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Intracellular AIBP regulates oxidized LDL-induced mitophagy in
macrophages

Soo-Ho Choi, Colin Agatisa-Boyle, Ayelet Gonen, Alisa Kim, Jungsu Kim, Elena Alekseeva,
Sotirios Tsimikas, Yury I. Miller?
Department of Medicine University of California San Diego, La Jolla, CA 92093

Abstract

OBJECTIVE: Atherosclerotic lesions are often characterized by accumulation of oxidized low-
density lipoprotein (OxLDL), which is associated with vascular inflammation and lesion
vulnerability to rupture. Extracellular apolipoprotein A-I binding protein (AIBP, encoded by
APOA1BP gene), when secreted, promotes cholesterol efflux and regulates lipid rafts dynamics,
but its role as an intracellular protein in mammalian cells remains unknown. The aim of this work
was to determine function of intracellular AIBP in macrophages exposed to OXLDL and in
atherosclerotic lesions.

APPROACH AND RESULTS: Using a novel monoclonal antibody against human and mouse
AIBP, which are highly homologous, we demonstrated robust AIBP expression in human and
mouse atherosclerotic lesions. We observed significantly reduced autophagy in bone marrow-
derived macrophages, isolated from ApoaZbp™~ compared to wild type mice, which were exposed
to OXLDL. In atherosclerotic lesions from ApoaZbp™~ mice subjected to Ld/rknockdown and fed
a Western diet, autophagy was reduced, whereas apoptosis was increased, when compared with
that in wild type mice. AIBP expression was necessary for efficient control of ROS and cell death
and for mitochondria quality control in macrophages exposed to OXLDL. Mitochondria-localized
AIBP, via its N-terminal domain, associated with E3 ubiquitin-protein ligase Parkin (PARK2),
mitofusin (MFN)-1 and MFN2, but not Bcl2/adenovirus E1B 19-kDa-interacting protein-3
(BNIP3), and regulated ubiquitination of MFN1 and MFN2, key components of mitophagy.

CONCLUSIONS: These data suggest that intracellular AIBP is a new regulator of autophagy in
macrophages. Mitochondria-localized AIBP augments mitophagy and participates in mitochondria
quality control, protecting macrophages against cell death in the context of atherosclerosis.

Graphical Abstract
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INTRODUCTION

Atherosclerosis is a chronic inflammatory disease of large blood vessels that can cause
stroke, heart attack, and peripheral vascular disease.! Oxidative modification of low-density
lipoprotein (LDL) is the early event and a major risk factor in the development of
atherosclerosis.? Oxidation specific epitopes in oxidized LDL (OxLDL) are
proinflammatory and proatherogenic, promoting macrophage foam cell formation and the
development of atherosclerotic lesions. In addition, OxLDL and malondialdehyde modified
(MDA)-LDL induce autophagy in macrophages.* °

Autophagy is a protective process of degradation of dysfunctional intracellular components
to maintain cellular homeostasis.® 7 Facilitating autophagy has been proposed as a new
strategy for treatment of atherosclerosis.8: © Macrophages that are differentiated from the
monocytes recruited to the vascular wall uncontrollably internalize OXLDL and become
lipid-loaded foam cells. Death of foam cells in the vascular wall results in accumulation of
inflammatory debris and extracellular lipid, making atherosclerotic lesions vulnerable to
rupture. Autophagy helps macrophage survival, and the results from several cellular and
animal models suggest that regulation of autophagy plays important roles in both early and
advanced atherosclerosis.10: 11

Mitochondrial ATP production is central to cellular homeostasis and survival.12
Mitochondrial dysfunction is emphasized as a leading mechanism of atherosclerosis.13
Therefore, the cellular process of eliminating damaged mitochondria by autophagy, known
as mitophagy, is important to keeping cells healthy and preventing disease development.14
Mitophagy plays an important role in age-related disorders and neurodegenerative diseases.
15-19 1n the context of atherosclerosis, exposure to OxLDL induces impairment of
mitochondrial function by reduction in membrane potential, and the dysfunctional
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mitochondria are removed via mitophagy, which play a critical role in mitochondrial quality
control and atheroprotection.2°

Apolipoprotein A-1 (APOA-I) binding protein (AIBP) was discovered in a yeast two-hybrid
screen of proteins that associate with APOA-1.21 Our studies have demonstrated that AIBP
facilitates cholesterol efflux from endothelial cells and macrophages to HDL, resulting in the
reduced abundance of cholesterol-rich lipid raft microdomains in the plasma membrane.
22,23 | addition, AIBP has been found to exhibit NAD(P)H-hydrate epimerase (NAXE) and
ADP-ribosyltransferase activities in vitro and in bacterial systems,2* 25 but no evidence of
the importance of these enzymatic functions in mammalian cell has yet been reported. In
hypercholesterolemic mouse models, we and others have demonstrated that overexpression
of AIBP through delivery with adeno-associated virus (AAV) reduces atherosclerotic lesion
development, while Apoalbp knockout increases atherosclerosis.23: 26 Further, we have
reported that intrathecal injection of recombinant AIBP alleviates neuropathic pain states
and that inhaled AIBP protein attenuates acute lung injury in mice.2”- 28 Although AIBP
expressed in transfected cells was in mitochondria,2® there were no studies examining the
role of endogenous AIBP in mitochondrial function.

In this study, we demonstrated that AIBP plays an important role in autophagosome
formation in macrophages exposed to OxLDL. Moreover, we found that AIBP associated
with mitochondrial proteins to promote mitophagy and that hypercholesterolemic Apoalbp
~~mice had reduced macrophage MAP1LC3/LC3 (further referred to as LC3) expression
but increased numbers of TUNEL-positive macrophages in atherosclerotic lesions compared
to wild type mice. Our findings suggest that AIBP expression is an important factor in the
removal of damaged mitochondria in macrophages.

MATERIALS AND METHODS

The authors will make their data, analytic methods, and study materials available to other
researchers upon request.

Animals, diet and assessment of atherosclerosis

All experiments were conducted according to protocols approved by the Institutional Animal
Care and Use Committee of the University of California, San Diego. Male C57BL/6J and
Apoalbp™~ mice30 were housed up to 4 per standard cage at room temperature and
maintained on a 12:12 hour light:dark cycle, with lights on at 07:00. To knock down the Ldlr
gene expression, C57BL/6J and Apoalbp™~ male mice were given weekly intraperitoneal
injections of antisense oligonucleotides (ASO, courtesy of lonis Pharmaceuticals, Inc.)
against mouse Ld/rat 5 mg/kg bodyweight for the first four weeks, after which injections
proceeded biweekly for an additional eight weeks. Concomitantly with the ASO
intervention, mice were fed for 12 weeks a Western diet (Envigo TD.96121) containing 21%
milk fat and 1.25% cholesterol, starting at 10 weeks of age. Both food and water were
available ad /ibitum. Blood was collected as previously described.23 Total cholesterol and
triglyceride levels were measured using BioVision’s K603 and EnzyChrom’s ETGA-200
enzymatic assays, respectively. Atherosclerosis was assessed as previously described in our
lab3! and in adherence to the AHA guidelines. Briefly, mice were perfused and hearts were
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fixed and embedded in OCT and serially sectioned. To quantify aortic root atherosclerosis,
sections were cut from the aortic valve origin to the last leaflet at 100 um intervals.
Atherosclerotic plaques were stained using Oil Red O, and counterstained using
hematoxylin. To quantify plague necrotic cores, additional slides were stained with
Gomori’s trichome satin. Total lesion and necrotic core areas were quantified via computer-
assisted image analysis (ImagePro). Sex as a biological variable in atherosclerosis
experiments was not studied in this work and will be evaluated in future studies.

Human tissue samples

Human carotid endarterectomy specimens were obtained from patients undergoing carotid
endarterectomy with a protocol approved by the University of California, San Diego Human
Research Protection Program.

Monoclonal anti-AIBP antibody

Apoalbp™~ mice were immunized with recombinant human AIBP lacking any tag. After 39
days, serum titers of AIBP-specific antibodies were determined by ELISA against AIBP.
Following a recall boost, splenocytes were harvested from immunized mice and fused with a
murine myeloma partner (p3X63Ag8.653) using a ClonaCell™-HY Hybridoma kit
(StemCell Technologies, Cambridge, MA). Fused cells were resuspended in a semi-solid
HAT hybridoma selection medium. Ten-14 days later, visible colonies were transferred into
ClonaCell®-HY Growth Medium (DMEM, pre-selected serum, HT, gentamycin, and
supplements). Supernatants from resulting clonal hybridomas were subsequently screened
by ELISA against AIBP. Positive clones with monoclonal antibodies specific to AIBP were
sub-cloned by limiting dilution in semi-solid gel, without HAT, and re-tested by ELISA. The
colony designated as BE-1 was expanded and cryopreserved. The BE-1 colony was
expanded by BioXCell (West Lebanon, NH) in tissue culture in a stirred tank fermentation
with Hybridoma-SFM medium supplemented with 1% Fetal Clone 3 (Life Technologies,
Carlsbad, CA) and purified with Protein A/G resin.

Immunohistochemistry of human carotid and mouse tissues

Immunohistochemistry of paraffin-embedded and optimal cutting temperature (OCT)-
embedded sections was performed as described in the previous study.28 32 Briefly, paraffin-
embedded human carotid artery cross-sections were deparaffinized, and antigens were
retrieved by incubation in a sodium citrate buffer for 30 min at 95°C. Murine aortic root
OCT-embedded, frozen-sections were fixed, incubated with 1% sodium dodecyl sulfate
(SDS) for antigen retrieval, blocked with TBS containing 5% normal goat serum/1% BSA
for 30 min at room temperature, followed by incubation with F(ab) fragment anti-mouse 1gG
(H+L) (Abcam ab6668) for 1 hour at room temperature. The mouse monoclonal anti-AIBP
antibody BE-1 (10 ug/ml diluted with blocking buffer) was used to stain sections in a
humidified chamber at 4°C overnight. Sections were then incubated with an anti-mouse 1gG
-Alkaline Phosphatase (Sigma A3438), diluted with blocking buffer 1:50, for 30 min at
room temperature, and visualized with Vector Red substrate (Vector SK-5100). Sections
were counterstained with hematoxylin for 30s and mounted with Simpo-Mount (IHC World
EO3-18). Stained tissue sections were imaged using a NanoZoomer Slide Scanner
(Hamamatsu).
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Bone marrow-derived macrophages (BMDM) were cultured as described previously.® In
brief, bone marrow cells isolated from tibias and femurs of C57BL/6 and Apoalbp™~ male
mice were incubated with CSF1/macrophage colony stimulating factor (L929 conditioned
medium) following a published protocol.33 Human embryonic kidney 293 (HEK293) and
human hepatocellular carcinoma cell line HepG2 were cultured in DMEM (Cellgro, 10-013-
CV) supplemented with 10% fetal bovine serum (FBS; Omega Scientific, FB-01) and 50
ug/ml gentamicin (Omega Scientific, GT-10). Platinum-E (Plat-E) retroviral packaging cell
line (Cell BioLabs, RV-101)34 were cultured in DMEM supplemented with 10% FBS,
1ug/ml puromycin (InvivoGen, ant-pr-1), 10pug/ml blasticidin (InvivoGen, ant-bl-05), and
50ug/ml gentamicin.

LDL Modification

Human native low-density lipoprotein (LDL) was purchased from Alfa Aesar (BT-603).
OxLDL was produced 77 vitro as previously reported.® Briefly, human LDL was extensively
dialyzed against PBS to remove EDTA and 0.1 mg/ml of human LDL was incubated with 10
UM CuSOy4 for 18 hours at 37°C. Thiobarbituric acid reactive substances (TBARS; typically,
more than 30 nmol/mg in OxLDL) were measured to confirm LDL oxidation. OXLDL was
concentrated to 1 mg/ml using a 100 kDa cut off centrifugal concentrator (Millipore,
UFC810024) and sterile filtered (0.22 um). Acetylated LDL (AcLDL, 360-28-10) was
purchased from Lee Biosolutions.

Macrophage lipid accumulation

Cells were incubated for 24 h with PBS or 25 ug/ml OxLDL in L929 conditioned medium
supplemented with 10% lipoprotein-deficient serum. To detect intracellular accumulation of
neutral lipid, BMDM were stained with Oil Red O (Sigma, 00625) and hematoxylin (\ector
Laboratories, H-3404) as previously published.> Images were captured with NanoZoomer
(Hamamatsu). Intracellular Oil Red O was extracted in 0.5 ml isopropanol (Fisher Scientific,
A416500) and optical density was measured at 510 nm.

Flow cytometry assay

BMDM were incubated with PBS or 25 pg/ml OXLDL for 24 hours. Cells were fixed with
3.7% formaldehyde for 20 min and blocked with an anti-CD16/CD32 antibody (FcRr
blocker, BD Bioscience) for 30 min on ice. Cells were incubated with APC-conjugated anti-
CD36 antibody (BioLegend) for 1 hour at 4°C, washed 5 times with PBS, and analyzed
using a FACSCanto Il (BD Bioscience) flow cytometer.

Measurement of ROS

Total ROS was measured as previously described.3> In brief, BMDM were stimulated with
PBS or 25 pug/ml OxLDL for 24 hours and then incubated with 10 uM 2°,7°-
dichlorodihydrofluorescein diacetate (DCF-DA, Invitrogen, D399) for 20 min.
Mitochondrial ROS was measured using MitoSox Red reagent according to the
manufacturer’s protocol (Invitrogen). Cells were analyzed by Airyscan confocal microscope
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(Carl Zeiss) and FACS (BD Biosciences). Geometric means of FACS histograms were
measured and presented as bar graphs.

Antibodies and reagents

JC-1 assay

The following antibodies were purchased from Cell Signaling Technology: LC3 (#4108 and
#12741), B-ACTIN (#4967), SIRT3 (#5490), phospho-ULK1 (#5869), and VDAC (#4661).
Antibodies were purchased from Santa Cruz Biotechnology: PARKIN (sc-32282), myc
(sc-40), ha (sc-805), ULK1 (sc-390904), Beclinl (sc-11427), and UBI (sc-8017 HRP). The
following antibodies were purchased from Sigma-Aldrich: flag (F3165). The following
antibodies were purchased from Abcam: SQSTM1/p62 (ab56416). The following antibodies
were purchased from Invitrogen: Alexa Fluor 488-labeled anti-rabbit IgG (A11034), Alexa
Fluor 568-labeled anti-mouse 1gG (A11031), Alexa Fluor 568-labeled anti-rat 1gG
(A11077), Alexa Fluor 647-labeled anti-mouse 1gG (A21237), and OXPHOS (#45-7999). A
rabbit polyclonal antibody against mouse AIBP was a kind gift from Dr. Longhou Fang
(Houston Methodist Research Institute). A rabbit polyclonal antibody against LDLR
(10785-1-AP) was purchased from Proteintech. Antibodies against CD68 (#137001) and
CD36 (#102612) were purchased from BioLegend. An antibody against CD16/CD32 (FcRr
blocker, #553141) and CD31 (#562939) were purchased from BD Bioscience and
Bafilomycin Al (#196000) was purchased from Calbiochem.

Mitochondrial membrane potential was measured using a Mitoprobe™ JC-1 assay kit
(Thermo Fisher Scientific, M34152) according to manufacturer’s instructions. In brief,
BMDM were stimulated with either PBS or 25 ug/ml of OXLDL for 24 h. Cells were
incubated with 2 pM of JC-1 probe for 30 min at 37°C, washed with PBS, and analyzed for
the shift of fluorescence emission from green (529nm) to red (590nm) using a FACSCanto |1
flow cytometer (BD Bioscience). Mitochondrial membrane depolarization was calculated by
a decrease in the red (aggregate)/green (monomer) fluorescence ratio. To disrupt
mitochondrial membrane potential, cells were incubated with 10 uM of carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) for 24 h at 37°C. Geometric means of FACS histograms
were measured and presented as bar graphs.

Retrovirus production

To produce retroviruses expressing mt-Keima, we used Plat-E retroviral packaging cell line.
The day before transfection, Plat-E cells were plated and transfected with pCHAC-mt-
mKeima (Addgene, plasmid#72342). After 48 hours, the supernatant containing retroviruses
expressing mt-Keima was collected, filtered, and stored at -80°C.

Mt-Keima mitophagy assay

To monitor mammalian mitophagy, the mt-Keima assay was performed as previously
described.36 BMDM isolated from WT and Apoalbp™~ mice were infected with
retroviruses expressing mt-Keima containing 8pug/ml polybrene (Sigma, H9268). At 24 h
post infection, cells were incubated with OxLDL for additional 24 h and analyzed using a
flow cytometry and an Airyscan confocal microscope (Carl Zeiss). Mitophagy was
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quantified in a flow cytometry assay using the ratio of red signal (550nm) to green signal
(440nm) from mt-Keima, with a FACSCanto Il (BD Bioscience).

Co-immunoprecipitation assay

HEK?293 and HepG2 cells were transfected with human flag-tagged AIBP, PARK2-myc,
MFN1-myc and/or MFN2-myc using GenJet In Vitro DNA transfection reagent (SignaGen
Laboratories). At 2 days after transfection, cells were lysed with an ice-cold lysis buffer (50
mM Tris-HCI, pH 7.5, 1% NP-40, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 5 mM
NazVOg4, 1 mM NaF, and a protease inhibitor cocktail from MedChemExpress). Cell lysates
were preincubated with protein A/G Sepharose beads (Genesee Scientific, 20-528 and 20—
537) for 30 min at 4°C and immunoprecipitated with appropriate primary antibodies
overnight at 4°C. Next day, the lysates were further incubated with protein A/G Sepharose
beads for additional 1 h at 4°C. Immune complexes were washed five times with lysis buffer,
run on a Nu-PAGE Bis-Tris gel (Invitrogen), and antibody-bound proteins were detected by
immunoblotting with secondary antibodies.

Western blot analysis

BMDM were plated at 0.5x10° cells/well in a 12-well plate. The next day, cells were
stimulated with 25 pg/ml OxLDL for the indicated time. Cells were harvested and the
lysates subjected to a 4-12% Nu-PAGE Bis-Tris gel (Invitrogen) electrophoresis and
immunoblotted with appropriate primary antibodies overnight. The membranes were washed
2 times with TBS containing 0.1% Tween-20 (T-TBS), incubated with secondary antibodies
for 1 hour at room temperature, and washed 5 times with T-TBS. The images were captured
using a UVP imaging system.

Quantitative PCR

Total RNA was isolated using Nucleospin RNA columns (Clontech). cDNA was synthesized
from isolated RNA using cDNA EcoDry (Clontech), following manufacturer’s instruction.
Quantitative PCR was performed using a KAPA SYBR FAST Universal gPCR kit (KAPA
Biosystems, KK4602), with primers ordered from Integrated DNA Technologies (IDT), and
a Rotor Gene Q thermocycler (Qiagen).

Immunocytochemistry

To visualize the induction of autophagy, cells were stained and imaged as previously
described.® Briefly, cells plated on a coverslip were washed with PBS and fixed with 3.7%
formaldehyde for 15 min at 37°C and then permeabilized with 0.5% Triton X-100 for an
additional 10 min at room temperature. Cells were washed with PBS and blocked with 5%
BSA containing 2% mouse/rabbit normal serum for 30 min at 37°C, incubated with primary
antibodies, followed by secondary antibodies. After three washes with 0.1% Triton X-100 in
PBS and two washes with PBS, coverslips were mounted on a cover glass with Prolong Gold
AntiFade reagent with 4”,6-diamidino-2-phenylindole (DAPI) (Cell Signaling Technology).
Fluorescent images were captured using an Airyscan confocal microscope (Carl Zeiss).
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Annexin V staining

Annexin V binding was analyzed using an Annexin V-FITC apoptosis detection kit
(eBioscience, BMS500FI) according to manufacturer’s protocol. Briefly, BMDM were
incubated with PBS or OxLDL for 24 h, then sequentially washed with PBS and binding
buffer. Cells were incubated with FITC-conjugated Annexin V for 15 min, washed two times
with binding buffer, and then 7-aminoactinomycin D (7-AAD) was added. Annexin V
binding was analyzed by FACSCanto Il (BD Bioscience). Four regions were selected: viable
cells (Annexin V-/ 7AAD-), early apoptotic cells (Annexin V+/ 7AAD-), late apoptotic/
necrotic cells (Annexin V+/7ADD+), and late necrotic cells (Annexin V- / 7TAAD+).
Apoptotic cells were calculated by combining early and late apoptotic cells.

Mitochondria isolation

BMDM isolated from C57BL/6J and Apoalbp™~ mice were stimulated with either PBS or
OXLDL for 24 h. Mitochondria were purified using mitochondria isolation kit
(ThermoFisher Scientific, 89874) according to manufacturer’s protocol.

TUNEL staining

Detection of apoptosis was performed by TUNEL assay using an /n7 Situ Cell Death
Detection Kit, TMR red (Sigma-Aldrich, 12156792910) according to manufacturer’s
protocol. In brief, frozen tissue sections were fixed in 3.7% paraformaldehyde for 20 min at
room temperature, washed two times with PBS and permeabilized with 0.1% Triton-X 100
in 0.1% sodium citrate for 2 min on ice. Tissue sections were incubated with the TUNEL
reaction mixture for 1 h at 37°C, washed five times with PBS, and mounted with Prolong
Gold AntiFade reagent with 4”,6-diamidino-2-phenylindole (DAPI) (Cell Signaling
Technology). The tissue was counterstained with an anti-CD68 antibody. TUNEL-positive
cells were captured by AiryScan confocal microscope (Carl Zeiss).

Statistical analyses

Data are presented as mean+SEM, unless otherwise stated. Data have been analyzed for
normality using Shapiro-Wilk test as provided in GraphPad Prism, and the data sets that
passed the normality test were subjected to parametric analyses, with equal or unequal
variance. For comparison between two groups, statistical analysis was performed using two-
tailed Student’s t-test. For multiple group and multi-variable comparisons, we used one-way
ANOVA or two-way ANOVA followed by the Bonferroni post hoc test, using GraphPad
Prism. In independent experiments with high systemic variation (Figures 3B, 5I, 6E and IC),
repeated measures t-test or AOVA, or one-sample t-test were used as explained in figure
legends. Differences with a P-value of less than 0.05 were considered statistically
significant.”

RESULTS

AIBP expression in atherosclerotic lesions and regulation by OxLDL.

Because mouse and human AIBP have a high degree of homology, in order to generate a
monoclonal antibody to AIBP, we immunized an Apoalbp™~ mouse with recombinant
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human AIBP from which a His-tag was cleaved. The resulting monoclonal antibody BE-1
(see Methods for details) was used to stain atherosclerotic lesions from WT mice, with
lesions from Apoalbp™~ mice serving as a negative control. AIBP was abundantly
expressed in mouse atherosclerotic lesions (Figure 1A) and, importantly, in human carotid
specimens (Figure 1B). AIBP staining colocalized predominantly with the macrophage
marker CD68 but also partially with alpha SMC actin and CD31 (Figure IA in Data
Supplement). These results suggest that AIBP is expressed in multiple vascular cell types.
Because OxLDL’s OSE are abundant in blood and atherosclerotic plaques of patients with
cardiovascular disease,3 37 we tested if OXLDL regulates AIBP expression in macrophages.
We found that OXLDL treatment increases AIBP protein expression in BMDM (Figure 1C).
AcLDL also induced AIBP protein expression in macrophages but not LPS, Pam3CSK, or
TNFa (Figure IB — IE in Data Supplement). These results, showing upregulated AIBP
expression in macrophages under experimental atherogenic conditions and in human and
mouse atherosclerotic lesions support the importance of gaining mechanistic insights into
function of intracellular AIBP.

AIBP deficiency reduces autophagy in macrophages in response to oxidized LDL.

Macrophage autophagy under atherogenic conditions is reported to be a protective
mechanism.10: 11 To test whether macrophage AIBP regulates autophagy, BMDM isolated
from WT and Apoalbp™~ mice were incubated with 25 pg/ml of OXLDL. OxLDL-induced
accumulation of LC3-11 was significantly lower in Apoalbp™~ compared to WT
macrophages (Figures 2A — 2D). Inhibition of autophagosome-lysosome fusion by targeting
lysosomes with bafilomycin Al showed further accumulation of LC3-Il in WT
macrophages; however, accumulation of LC3-11 was reduced in Apoalbp™~ macrophages
(Figures 2E and 2F). Unlike in autophagy induced by other stimuli, in OxLDL-induced
macrophage autophagy we did not observe reductions in SQSTM1/p62 expression. This was
likely due to OXLDL-induced upregulation of Sgstm1 mRNA and protein expression
(Figures IIA-IIC in Data Supplement). There were no significant genotype-dependent or
OxLDL-induced changes in mRNA expression of Map1lc3b, Atg5, Atg7, Beclinl, or
lysosomal LampZ expression. Protein expression of BECN1 or ULK1 did not change, but
OxLDL induced phosphorylation of ULK-1 in WT but not Apoalbp™'~ macrophages
(Figures 1ID-IIL in Data Supplement). To exclude the possibility that reduced autophagy in
Apoalbp™~ macrophages was due to impaired OxLDL uptake, we tested expression of
CD36, the primary receptor for OXLDL in macrophages, which is also upregulated in
response to OXLDL.38: 39 The mRNA and cell surface protein expression of CD36, both in
unstimulated and OxLDL-treated cells, were equal in WT and Apoalbp™~ macrophages
(Figures HHIA-IIIC in Data Supplement). Furthermore, intracellular lipid accumulation in
Apoalbp™~ macrophages was slightly higher than in WT (Figures 111D and IIIE in Data
Supplement), suggesting that impaired autophagy in ApoaZbp™~ macrophages cannot be
explained by reduced OxLDL uptake.

Hypercholesterolemic Apoalbp™~ mice have reduced macrophage LC3 expression and
increased apoptosis in atherosclerotic lesions.

To assess the /in vivo relevance of our findings that AIBP promotes autophagy, the cellular
process that is atheroprotective, we evaluated macrophage LC3 expression and apoptosis in
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aortic roots of hypercholesterolemic male mice. WT and Apoalbp™~ mice were injected
with antisense oligonucleotides (ASO) against the LDL receptor4? and fed a Western diet for
12 weeks. Both WT and Apoalbp™~ mice had a similar weight gain over the course of the
study. At the end of the study, the LDL protein expression in the liver was largely
undetectable or very low (Figures I'VA and IVB in Data Supplement). Plasma cholesterol
levels reached 2000-3000 pg/dL at 4 weeks and decreased to a 500-700 pg/dL range by 12
weeks (Figure 1VVC in Data Supplement). Both total cholesterol and triglyceride levels in
terminal blood trended higher in Apoalbp™~ mice (Figures IVC and IVD in Data
Supplement). Accordingly, the size of atherosclerotic lesions trended higher in Apoalbp™~
compared to WT mice but were not significantly different (Figure IVE in Data Supplement),
facilitating the comparisons of specific markers. The statistical difference between these
atherosclerosis results in Apoalbp™~vs. WT mice and those previously reported by us and
others23: 26 can be explained by the different Lal/rintervention: here we used Ld/r ASO in
C57BL/6J mice, while previous studies employed La/r'~ mice. To assess the effect of AIBP
on autophagy and apoptosis in vivo, lesions of a similar size in Apoalbp™~ and WT groups
were analyzed for CD68 (macrophages), LC3 and TUNEL. We found that macrophage LC3
expression was significantly decreased (Figures 3A and 3B) and the number of TUNEL
positive macrophages was dramatically increased (Figures 3C and 3D) in Apoalbp™~
compared to WT mice. Accordingly, the size of necrotic cores was significantly larger in the
lesions of Apoalbp™~ compared to WT mice (Figures IVF in Data Supplement). The overall
area covered with CD68+ cells was larger in lesions of Apoalbp™~ compared to WT mice
(Figure 3E). These /n vivo results indicate that AIBP contributes to the induction of
autophagy and inhibition of apoptotic cell death in atherosclerotic lesions.

AIBP deficiency augments OxLDL-induced ROS generation and apoptosis.

It is well appreciated that autophagy inhibits ROS accumulation and apoptosis through the
removal of damaged organelles and particularly damaged mitochondria.*}~43 To test whether
AIBP regulates the intracellular ROS generation and apoptotic cell death, BMDM isolated
from WT and Apoalbp™~ mice were incubated with OxLDL, and ROS levels were
determined by confocal microscopy and flow cytometry. We found that OxLDL-induced
intracellular ROS levels (Figures 4A, 4B and VA in Data Supplement) and apoptotic cell
death (Figure 4C and VC in Data Supplement) were significantly increased in Apoalbp™~
macrophages.

AIBP regulates mitophagy and mitochondrial ROS generation.

The elimination of damaged mitochondria by mitophagy leads to decreased ROS generation
and cell death.#4 4% To investigate whether AIBP is involved in OXLDL-induced mitophagy,
BMDM isolated from WT and Apoalbp™~ mice were incubated with OXLDL for 24 h, and
mitochondria were isolated. As shown in Figures 4D and 4E, OXLDL induced accumulation
of LC3-11 as well as AIBP in mitochondria. However, the accumulation of LC3-11 was
significantly decreased in Apoalbp™" macrophages. In a separate experiment, we infected
BMDMs with a retrovirus encoding mito-Keima, which detects mitochondria fusion with the
lysosome, and found significant reductions in mitophagy in Apoalbp™~ compared to WT
macrophages (Figures 4F and 4G).We also found that mitochondrial ROS (MitoROS) were
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significantly increased in Apoalbp™~ macrophages in response to OXLDL (Figures 4H, 4
and VB in Data Supplement).

AIBP is important for sustaining mitochondrial function in OxLDL-treated macrophages.

Next, we tested whether AIBP regulates mitochondrial function. AIBP deficiency resulted in
statistically significant differences in the membrane depolarization in response to OXLDL,
while there was no difference in CCCP-induced mitochondrial depolarization between WT
and Apoalbp™~ macrophages (Figures VIA and VIB in Data Supplement). OxLDL induced
a significant increase in the expression of oxidative phosphorylation (OXPHOS) complex |
protein in WT but not ApoaZlbp™~ macrophages, while the expression of complexes 11-V did
not change (Figures VIC and VID in Data Supplement). These findings suggest that AIBP
plays a role in regulation of mitochondrial function, both in unstimulated macrophages and
in response to OxLDL.

AIBP associates with Parkin, Mitofusin 1 and Mitofusin 2.

To elucidate the mechanism of the AIBP effect on mitophagy, we first tested whether AIBP
binds to mitochondrial proteins. We found that AIBP associated with Parkin (PARK?2),
mitofusin (MFN)-1 and MFN2 (Figures 5A and 5B). However, AIBP did not bind BNIP3,
which is associated with PARK2-independent mitophagy (Figure 5C). Next, to determine the
region in the AIBP molecule responsible for PARK2, MFN1 and MFN2 binding, we
generated truncated mutants of AIBP. It has been proposed that the amino acids 1-24 in the
AIBP sequence constitute a signal peptide driving protein secretion.® Another group has
suggested that amino acids 1-51 of AIBP constitute a mitochondria localization peptide.2?
Thus, we cloned two truncated mutants of AIBP, 25-289 aa, and 52-289 aa. As shown in
Figures 5D — 5F and Figures VIIA — VIIC in Data Supplement, only the full-length of AIBP,
but not the two truncated mutants colocalized with and pulled down PARK2, MFNL1 and
MFNZ2. These results indicate that the 1-24 aa of AIBP is the sequence responsible for
mitochondrial targeting and possibly for binding with PARK2, MFN1 and MFN2, however,
we cannot exclude the possibility that lack of mitochondrial localization of the 25-289 aa
AIBP precludes its interaction with mitochondrial proteins, which may occur via different
protein domains.

AIBP enhances PARK2-MFN1/2 interaction and ubiquitination of MFN1/2.

MFN1 and MFN2 are outer membrane proteins involved in mitochondrial fusion.*”-49 The
PINK1/PARK?2 pathway induces ubiquitination of MFN1/2, which is necessary for
induction of mitophagy.59-52 To test whether AIBP affects the interaction between PARK?2
and MFN1/2, cells were transfected with AIBP, PARK2 and either MFN1 or MFN2. As
reported earlier, PARK2 binds to both MFN1 and MFN2.5! These interactions were
significantly enhanced by AIBP expression (Figures 5G — 5H). The PARK2-mediated
ubiquitination pathway is important for mitochondrial quality control to remove damaged
mitochondria. As shown in Figures 6A and 6B, OxLDL induced robust protein
ubiquitination in WT but not Apoalbp™~ macrophage. To test whether AIBP regulates
ubiquitination of MFN1/2, cells were transfected with AIBP, myc-tagged MFN1 or myc-
tagged MFNZ2, and with HA-tagged ubiquitin. Results shown in Figures 6C — 6E indicate
that ubiquitination of both MFN 1 and MFN2 was enhanced in cells overexpressing AIBP.
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These results agree with the above data (Figures 5G — 51) showing that AIBP enhances
MFN1 and MFN2 interaction with the ubiquitin ligase PARK2.
DISCUSSION

In earlier studies using two different animal models, zebrafish and mouse, we and others
have demonstrated that secreted AIBP reduces lipid rafts formation via augmented
cholesterol efflux from endothelial cells and macrophages, resulting in the inhibition of
angiogenesis and atherogenesis, reduction of neuropathic pain and acute lung inflammation,
regulation of hematopoietic stem and progenitor cell fate, HIV replication, and
glaucomatous neuroinflammation.22: 23. 27, 28,30, 53-55 | addition to the function of
extracellular AIBP in regulating cholesterol efflux, the protein has been reported to have an
NAD(P)HX epimerase (NAXE) or ADP-ribosyltransferase enzymatic activity, as well as
being involved in vitamin B6 metabolism.24: 25 56 Eyolution of AIBP (NAXE) function was
discussed in our recent review article.5” Because AIBP (NAXE) expressed in transfected
cells was shown to localize to mitochondria,2? in this study, we examined role of AIBP in
mitochondria and discovered that it regulates mitophagy. These findings do not exclude a
potential role of AIBP in regulation of autophagy of other organelles. Our findings are
illustrated in Figure 6F: In the context of atherosclerosis-associated, OXLDL-induced
macrophage autophagy, AIBP association with PARK2, MFN1 and MFN2 augments MFN1
and NFN2 ubiquitination and subsequent formation of an autophagosome.

Two mitophagy pathways have been described in mammalian cells, receptor-dependent and
receptor-independent, the latter is ubiquitin-mediated. Receptors that regulate mitophagy
have been found in both inner and outer mitochondria membrane (IMM and OMM,
respectively). Nip3-like protein X (NIX) and BNIP3 are common OMM proteins involved in
receptor-mediated mitophagy.®8: %9 In our study, AIBP did not bind to BNIP3, suggesting
that AIBP does not participate in the receptor-dependent mitophagy pathway. However, we
found that AIBP associated with PARK2, the ubiquitin ligase regulating ubiquitination of
MFN1 and MFNZ2. In the absence of AIBP, ubiquitination of MFN1 and MFN2 was reduced
and OxLDL-mitophagy significantly inhibited. As a result of deficient mitophagy,
mitochondrial ROS were increased, mitochondrial function impaired and the overall cell
survival decreased in Apoalbp™~ compared to WT macrophages. In atherosclerotic lesions,
in which OSEs of OxLDL are a major component,®0 AIBP deficiency resulted in decreased
autophagy and increased apoptosis. In addition to the AIBP-regulated autophagy
mechanisms, this phenotype in the lesions of Apoaltp™~ mice could be due to increased
lipid load in macrophages, which has been demonstrated in vitro with Apoalbp™~ BMDM,
and associated cytotoxicity independent of autophagy.

We found that expression of only OXPHOS complex | was significantly reduced in OxLDL-
stimulated Apoalbp™~ macrophages. The complex I is dependent on NADH and its
deficiency in patients is associated with respiratory chain defect in childhood®1-63 and renal
oncocytoma.54 In humans, AIBP (NAXE) loss-of-function mutations confer a lethal
neurometabolic phenotype in infants, and fibroblasts from these subjects accumulate toxic
NAD(P)HX metabolites.85-67 However, loss of AIBP in £. coli, yeast, plants or mice does
not affect viability or growth.>’
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The ubiquitination pathway in mitophagy controls mitochondrial quality.>8: 68 Cells exposed
to OXLDL showed activation of the ubiquitin pathway. However, protein ubiquitination was
impaired in AIBP-deficient macrophages. MFN1 and MFN2 are OMM proteins that regulate
mitochondria fusion. Both MFN1 and MFN2 have an N-terminal GTPase domain, which is
important for membrane fusion between either two adjacent mitochondria or between
mitochondria and endoplasmic reticulum.5%-71 Ubiquitination of MFN1 and MFN2 in a
PINK/PARK2-dependent pathway is an early event that facilitates mitophagy.59-52 Indeed,
we found that AIBP associated with PARK2 and MFN1/2 and enhanced ubiquitination of
MFN21 and MFNZ2. Intriguingly, our findings show that the amino acids 1-24 of AIBP,
designated as a signal peptide, are responsible for mitochondrial localization and possibly
for binding with PARK2, MFN1 and MFN2. These data suggest that the putative signal
peptide of AIBP, possibly dependent on its posttranslational modification, is important for
not only the secretion of AIBP but also regulation of removal of damaged mitochondria via
activation of the ubiquitin pathway. In a separate study, we found significant changes in the
architecture of mitochondria in Miiller glia and retinal ganglion cells of Apoalbp™~ mice,>®
which may be the result, at least in part, of defective mitophagy. In addition to the
mechanism of AIBP-mediated augmentation of PINK/PARK2-dependent ubiquitination of
MFN1 and MFNZ2, we cannot exclude a connection between AIBP-regulated lipid raft
dynamics in the plasma membrane and its effect on mitophagy and mitochondria quality
control. Although our study was focused on the role of AIBP in regulation of mitophagy,
future studies will test whether AIBP regulates other types of autophagy, e.g. lipophagy,
which is also an important pathway in atherosclerosis.

In summary, in this work we demonstrate that intracellular AIBP regulates autophagy in
atherosclerosis and mitophagy in macrophages exposed to the atherogenic factor OXLDL.
Strategies to increase intracellular AIBP expression and thus augment mitochondria quality
control may have therapeutic implications in atherosclerosis.
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BMDM bone marrow-derived macrophage
BNIP3 Bcl2/adenovirus E1B 19-kDa-interacting protein 3
CD36 cluster of differentiation 36
LDLR low-density lipoprotein receptor
MAP1LC3/LC3 microtubule-associated protein 1 light chain 3
MFN mitofusin
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PINK1 PTEN-induced Kkinase 1
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TUNEL terminal deoxynucleotidyl transferase dUTP nick end
labeling
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HIGHLIGHTS

. Apolipoprotein A-1 binding protein (AIBP) is highly expressed in human and
mouse atherosclerotic lesions.

. AIBP regulates autophagy in primary macrophages exposed to oxidized LDL.

. Macrophages in atherosclerotic lesions from AIBP knockout mice are
characterized by reduced autophagy and increased apoptosis.

. The mechanism involves association of mitochondria-localized AIBP with
PARK?2, MFN1 and MFN2 and regulation of ubiquitination of MFN1 and
MFNZ2, the key component in the process of mitophagy.
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Figure 1.

AIBP expression in atherosclerotic lesions and in OxLDL-stimulated macrophages. Sections
of the aortic root of hypercholesterolemic WT and Apoalbp-/- mice (A) and human carotid
artery (B) were stained with the monoclonal anti-AIBP antibody BE-1, followed by a
secondary antibody or by the secondary antibody only, and counterstained with H&E.
Representative images of three specimens tested. (C) BMDM isolated from WT mice were
stimulated with 25 pg/ml OXLDL for indicated time. Cells lysates were immunoblotted with
anti-AIBP and B-ACTIN antibodies. Band intensities were quantified. Mean+SEM; N=4-5.
*, p<0.05; **, p<0.005; ***, p<0.0005; ****, p<0.0001 vs. time zero. Scale bars: 50 pm in
A, 1 mmin B, and 25 pm in the zoomed-in region in B.
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Figure 2.
AIBP regulates OxLDL-induced autophagy. (A to D) BMDM isolated from WT and

Apoalbp™~ mice were incubated with PBS or 25 pg/ml OXLDL for 24 h. Cell lysates were
immunoblotted with antibodies against LC3 and B-ACTIN, and band intensities were
quantified. For imaging, cells were stained with an anti-LC3 antibody and DAPI. The
numbers of LC3 puncta per cell were counted from three independent experiments. (E and
F) Cells were pretreated with or without 100 nM Baf for 1h and then incubated with 25
ug/ml OXLDL for 24 h. Cell lysates were immunoblotted with indicated antibodies, and
band intensities were quantified. Mean+SEM; N=3-5. *, p<0.05; **, p<0.005; ***,
p<0.0005; ****: n<0.0001. Scale bar: 20 um.
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Figure 3.
AIBP expression regulates autophagy and cell survival in atherosclerotic lesions of

hypercholesterolemic mice. (A and B) Aortic root sections from hypercholesterolemic WT
and Apoalbp™~ mice were stained with anti-LC3 (red) and anti-CD68 (green) antibodies to
assay for autophagy in macrophage-rich areas. The LC3 fluorescent intensities were
measured in CD68+ areas and specific LC3 intensities per mm? of CD68+ areas were
calculated. Data are from immunohistochemical staining conducted on 5 separate days and
because fluorescence intensity varies from day-to-day, repeated measures t-test was
conducted to calculate the p-value. (C and D) TUNEL staining showing apoptotic cells in
the aortic root sections. The numbers of TUNEL and CD68 double-positive cells were
counted. (E) CD68-positive area in each lesion. Mean£SEM; N=4-5. *** p<0.0005.
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Figure 4.
Macrophage AIBP regulates OxLDL-induced ROS, apoptosis and mitophagy. BMDM

isolated from WT and Apoalbp™~ mice were incubated with PBS or 25 pg/ml OxLDL for
24 h and ROS generation was measured using (A) a confocal microscope or (B) flow
cytometer. Geometric means of FACS histograms were measured and presented as scattered
bar graphs. (C) Apoptotic cells were detected by Annexin V staining using a flow cytometry
analysis. (D-E) LC3-1l and AIBP expression in isolated mitochondria were measured by
immunoblot. (F-G) BMDM were infected with retrovirus encoding mt-Keima for 24 h and
incubated with PBS or 25 pug/ml OxLDL for additional 24 h. Mitophagy flux was analyzed
by confocal microscopy, capturing images at both 440nm (green, mitochondria) and 550nm
(red, lysosome) (F), and flow cytometry (G). Mitochondrial ROS were measured using (H)
confocal microscopy and (I) flow cytometry. Mean+SEM; N=3-5. *, p<0.05; **, p<0.005;
*** p<0.0005; **** p<0.0001. Scale bars, 20um in A and H, 10pym in F.
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Figure 5.
AIBP associates with PARK2, MFN1 and MFN2 and enhances PARK2-MFN1/2

interactions. (A-B) HEK 293 cells were co-transfected with flag-tagged AIBP (1-289 aa)
and PARK2-myc, MFN1-myc, or MFN2-myc. (A) AIBP-driven immunoprecipitation with
an anti-flag antibody. (B) Immunoprecipitation driven by PARK2, MFN1, or MFN2 with an
anti-myc antibody. (C) AIBP does not bind to BNIP3. HEK 293 cells were co-transfected
with flag-tagged AIBP and BNIP3-myc. Cell lysates were immunoprecipitated with an anti-
flag antibody. *, 1gG light chain. (D-F) HEK293 cells were co-transfected with flag-tagged
AIBPs (1-289 aa, 25-289 aa, or 52-289 aa) together with (D) PARK2-myc, (E) MFN1-
myc, or (F) MFN2-myc. (D) PARK2 and (E and F) AIBPs were immunoprecipitated with
an anti-myc or anti-flag antibody, respectively. (G-1) HEK 293 cells were co-transfected
with flag-tagged AIBP, PARK2-myc, and MFN1-myc or MFN2-myc. Cell lysates were
immunoprecipitated with an anti-PARK2 antibody, and the bound (G) MFN1 and (H)
MFN2 were detected by immunoblotting with an anti-myc antibody. (1) Band intensities
were measured and MFN/PARK?2 ratios calculated. Because of variation in independent
transient transfection/pull-down/blot experiments conducted on separate days, experimental
samples (with AIBP) were normalized to the control samples in which AIBP was not added.
With control samples (no AIBP) set as 1, one-sample t-test was conducted to test the
hypothesis whether the experimental group (with AIBP) was different from 1, i.e., whether
AIBP significantly increased MFN1 and MFN2 binding to PARK2 compared to no-AIBP
controls. Mean+SEM; N=3-4. *, p<0.05; **, p<0.005; ***, p<0.0005; **** p<0.0001.
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Figure 6.
AIBP regulates the ubiquitination pathway. (A and B) BMDM isolated from WT and

Apoalbp™~ mice were incubated with PBS or 25 ug/ml OxLDL for indicated time. Cells
were harvested and immunoblotted with anti-UBI and B-ACTIN antibodies. The band
intensities were quantified. (C and D) HEK 293 cells were co-transfected with flag-tagged
AIBP, ha-ubiquitin, and MFN1-myc or MFN2-myc. Cell lysates were immunoprecipitated
with an anti-myc antibody, and ubiquitination was detected by immunoblotting with an anti-
ha antibody. (E) Band intensities were measured and MFN-UBI/MFN ratios calculated.
Because of variation in independent transient transfection/pull-down/blot experiments
conducted on separate days, experimental samples (with AIBP) were normalized to the
control samples in which AIBP was not added. With control samples (no AIBP) set as 1,
one-sample t-test was conducted to test the hypothesis whether the experimental group (with
AIBP) was different from 1, i.e., whether AIBP significantly increased MFN1 and MFN2
ubiquitination compared to no-AlIBP controls. Mean£SEM; N=3-4. *, p<0.05; **, p<0.005;
*** p<0.0005; **** p<0.0001. (F) Schematic overview of the regulation of mitophagy by
AIBP. Intracellular AIBP associates with mitochondrial proteins Parkin and MFN1/MFN2
and upregulates ubiquitination of MFN1 and MFNZ2; in turn ubiquitinated MFN are
recognized by cargo receptors interacting with lipidated LC3 anchored in the membrane to
form an autophagosome. In the context of atherosclerosis, this regulation is particularly
important in removal of damaged mitochondria in macrophages exposed to atherogenic
OxLDL.
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