance of cones in the injected
area. As the majority of cones in mice are of the M/L cone
cell type, the green/red opsin antibody was used to check
the cone preservation in the retina.*> The green/red opsin
antibody usually stains the outer segment and cell body
in cone cells. We observed a significant number of M/L
cone cells in the treated area. Although the complete struc-
tural features of the cone cell types are lost, presumably
because of degeneration of the structurally supportive rod
cells, partial preservation of cone cells was seen and is suffi-
ciently sensitive to light to allow improved photopic ERG
activity.

AAV8-hOXR1 is not gene or disease-specific, because
it treats oxidative stress, which is a common factor in
most retinal degenerative diseases. Therefore, modulation
of OXR1 levels could be therapeutic in many neurode-
generative diseases. In other mouse models, such as the
rhodopsin mutant in which retinal degeneration proceeds
more slowly, resulting in blindness at about 16 weeks of
age,* it is possible that OXRI may be more beneficial. This
is based on the hypothesis that the slower retinal degener-
ation may correlate with lower levels of oxidative stress. If
this predicted correlation is correct, then providing the same
level of protection as was achieved in the rd1 mutant mouse
should result in a higher ratio of OXR1-dependent protective
activities to oxidative stress levels.

Many gene therapies are directed at curing a disease by
adding a wild type copy of the defective disease-causing
gene. OXR1 gene therapy differs as it is not curative of
the underlying cause of the disease, instead it treats oxida-
tive stress which triggers apoptosis and leads to death of
photoreceptor cells.* Inhibiting oxidative stress has the
potential to treat many different degenerative retinopathies
by slowing down oxidative stress-induced apoptosis of reti-
nal cells. Previous attempts to limit oxidative stress to
prevent retinal degeneration used Nrf2 gene therapy. Like
OXR1, Nrf2 is a regulatory factor that controls a number
of oxidative stress resistance genes, including glutathione
peroxidase 2 (GPX2) and Heme Oxygenase 1 (HMOX1).47-48
Nrf2 gene therapy, either by targeting the photoreceptor
and retinal pigmented epithelial (RPE) cells or by targeting
only the RPE, increases the retention of ERG activity in the
rd10 mouse model of retinal degeneration and extended
the preservation of the integrity of the cone structure in
several mouse models of retinal degeneration.>® The rd10
mutation, like rd1, affects the Pde6p gene, however, retinal
degeneration proceeds much more slowly than in the rd1
mouse resulting in blindness at about 8 weeks of age. The
result that both Nrf2 and OXR1 can delay retinal degenera-
tion demonstrates that controlling oxidative stress by genetic
means can provide a substantial benefit to the prevention of
retinal degeneration and retention of visual activity.

Like Nrf2, OXR1 is required for the expression of the
GPX2 and HMOX1 genes, possibly through its interaction
with KEAP1, which controls Nrf2’s regulatory activity.!®
However, OXR1 controls many additional pathways that
contribute to resistance to oxidative stress. It controls the
p53 response to oxidative stress, delaying the cell cycle to
allow more time for DNA repair and increases the expression
of several DNA repair factors. OXR1 also regulates genes
involved in apoptosis and genes that modulate the levels of
reactive oxygen in the cell.'>!7 It acts upstream of several
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transcription factors that control oxidative stress resistance
genes, as well as modulating the activity of oxidant and
antioxidant proteins to reduce ROS levels and increase
resistance to oxidative stress. Thus, OXR1 appears to have
a comprehensive effect on cellular resistance to oxidative
stress.

Long-term overexpression of OXR1 in brain neurons in
transgenic mice expressing OXR1 from the neuron-specific
Prnp prion promoter or the ubiquitously expressed chicken
3-actin promoter showed no deleterious consequences. This
suggests that OXR1 is not associated with detectable toxicity
and is likely to be relatively safe.'420

In this study, we demonstrated that AAV8-hOXR1 gene
therapy can delay the onset of neurodegeneration in the
retina of the rd1 mutant mouse and serves as a proof of
concept that OXR1 gene therapy may be beneficial as a
therapeutic for many retinal degenerative diseases. Because
OXR1 functions in the brain as well as retinal neurons and
its repression has been implicated in several mouse models
of neurodegeneration, it has the potential to be therapeu-
tically effective at retarding neurodegeneration more gener-
ally if delivery problems can be conquered. In wild type mice
that overexpress OXR1 in brain neurons, no pathology was
found,'#2¢ suggesting it is an ideal candidate for gene ther-
apy of oxidative stress induced neurodegenerative diseases.
The extent to which it will be effective in such therapies
remains to be determined.®*
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