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The anti-inflammatory molecule annexin A1 (ANXA1) deter-
mines the ultimate fate of retinal ganglion cell (RGC) in glau-
coma. Cytoplasmic and extracellular ANXA1 facilitate resolu-
tion of inflammation. However, the nuclear translocation of
ANXAL1 induces RGC apoptosis in a murine glaucoma model,
and the maintenance of ANXAI1 secreted in the extracellular
environments remains unclear. In this study, we found that in-
travitreal injection of the recombinant adenovirus vector
(Ad)-ATP-binding cassette transporter A1 (ABCAI; carrying
full-length ABCAI) improved RGC survival in the ischemia
reperfusion (IR) mice model. Upregulation of ABCA1 main-
tained ANXA1 cytoplasmic location and reduced ANXAI1 nu-
clear translocation, which is due to the decreased binding of
ANXAL1 with importin B. Moreover, we found that amino acids
903 to 1,344 of ABCAL1 interacted with ANXA1 and decreased
its nuclear localization. Importantly, intravitreal injection of
adenovirus-associated viral (AAV) vector AAVS8-ABCAI (car-
rying 903 to 1,344 fragments of ABCA1) maintained ANXA1
cytoplasmic location and improved RGC survival in the IR
mice model. Thus, overexpression of ABCA1 protects against
RGC apoptosis by partially blocking ANXA1 nuclear transloca-
tion. This study puts forth a potential gene treatment strategy
to prevent RGC apoptosis in glaucoma.

INTRODUCTION

Glaucoma, one of the severe causes of irreversible blindness world-
wide, is characterized by the loss of retinal ganglion cells (RGCs)."
Acute angle-closure glaucoma is an ocular emergency caused by a
rapid increase in intraocular pressure (IOP).” One of the animal
models that could mimic acute angle-closure glaucoma is the retinal
ischemia reperfusion (IR) injury model.”*
fusion processes contribute to RGC loss. In the IR model, rapid and
transient elevation of IOP induces retinal ischemia and produces
reactive oxygen species.”’

Both ischemia and reper-

Annexin Al (ANXALI) is an anti-inflammatory molecule involved in
inflammatory diseases.”” The subcellular localization of ANXAI de-
termines cellular fate.” Following externalization, cytoplasmic
ANXALI interacts with its receptor N-formyl peptide receptor 2
(FPR2), which then activates downstream anti-inflammatory

signaling to inhibit phospholipase A2.'™'' However, the nuclear
translocation of ANXA1 is associated with cancer progression via
regulation of transcription factors and miRNAs.'>'* In neuronal cells,
the nuclear translocation of ANXA1 is associated with the induction
of cellular apoptosis by regulating transcription factors, such as p53
and p65.'*"” The maintenance of ANXAI cytoplasmic localization
is a critical factor in the RGC fate determination.

ATP-binding cassette (ABC) transporter A1 (ABCA1), a 254-kDa
protein, was found associated with ANXA1 externalization.'®'” The
expression of ABCA1 was decreased in the IR mice model, and this
protein was transcriptionally regulated by the liver X receptor
(LXR). Our previous study demonstrated that the LXR agonist upre-
gulated ABCA1 expression, promoted ANXA1 membrane transloca-
tion, and reduced RGC apoptosi's.18 In addition, the LXR agonist
could protect against retinal damage in N-methyl-D-aspartate
(NMDA) injury and an autoimmune uveitis animal model.'” Howev-
er, the mechanism of ABCA1-ANXA1 interactions and ABCA1-
mediated ANXA1 subcellular localization is still unclear.

Adenovirus vectors (Ads) and adeno-associated virus (AAV) vectors
are the most commonly used vectors for gene therapy.”’
AAV vectors are limited by their small packaging capacity (consid-
ered to be <5 kb). The human ABCAL1 is 2,261 amino acids in length,
which corresponds to more than 6.7 kb. In this study, we used Ad to
carry full-length human ABCA1 (Ad-ABCAI) and AAV to carry an
ABCA1 fragment to investigate the effect and mechanism of
ABCAL1 overexpression on ANXA1 subcellular localization.

However,

RESULTS

Ad-ABCAT1 treatment reduced RGC loss in IR mice model
Intravitreal injection of the LXR agonist could upregulate ABCA1
expression and reduce RGC loss in the IR mice model."® To confirm
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Figure 1. The effect of Ad-ABCA1 overexpression on retina degeneration after IR in vivo

(A) Graphic illustration of the structure of Ad-ABCAT. (B) Experimental scheme of Ad-ABCA7 administration and the mouse IR model. (C) Representative immunofluores-
cence images for ABCA1 expression in retina slices. Scale bar, 50 um. (D) Western blot analysis showing the expression of ABCAT in retina after Ad-ABCA1 administration.
These results are obtained from three independent experiments. (E) Statistical analysis of (D). **p < 0.01, compared with control retina; ##p < 0.01 compared with the IR
group (n = 3 retinas per group). (F) Representative SD-OCT images for the thickness of the retina. Scale bar, 100 um. GCL, ganglion cell layer; IPL, inner plexiform layer; INL,
inner nuclear layer; and ONL, outer nuclear layer. (G) Statistical analysis of (F). *p < 0.05 compared with control retina; #p < 0.05 compared with the IR group (n = 8 retinas per
group). (H) Graphic illustration of the RBPMS analysis. S, superior; N, nasal; |, inferior; and T, temporal. (I) Representative immunofluorescence results showing the number of
retinal ganglion cell (RGC), n = 8 retinas per group. Scale bar, 100 um. (J) Statistical analysis of (). *p < 0.05, compared with control retina; #p < 0.05 compared with the IR
group. All of the data are expressed as mean + SEM, one-way ANOVA followed by a Tukey’s post hoc test.

0

the effect of ABCA1 overexpression on RGC apoptosis, Ad-ABCAI  was increased in the Ad-ABCA1 group (Figures 1D and 1E). gPCR re-
and immunofluorescence (IF) staining were used to examine the  sults also confirmed that Ad-ABCAI could increase ABCAI mRNA
expression of ABCAL1 in the retina. We found that compared with  expression (Figure S2B). In Figures S3A and S3B, we have presented
the IR group, the expression of ABCAl was increased in the Ad-  the GFP images from an Ad-ABCAI-infected retina. We used spec-
ABCA1 group (Figure 1C). The expression of ABCALI in retina extract  tral-domain optical coherence tomography (SD-OCT) to examine
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Figure 2. The effect of Ad-ABCA1 overexpression on ANXA1 nuclear localization in vivo and in vitro

(A) Representative immunofluorescence images of ANXA1 expression on the retinal GCL, n = 4 retinas per group. Scale bar, 50 um. (B) Western blot analysis showing the
expression of ANXA1 in cellular membrane extract in HEK293 cells. (C) Statistical analysis of (B); the data of three independent experiments expressed as the mean + SD.
**p < 0.01, compared with control; ##p < 0.01 compared with the LPS group, one-way ANOVA with Bonferroni post hoc test.

the morphological changes in the retina in vivo. As shown in Figures
1F and 1G, after IR, the thickness of the retina decreased, whereas af-
ter Ad-ABCAI treatment, the retina exhibited sufficient thickness.
Most importantly, retinal whole-mount immunostaining with
RNA-binding protein with multiple splicing (RBPMS) showed that
the RGC number in the IR group decreased, and Ad-ABCAI treat-
ment could reverse this reduction (Figures 1H—1J).

Ad-ABCA1 treatment maintained ANXA1 membrane
translocation after IR
Previous studies found ABCA1 to be associated with ANXA1 exter-

nalization.'®

"7 To investigate the effect of ABCA1 overexpression
on ANXAT1 subcellular localization, immunostaining was performed
on retina slices to examine the expression of ANXA1. As shown in
Figure 2A, IR induced ANXA1 nuclear localization, visualized using
4/,6-diamidino-2-phenylindole (DAPI), whereas treating with Ad-
ABCA1, decreased ANXA1 nuclear translocation. We also examined
ANXALI expression in the cellular membrane extract. In Figures 2B
and 2C, we found that lipopolysaccharide (LPS) treatment decreased
ANXALI expression, whereas Ad-ABCAI maintained ANXALI expres-
sion in membrane extract in HEK293 cells.

ABCA1 decreased ANXA1 nuclear translocation by competing
with importin 8

Previous studies found that ANXA1 nuclear translocation was asso-
ciated with importin B;15’2 122 however, whether the decrease in
ANZXALI nuclear translocation associated with ABCA1 overexpression
was due to competition with importin B remained unclear. Here, we
used Ad-ABCAI and ABCAI small interfering RNA (siRNA) to up-

regulate (Figure S2A) and downregulate (Figures S2D—S2F)
ABCAL1 expression, respectively. We found that in HEK239 cells,
LPS induced ANXA1 nuclear translocation, which could be partially
blocked by Ad-ABCAI (Figures 3A and 3B). We further found that
Ad-ABCAI could decrease binding of ANXA1 with importin B (Fig-
ure 3C). We also found that decreased ABCA1 expression could in-
crease binding of ANXA1 with importin B (Figure 3D). In addition,
we used the importin B1-specific inhibitor importazole (IPZ) to block
the importin B function. We found that ABCAI siRNA increased
ANXALI nuclear localization, whereas IPZ could partially block its ef-
fect (Figures 3E and 3F).

ABCAT1 interacted with ANXA1

The structure of ABCA1 has been recently reported.”” This protein
mainly contains two transmembrane domains, two extracellular
domain, and two main intracellular domains (Figure 4A). Each
intracellular domain contains one intracellular helix, one nucleo-
tide-binding domain, and one regulatory domain. Here, we con-
structed two plasmids containing ABCA1 intracellular domains
(amino acids 903 to 1,344 and amino acids 1,907 to 2,220). Coim-
munoprecipitation results showed that the amino acids 903 to 1,344
fragment of ABCALI interacted with ANXA1 (Figure 4B). In addi-
tion, we transfected HEK293 cells with a plasmid containing the
ABCAL 903-1,344 fragment and found that the expression of
ANXA1 was increased in the membrane extract and decreased in
the nuclear extract (Figures 4C and 4D). These results indicate
that the amino acids 903-1,344 fragment of ABCAI contains the
domain that binds with ANXA1 and maintains ANXA1 membrane
localization.
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To assess the impact of ABCAI amino acids 903-1,344 on ANXA1
nuclear localization in vivo, we used AAV8-ABCAI (903-1,344)
and examined the expression of ANXA1 using retinal slices. The
qPCR results revealed that AAV8-ABCAI (903-1,344) could upregu-
late ABCA1 (fragment 903-1,344) mRNA expression (Figure S2C).
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Figure 3. The mechanism of ABCA1 overexpression
on ANXAT1 nuclear localization

(A) Western blot analysis showing the expression of ANXA1
in the cellular nuclear extract in HEK293 cells. (B) Statistical
analysis of (A). *p < 0.01, compared with control; ##p <
0.01 compared with the LPS group. (C) A western blotting
analysis indicates that LPS induces the interaction between
importin B and ANXA1, and this effect is inhibited by Ad-
ABCAT1 treatment. IP, immunoprecipitation; 1B, immuno-
blotting; and WB, western blot. (D) A western blotting
analysis indicates that ABCAT siRNA induces the interac-
tion between importin B and ANXA1. (E) Western blot
analysis showing the expression of ANXA1 in the cellular
nuclear extract in HEK293 cells. IPZ, importazole. (F) Sta-
tistical analysis of (E). “p < 0.05, compared with controls;
#p < 0.05 compared with the ABCA1 siRNA group. All of
the data of the three independent experiments are ex-
pressed as the mean + SD, one-way ANOVA with Bon-
ferroni post hoc test.

The AAV8-ABCAI (903-1,344) pretreatment
group showed less nuclear staining upon general
observation (Figure 5C).

AAV8-ABCA1 (903-1,344) pretreatment
reduced RGC loss after IR

To confirm the treatment effect of AAV8-ABCAI (903-1,344) on

RGC apoptosis after IR, we performed SD-OCT to examine the
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morphological changes in the retina in vivo. We found that AAV8-
ABCAI (903-1,344) pretreatment could reduce retina degeneration
after IR (Figures 6A and 6B). Furthermore, we found that AAV8-
ABCAI (903-1,344) pretreatment could reverse RGC loss after IR
(Figures 6C and 6D). However, AAV8-ABCAI (1,907-2,220)

Figure 4. The interaction between ABCA1 and ANXA1
(A) Schematic diagram of full-length ABCAT1. (B) A western
blotting analysis is showing the interaction between the
903—1,344 fragment and the 1,907-2,220 fragment of
ABCA1 and ANXAT1. (C) Western blot analysis showing the
expression of ANXA1 in membrane, cytoplasm, and nu-
cleus extract after ABCA1 903-1,344 fragment over-
expression. (D) Statistical analysis of (C); the data of three
independent experiments expressed as the mean + SD.
*p < 0.05, unpaired Student’s t test versus control.
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Figure 5. The effect of AAV8-ABCA1 (903-1,344) overexpression on ANXA1
nuclear localization after IR in vivo

(A) Graphic illustration of the structure of AAV8-ABCAT (903—1,344). (B) Experi-
mental scheme of AAV8-ABCA1 (903—1,344) administration and the mouse IR
model. (C) Representative immunofluorescence images of ANXA1 expression on
retina GCL, n = 4 retinas per group. Scale bar, 50 pm.

injection could not reverse retina degeneration or RGC apoptosis
(Figures S1A and S1B). We also examined the effect of AAVS-
ABCAI (903-1,344) post-treatment on retina degeneration and
RGC apoptosis. We found that AAV8-ABCAI (903-1,344) post-
treatment could not improve retina degeneration or RGC apoptosis
after IR (Figures S1ID—S1F). Similarly, an AAV empty vector could
not reverse retina degeneration after IR (Figure S1C).

DISCUSSION

This study demonstrated that ABCAI overexpression decreased
ANXAI nuclear translocation in vivo and in vitro and mitigated
retina degeneration and RGC loss after IR. These results suggest
that ABCA1 or/and ANXA1 could be considered as a gene therapy
target for glaucoma disease.

ANXAL1 subcellular localization determines cellular fate. In inflam-
matory diseases and the immune response system, treatment with
exogenous ANXA1 mimetic peptides can decrease the expression
of proinflammatory mediators, attenuating the infiltration of in-

flammatory cells.”* By interacting with FPR2, ANXAI can also
limit viral replication in the influenza A virus infection model.*”
Extracellular ANXA1 promotes stem cell differentiation®® and re-
duces cancer cell growth and aggressiveness.”” However, ANXAI
nuclear translocation induces cellular apoptosis by interacting
with p53 and p65. In this study, we found that ABCAI overexpres-
sion could promote RGC survival in an IR mouse model. We spec-
ulated that overexpression of full-length ABCA and its amino
acids 903-1,344 fragment promoted the RGC survival rate by
reducing ANXA1 nuclear localization.

Previous studies have reported that ABCA1 could interact with
ANXA1 and induce externalization of ANXA1. However, the under-
lying mechanism remains unclear. S100A11 is another protein re-
ported to be an ANXA1 nuclear translocation regulator. S100A11
overexpression can downregulate ANXA1 binding with importin ,
which partially interferes with ANXA1 nuclear translocation.*® Simi-
larly, in this study, we found that ABCA1 overexpression could
reduce ANXALI binding with importin B and decrease ANXAI nu-
clear localization. Moreover, we found that the amino acids 903-
1,344 fragment of ABCALI interacted with ANXAI and could be
considered a key domain for the ABCA1-ANXA1 interaction. We
speculated that ABCA1 reduced ANXA1 nuclear translocation by
decreasing ANXA1 binding with importin B, which indicated that
ABCA1l was competitively binding with ANXAI and reducing
ANZXALI nuclear translocation. However, whether importin 3 can
proactively and specifically transport ANXALI into the nucleus and
reduce ABCA1-ANXA1 binding remains unclear.

The structure of human ABCA1 was recently identified.”> We
speculated that ABCA1 binding with ANXAI occurred on its
intracellular domain. Coimmunoprecipitation results also identi-
fied that the intracellular domain of ABCA1 (amino acids 903-
1,344 fragment) could bind with ANXA1. The ABCA1 fragment
(amino acids 1,907-2,220) could not bind with ANXA1 or reverse
retina degeneration. We assumed that this is due to the presence of
the unconjugated form of ANXAI. A limitation of this study was
that the amino acids 903-1,344 fragment of ABCA1 contained
three functional domains, including one nucleotide-binding
domain, one regulatory domain, and one intracellular helices
domain. Further studies should identify which domain of this frag-
ment could specifically bind with ANXAI1. Further, more studies
are needed to identify other structures in ABCA1 that could poten-
tially interact with ANXA1, such as two transmembrane domains
and two extracellular domains. Another limitation of this study is
that the adenovirus injection might have activated the immune
system, including the Toll-like receptor (TLR)-dependent and
TLR-independent pathways. More studies are warranted to silence
retinal microglia and thereafter investigate the function of Ad-
ABCAI on retina degeneration.

Our findings identify a novel treatment strategy for RGCloss in the IR
mice model. Overexpression of the full-length and amino acids 903-
1,344 fragment of ABCAI decreased ANXA1 nuclear localization.
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The reduced RGC loss associated with ABCA1 overexpression was
brought about due to interference of the ANXA1l-importin B interac-
tion and maintenance of ANXA1 membrane localization. These find-
ings reveal ABCA1 and ANXA1 as novel targets for glaucoma gene
therapies.

MATERIALS AND METHODS

Animals

Male C57BL/6] mice (3 months old, 20-25 g) were obtained from the
Experiment Animal Center of Tongji Medical College. All of the mice
were fed with a standard rodent diet ad libitum and kept on a 12-h
light/12-h dark cycle. The procedures concerning animals were per-
formed according to the Association for Research in Vision and
Ophthalmology statement for the Use of Animals in Ophthalmic
and Vision Research and under protocols approved by the Institu-
tional Animal Care and Use Committees at Huazhong University
of Science and Technology (HUST; 2015-K-023).

Reagents and antibodies

IPZ was obtained was from Calbiochem (Darmstadt, Germany;
401105, 8 uM). Human ABCA1 siRNA was obtained from Thermo
Fisher Scientific (Shanghai, China; assay ID 107728, catalog
#AM16708).

The following antibodies were used in this study: anti-ABCA1 (ab-
18180, Research Resource Identifier [RRID]: AB_444302; Abcam;
1:500 for western blot, 1:200 for IF), anti-ANXA1 (ab-214486; Ab-
cam; 1:2,000 for western blot, 1:1,000 for IF), anti-RBPMS
(ABN1362; Millipore; 1:500), anti-B-actin (sc-47778, RRID:
AB_2714189; Santa Cruz; 1:1,000), anti-importin § (#51186, RRID:
AB_2799386; Cell Signaling Technology; 1:1,000), anti-beta 1 sodium
potassium ATPase (ab-2873, RRID: AB_303375; Abcam; 1:250), and

~al

I IR+AAVS8-ABCA1(903-1344)
* #

-

Molecular Therapy: Methods & Clinical Development

Figure 6. The effect of AAV8-ABCA1 (903-1,344)
overexpression on retina degeneration after IR

in vivo

(A) Representative SD-OCT images for the thickness of the
retina (n = 8 retinas per group). Scale bar, 100 um. (B)
Statistical analysis of (A). *p < 0.05 compared with control
retina; #p < 0.05 compared with the IR group. (C) Repre-
sentative immunofluorescence results showing the number
of RGCs, n = 8 retinas per group. Scale bar, 100 um. (D)
Statistical analysis of (C). *p < 0.05, compared with control
retina; #p < 0.05 compared with the IR group. All of the data
are expressed as mean + SEM, one-way ANOVA followed
by Tukey’s post hoc test.

#

anti-histone H3 (#4499, RRID: AB_10544537;
Cell Signaling Technology; 1:1,000).

Intravitreal injections

The Ad-ABCAI gene (1 x 10" viral genomes/

mL) and AAV-encompassing amino acids 903-
1,344 fragment of ABCAI (AAV8-ABCAI 903—1,344; 1 X 10*2 viral
genomes/mL) were obtained from BrainVTA (Wuhan, China). The
experimental eyes were injected with Ad-ABCAI (1.5 pL) and
AAVS-ABCAI 903-1,344 (1.5 pL) into the vitreous cavity through
a 35G needle with a 10-uL Hamilton micro syringe (Hamilton,
Reno, NV, USA) before the onset of reperfusion at 7 days and
10 days, respectively. Tobramycin was applied to prevent bacterial
infection.

IR mouse model

Mice were dark adapted overnight and anesthetized with an intra-
peritoneal injection of ketamine (15 mg/g body weight) and xylazine
(7 mg/g). Their right eyes were dilated with 5% tropicamide, fol-
lowed by topical anesthesia using proparacaine. We inserted a
30G needle into the anterior chamber (right eyes); the needle was
connected to a saline reservoir. We elevated the saline reservoir to
keep the IOP at 75 mmHg for 45 min. Retinal ischemia was
confirmed by whitening of the iris. Then, we withdrew the needle
and treated the mice with tobramycin to avoid bacterial infection.
We kept the left eyes as control. All mice were sacrificed 120 h after
this surgery.

Retinal thickness measurement in vivo

Retina thickness was measured by SD-OCT using the Spectralis
HRA+OCT system (Heidelberg Engineering). Mice were anesthe-
tized by intraperitoneal injection of ketamine (15 mg/g body weight)
and xylazine (7 mg/g). Pupils were dilated with drops of Tropica-
mide Ophthalmic Solution USP 1% (Bausch & Lomb). An artificial
tear was applied bilaterally to prevent corneal dehydration during
the procedure. Total retinal thickness was defined as the width
from the inner-limiting membrane to the retinal pigment epithe-
lium (RPE)/choroid layer on the cross-sectional images and
measured using custom-automated image segmentation routines
in MATLAB.
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IF

We washed 5 pm paraffin-embedded retinal sections twice with phos-
phate-buffered saline (PBS; at 37°C). Afterward, the sections were
incubated with 5% bovine serum albumin (BSA) for 1 h and were
then treated with mouse monoclonal ABCA1 antibody and rabbit
monoclonal ANXAL1 antibody in 5% BSA at 4°C overnight. Retinal
sections were then washed and treated with secondary antibody
(1:200; Invitrogen) in 5% BSA at 37°C for 1 h. A Zeiss confocal mi-
croscope was used to acquire fluorescence images (Zeiss LSM 700;
Germany).

Coimmunoprecipitation

We used a buffer containing 400 mM KCl, 20 mM 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid, 5 mM ethylenediaminete-
traacetic acid, 0.4% NP-40, protease inhibitors, and 5% glycerol to
obtain cell lysates by sonication. We incubated the cell lysates with
an anti-importin B antibody overnight at 4°C. Then, we used protein
A/G PLUS-Agarose beads (sc-2003; Santa Cruz) to incubate the reac-
tion mixture for 2 h at 4°C. The precipitates were then washed three
times with a washing buffer and eluted from the beads by boiling with
1 x sodium dodecyl sulfate (SDS) for 5 min at 95°C. The protein sam-
ples were detected by SDS-polyacrylamide gel electrophoresis.

Protein extraction and preparation

We prepared the protein samples using the Membrane and Cytosol
Protein Extraction Kit (P0033; Beyotime, China). In brief, we washed
the HEK293 cells with ice-cold PBS and harvested the cells using a cell
scraper. The cells were centrifuged at 3,000 x g for 5 min. We then
resuspended the cell pellets in a membrane and cytoplasmic extrac-
tion buffer that contained protease inhibitors and phenylmethanesul-
fonyl fluoride. The cell pellets were placed on ice with the extraction
buffer for 30 min, and the lysates were then centrifuged at 12,000 x g
at 4°C for 10 min. The membrane-bound and cytoplasmic protein
fractions were harvested for expression analysis, which was per-
formed later.

We used ImageJ (Fiji) to detect the western blotting bands and per-
formed a band density analysis.

Statistical analysis
We used GraphPad Prism software (version 5.0; GraphPad Software)
to perform the statistical analysis. Data were analyzed using Student’s
t test and a one-way analysis of variance (ANOVA) to determine sta-
tistically significant differences. A value of p <0.05 was considered sta-
tistically significant.
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Supplemental Information can be found online at https://doi.org/10.
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