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Fatty acid-binding protein 7 triggers a-synuclein
oligomerization in glial cells and oligodendrocytes

associated with oxidative stress
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Tomohiro Mizobata?, Yasushi Kawata® and Kohji Fukunaga'

We previously show that fatty acid-binding protein 3 (FABP3) triggers a-synuclein (Syn) accumulation and induces dopamine
neuronal cell death in Parkinson disease mouse model. But the role of fatty acid-binding protein 7 (FABP7) in the brain remains
unclear. In this study we investigated whether FABP7 was involved in synucleinopathies. We showed that FABP7 was co-localized
and formed a complex with Syn in Syn-transfected U251 human glioblastoma cells, and treatment with arachidonic acid (100 M)
significantly promoted FABP7-induced Syn aggregation, which was associated with cell death. We demonstrated that synthetic
FABP7 ligand 6 displayed a high affinity against FABP7 with Ky value of 209 nM assessed in 8-anilinonaphthalene-1-sulfonic acid
(ANS) assay; ligand 6 improved U251 cell survival via disrupting the FABP7-Syn interaction. We showed that activation of
phospholipase A2 (PLA2) by psychosine (10 M) triggered oligomerization of endogenous Syn and FABP7, and induced cell death in
both KG-1C human oligodendroglia cells and oligodendrocyte precursor cells (OPCs). FABP7 ligand 6 (1 M) significantly decreased
Syn oligomerization and aggregation thereby prevented KG-1C and OPC cell death. This study demonstrates that FABP7 triggers a-
synuclein oligomerization through oxidative stress, while FABP7 ligand 6 can inhibit FABP7-induced Syn oligomerization and
aggregation, thereby rescuing glial cells and oligodendrocytes from cell death.
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INTRODUCTION

Synucleinopathies, which include Parkinson’s disease (PD), diffuse
Lewy body disease (DLBD), and multiple system atrophy (MSA),
are attributed to abnormal accumulation and abundant deposi-
tion of the protein alpha-synuclein (aSyn), which contains 140
amino acids, in the presynaptic terminals of neurons [1, 2]. In
patients with PD, aSyn misfolded and aggregated type in neurons
form Lewy bodies (LBs) and Lewy neurites (LNs), which are closely
associated with neurodegenerative cell death [2]. However, in
patients with MSA, aSyn predominantly accumulates in oligoden-
drocytes (OLGs) and form glial cytoplasmic inclusions (GCls). These
observations are the definitive neuropathological diagnostic
hallmark of MSA [3]. Such changes induce oligodendroglial
degeneration and demyelination, and damages trophic support
of glial cells to neurons [4-7]. It has previously been proposed that
the oligomeric forms of aSyn are more toxic rather than their
monomeric and fibrils forms in vivo [8]. However, aSyn fibrils
injection into rats’ substantia nigra (SN) induces the formation and
spread of similar inclusions to that of the oligomeric form
and results in dopaminergic neurodegeneration [9]. Moreover,
intracellular fibrils seed Lewy body-like inclusions in cultured
SH-SY5Y cells [10]. This suggests that aSyn oligomeric and fibrotic

formation are the primary toxic species in PD and other
synucleinopathies.

The mechanism underlying aSyn oligomers or fibrils formation
remains unclear, although protein misfold and aggregation are
triggered by cellular oxidative stress [11]. In addition, cellular
exposure to polyunsaturated fatty acids such as arachidonic acid
(AA) increases reactive oxygen species (ROS) in ovarian cancer
cells [12] and neurons [13]. Fatty acid-binding proteins (FABPs), a
family of transporter proteins, bind with high affinity to long-chain
fatty acids, bile acids, or retinoids, and have a pivotal role in
intracellular lipid trafficking and cell growth [14]. Among them,
three species—fatty acid-binding protein 3 (FABP3), fatty acid-
binding protein 5 (FABP5), and fatty acid-binding protein 7
(FABP7)—have been identified in rodents’ brains [15]. In the
mouse brain, FABP3 is primarily expressed in mature neurons; by
contrast, in the developing brain, FABP5 and FABP7 are primarily
expressed in radial glial cells and neural stem cells [16]. FABP7
regulates cell proliferation during hippocampal neurogenesis in
mice [17]. In the serum and cerebrospinal fluid of patients with
neurodegenerative disorders, such as PD, Alzheimer's disease, and
other neurological disorders, previous studies have reported
elevated levels of aSyn oligomers levels, rather than total aSyn
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[18, 19], while other studies have reported elevated levels of FABP3
and FABP7 [20, 21]. We have previously reported that FABP3
knockout abolished 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced aSyn oligomerization and dopamine neuronal
death in mice [22]. Furthermore, FABP3 forms complexes with
aSyn and AA treatment promotes aSyn oligomerization in PC12 [22]
and neuron2A cells [23]. FABP3 ligands inhibit aSyn oligomerization
in neuro2A cells and MPTP-induced parkinsonism mouse brain [24].
Based on this, we hypothesize that FABP7 triggers aSyn oligomer-
ization and aggregation in glial cells.

aSyn is normally expressed in neurons [25], however, it is
abnormally upregulated and aggregated in OLGs. No evidence
has yet demonstrated the increase in aSyn expression in the
MSA brain’s OLGs [25, 26], although in postmortem MSA brain
OLGs, aSyn messenger ribonucleic acid (mRNA) levels have been
shown to increase approximately threefold [27]. However, the
mechanism by which aSyn expression is induced in OLGs and
whether it is sufficient to trigger aSyn aggregation in GCls
remain unclear.

Herein, we investigate how aSyn oligomerization, by FABP7,
is triggered along with its associated toxicity in the human
glioblastoma cell line, U251, the OLG cell line, KG-1C, and
oligodendrocyte precursor cells (OPCs) primary culture.

MATERIALS AND METHODS

Cell culture

U251 human glioblastoma cells were purchased from European
Collection of Authenticated Cell Cultures (ECACC; Porton Down,
Wiltshire, UK). KG-1C human oligodendroglial cells were obtained
from RIKEN BRC Cell Bank (Tsukuba, Japan). Both cell types were
cultured in Dulbecco’s Minimal Essential Medium (DMEM) contain-
ing 10% fetal bovine serum (FBS), and penicillin/streptomycin
(100U/mL and 100 pg/mL) at 37°C under 5% carbon dioxide
(CO,). The BSA-AA complexes were prepared, as described
previously [20]. Transfection was achieved using lipofectamine
LTX and Plus Reagent (Invitrogen, Carlsbad, CA, USA) and Opti-
MEM (Thermo Fisher Scientific, Waltham, MA, USA), based on the
manufacturer’s protocol.

Animals

Eight-week-old male C57BL/6J mice were obtained from Clea
Japan, Inc. (Tokyo, Japan), and housed together in polypropylene
cages (temperature: 23+2°C; humidity: 55% +5%; lights on
between 9 am. and 9 p.m.). All animal experiments were
approved by the Committee on Animal Experiments at Tohoku
University.

Oligodendrocyte precursor cells culture

OPCs were cultured as previously described [28]. Briefly, P1-2
mouse pups were decapitated and the cortex from brains was
dissected and digested in digestion solution [13.6 mL PBS, 0.8 mL
DNase | stock solution (0.2 mg/mL) and 0.6 mL trypsin stock
solution (0.25%)]. Cells were then diced using a sterilized razor
blade into ~1mm? chunks, centrifuged at 100xg for 5min,
and resuspended with DMEM20S medium (DMEM, 4 mM
L-glutamine, 1 mM sodium pyruvate, 20% FBS, 50 U/mL penicillin,
and 50 pg/mL streptomycin). The tissue suspension was strained
using a 70 um nylon cell strainer and seeded in poly-L-lysine-
coated tissue culture flasks and cultured in DMEM20S medium.
After 10 days, the flasks were shaken for 1 h at 200 rpm at 37 °C to
remove microglial cells, and for an additional 20 h to detach OPCs,
and then seeded on poly-D-lysine-coated plates and cultured in
OPC medium (DMEM, 4 mM L-glutamine, 1 mM sodium pyruvate,
0.1% BSA, 50pug/mL Apo-transferrin, 5pg/mL insulin, 30 nM
sodium selenite, 10nM D-biotin and 10nM hydrocortisone
10 ng/mL PDGF-AA and 10 ng/mL bFGF).
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Plasmid construction and purification

Human aSyn plasmid was purchased from Abgent (San Diego, CA,
USA). Plasmid was purified using GenElute™ HP Plasmid Maxiprep
Kit (Sigma, St. Louis, MO, USA), as described previously.

Protein purification

GST-FABP7 was purified using the GST-Tagged Protein Purifica-
tion Kit (Clontech), according to the manufacturer’s instructions,
while His-hFABP7 was purified using the His-Tagged Protein
Purification Kit (Clontech), according to the manufacturer's
instructions.

Cell counting kit assay

Cell viability was measured using cell counting kit (CCK) (Dojindo),
according to the manufacturer’s instructions. This assay is based
on the clearance of water-soluble tetrazolium salt, WST-8, which is
reduced by dehydrogenase activity in cells to create a yellow
formazan dye. This dye is soluble in the tissue culture media. Its
absorbance by viable cells was measured with a test wavelength
of 400 nm and a reference wavelength of 450 nm.

Protein extraction

Cultured cells were frozen using liquid nitrogen and stored at
—80 °C. Collected cells were homogenized with 50 uL Triton X-
100 buffer containing 0.5% Triton-X-100, pH 7.4, 4 mM ethylene
glycol (EGTA), 50mM Tris-HCIl, 10 mM ethylenediaminetetra-
acetic acid (EDTA), TmM sodium orthovanadate (NasVO,),
50 mM sodium fluoride (NaF), 40 mM Na4P,0,-10H,0, 0.15M
sodium chloride (NaCl), 50 pg/mL leupeptin, 25 pg/mL pepstatin
A, 50 pug/mL trypsin inhibitor, 100 nM calyculin A, and 1 mM
dithiothreitol for each 35 mm dish. Supernatant protein was
collected as Triton-soluble fraction and concentrations were
normalized using Bradford’s assay. The pellets were homoge-
nized again with 2% sodium dodecyl sulfate (SDS) buffer and
stored at 4°C (i.e., the SDS-soluble fraction). Samples were
mixed with 6x Laemmli’'s sample buffer without p-
mercaptoethanol and boiling.

Immunoblotting analysis

The extracts (30 ug) were separated by using SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) with a ready-made gel (Cosmo Bio
Co., Ltd) and transferred to polyvinylidene difluoride membranes.
The membranes were incubated with primary antibody against
aSyn (1:1000; 4B12, GTX21904; GeneTex, Zeeland, MI, USA), FABP7
(1:200; R&D Systems, AF3166), FABP5 (1:200; AF3077; R&D
Systems, Minneapolis, MN, USA), ubiquitin (1:1000; MAB1510;
Sigma-Aldrich), B-tubulin (1:4000; T0198; Sigma-Aldrich), RIPK1
(1:500; ab72139; Abcam, Cambridge, UK), followed by treatment
with horseradish peroxidase (HRP)-conjugated secondary anti-
body (SouthernBiotech, Birmingham, AL, USA: 1:5000, anti-mouse
[1031-05], anti-rabbit [4050-05]; Rockland Immunochemicals,
Pottstown, PA, USA: 1:5000, anti-goat [605-4302]), and following
incubation using an ECL detection system (Amersham Biosciences,
NJ, USA). Intensity quantification was conducted using Image
Gauge software version 3.41 (Fuji Film, Tokyo, Japan).

Immunoprecipitation analysis

Immunoprecipitation analysis was conducted, as described
previously [29]. In brief, 50 yL of protein A-Sepharose CL-4B
(50%, v/v) was suspended in phosphate-buffered saline (PBS)
buffer in a total volume of 500 pL. Cell extracts containing 200 pg
of proteins were incubated for 2h at 4°C with 10 ug of anti-
FABP7 antibody (R&D Systems, AF3166) or 5pug of anti-aSyn
antibody (GTX21904, GeneTex). The mixture was then incubated
at 4°C for 4 h. Samples were separated using SDS-PAGE with a
ready-made gel (Cosmo Bio Co. Ltd) and transferred to
polyvinylidene difluoride membranes.
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Immunofluorescent staining

Immunofluorescent staining was conducted, as described pre-
viously [30]. The culture cells were grown on 0.01% poly-L-lysine-
coated (Sigma) glass slides in 12-well dishes and fixed in 4% PFA
overnight at 4°C. Glass slides were permeabilized using 0.1%
Triton X-100 in PBS for 15 min. The cells were then washed and
blocked with PBS/1% BSA for three times (10 min each time) and
1 h, respectively. The glass slides were incubated with primary
antibodies against aSyn (1:1000, 4B12, GeneTex, GTX21904;
1:1000, Abcam, ab138501), FABP7 (1:200, R&D Systems, AF3166),
FABP5 (1:200, R&D Systems, AF3077), in a blocking solution at
room temperature overnight. Fluorescein (1:500, Alexa 405-
labeled anti-mouse IgG [A-21203], Thermo Fisher Scientific; Alexa
488-labeled anti-goat 1gG [A-11055], Thermo Fisher Scientific;
Alexa 594-labeled anti-mouse IgG [21203], Thermo Fisher Scien-
tific; Alexa 594-labeled anti-rabbit I9G [A-212017], Thermo Fisher
Scientific) was used for detection. Immunofluorescent images
were analyzed using a confocal laser scanning microscope (DMi8;
Leica, Wetzlar, Germany).

PLA2 activity assay

PLA2 activity assay was conducted using a PLA2 activity assay kit
(Bio Vison) according to the manufacturer’s instructions.
Fluorescence intensity was measured at excitation/emission
of 388/513nm, in kinetic mode for 45min at 37°C, using
FlexStation 3 Multi-Mode Microplate Reader (Molecular Devices,
San Jose, CA, USA).

The ANS assay

The ANS assay was conducted as previously described [31, 32].
In this study, 4 uM ANS, 0.4 uM GST-FABP7 and FABPs ligands
[23, 33, 34] in concentrations ranging from 0 to 4 uM were mixed
in 10 mM potassium dihydrogen phosphate (KH,P0,4)/40 mM
potassium chloride buffer. Two minutes following incubation at
25°C, the fluorescence intensity was measured at excitation/
emission of 355/460 nm using FlexStation 3 Multi-Mode Micro-
plate Reader (Molecular Devices, San Jose, CA, USA).

Quartz crystal microbalance (QCM) assay

The QCM assay was conducted as previously described [35]. In
this study, QCM (Affinix QN p, ULVAC, Kanagawa, Japan) was
used to directly detect interactions between His-hFABP7 and a-
synuclein. The sensor cell was initialized using 1% sodium
dodecyl sulfate and piranha solution (H,SO4:H,0, = 3:1), and the
interactions between His-hFABP7 and ligand or a-synuclein were
detected using the NTA/Ni," approach. Following equilibration
of the sensor cell with Tris buffer (25 mM Tris, 150 mM NaCl, pH
7.7 at 25°C), His-hFABP7 was added; after the removal of
unbound His-hFABP7 and frequency stabilization, a-synuclein or
ligand was added and measured. Between sample measure-
ments, the sensor cell was incubated and washed with imidazole
buffer (0.4 M imidazole, 20 mM HEPES (pH 7.5), and 150 mM
NaCl) for 20 min. Importantly, for determining ligand 6’s ability to
block the FABP7-aSyn interaction, ligand 6 (1000 nM) was initially
added to sensor cell, and after it has fully bound to His-hFABP7
(frequency stabilization), sensor cell was washed 3 times with
Tris buffer (25 mM Tris, 150 mM NaCl, pH 7.7 at 25°C). Then,
aSyn was added in various concentrations. AQUA analysis
software version 2.0 (ULVAC, Kanagawa, Japan) was used to
calculate Ky values.

Thioflavin-T (ThT) fluorescence assays

a-Synuclein samples (1 mg/mL) were incubated with or without
His-hFABP7 and ligand 6 at 37 °C in 25 mM Tris-HCl buffer (pH 7.4
at 37 °C) containing 150 mM NaCl and 10 uM ThT (FUJIFILM). Each
plate (200 mL) was incubated at 37°C and was measured at
15 min intervals in kinetic mode for 1500 min with FlexStation 3
Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA,
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USA). The fluorescence was excited at 450 nm and detected at
486 nm.

Statistical analysis

Data are expressed as the mean + standard error of the mean
(SEM). Statistical comparisons were evaluated using one-way
analysis of variance (ANOVA), followed by Tukey's multiple
comparisons test, as required. A value of P <0.05 was statistically
significant.

RESULTS

Fatty acid-binding protein 7 forms a complex and colocalizes with
aSyn in U251 cells

We have previously demonstrated that FABP3 forms complexes
with aSyn in the SN of mice [22]. To confirm the interaction of
FABP7 and aSyn in glial cells, we overexpressed aSyn in
U251 cells, which express endogenous FABP7 in high levels
(Fig. 1a). We found that FABP7 and aSyn were double-stained in
aSyn-overexpressed U251 cells showing FABP7/aSyn-double
positivity (Fig. 1b). Furthermore, we then conducted immuno-
precipitation of the U251 cell extracts using an aSyn antibody,
followed by immunoblotting with anti-FABP7 antibody and found
that the immunoreactive FABP7 was bond to the extracts aSyn-
transfected U251 cells (Fig. 1c). After conducting FABP7
immunoprecipitation from U251 cell extracts, the immunocom-
plexes were immunoblotted with an anti-aSyn antibody (Fig. 1c),
where we observed FABP7-aSyn complex in aSyn-overexpressed
U251 cells (Fig. 1c).

Arachidonic acid induced aSyn oligomerization in U251 cells
We, and other previous studies [23, 36] have reported that AA
promotes aSyn oligomerization in cultured neuronal cells.
However, whether aSyn oligomerization can be induced in glial
cells remains unclear. Since aSyn protein expression in glial cells
is low, we have overexpressed it in U251 cells to mimic MSA
pathology. We first overexpressed aSyn in U251 cells, unlike to
neuro2A cells overexpressing aSyn [23], aSyn could not
be solubilized in Triton X-100. The insoluble aSyn was
solubilized in sodium dodecyl sulfate (SDS) buffer [37, 38]. Thus,
in the present study, the Triton X-100-insoluble fractions were
solubilized in 2% SDS buffer (Fig. 1d). To induce oxidative stress,
U251 cells were treated with 100 uM AA or 100 uM hydrogen
peroxide (H,0,). We confirmed that these treatments do not
affect the cell survival (Fig. 1e, f). Following treatment with
100 uM AA for 48 h, no significant increase in the oligomers was
observed in the Triton-soluble fractions (Fig. 1g). However, the
formation of aSyn dimers or trimers of 35-55 kDa and oligomers
of 70-140 kDa were significantly elevated in the SDS-soluble
fractions (Fig. 1h). As we expected, AA treatment significantly
promoted aSyn dimer/trimer and oligomer formation in SDS-
soluble fractions (P<0.01) (Fig. 1j, k). Unexpectedly, AA
treatment also increased aSyn monomer levels in SDS-soluble
fractions (P<0.01) (Fig. 1i). The monomer levels were
unchanged in the Triton X-100 fraction; therefore, the elevated
monomer levels in SDS-soluble fraction were monomers
dissociated from oligomer fractions during SDS preparation.
Taken together, AA promoted aSyn dimer/trimer and oligomer
formation in U251 cells.

Selection of synthetic FABP7 ligands

Our findings suggested that FABP7 forms complexes with aSyn in
U251 cells and that FABP7 may participate in aSyn dimer/trimer
and oligomer formation in U251 cells. Therefore, we developed
FABP7-specific ligands, using ANS assay (structures had been
described previously [23]). Among these ligands (Fig. 2a, b), ligand
6 (Ky=209) appeared to have the highest affinity against GST-
FABP7 and the affinity was comparable for AA (Ky =28 + 14 nM)
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Fig. 1 FABP7 forms a complex and colocalizes with aSyn and AA induces aSyn oligomerization in aSyn-transfected U251 cells.
a Western blot (WB) analysis of FABP7 in mouse brain and U251 cells. The U251 cells express endogenous FABP7. b Confocal images
show the colocalization of FABP7 (green) and aSyn (red) in U251 cells. FABP7 is co-localized with aSyn in the cytoplasm (scale bar, 50 pm).
¢ Co-immunoprecipitation of FABP7 and aSyn U251 cell extracts. Extracts were immunoprecipitated (IP) with anti-FABP7 or anti-aSyn
antibody. The immunoprecipitates were then immunoblotted (IB) with anti-FABP7 antibody (top) or with anti-aSyn (bottom) antibody. As
the control, FABP7 and aSyn immunoreactive bands, cell extracts (Input) are shown on the left. d Scheme of the aSyn extraction
procedure. e, f Cell viability analysis of U251 cells, based on a CCK assay. Cells cultured treated with AA and H,0, at concentrations of 250
and 1000 pM, respectively, for 24 h significantly induced cell death (n = 6). g, h Western blot analysis showed that 48-h incubation with AA
(100 uM) induces aSyn oligomerization in SDS-soluble fractions. i Quantification of aSyn monomers in SDS-soluble fractions, based on WB
analysis, is illustrated. The aSyn monomers are significantly increased in AA-treated cells (n > 8). j Quantification of aSyn dimers in SDS-
soluble fractions, based on WB analysis, is illustrated. The aSyn dimers are significantly increased in AA-treated cells (n>8).
k Quantification of aSyn oligomers in SDS-soluble fractions, based on WB analysis, is illustrated. The aSyn oligomers are significantly
increased in AA-treated cells (n > 8). The data are presented as the mean + the standard error of the mean, and were obtained using and
one-way analysis of variance. *P < 0.05 and **P < 0.01. aSyn alpha-synuclein, AA arachidonic acid, CCK cell counting kit-8, FABP7 fatty acid-
binding protein 7, H,0, hydrogen peroxide, WB Western blot.

against GST-FABP7. In addition, ligand 8 (K4 =59+ 10) may also Synthetic FABP7 ligands inhibit FABP7-dependent aSyn

have high affinity against GST-FABP7 (Fig. 2c). Meanwhile, we also oligomerization and aggregation

measured the affinity between aSyn and His-hFABP7 (Fig. 2d) When aSyn was overexpressed in U251 cells, aSyn and FABP7
using QCM assay (Fig. 2e). In this assay, ligand 6 (K4 =439 nM) were expressed in the cytoplasm. The overexpressed aSyn was co-
showed much higher affinity with His-hFABP7 than that of aSyn localized with FABP7 without aggregation in the vehicle group

(Kg = 1220 nM) (Fig. 2f-h). (Fig. 3a). By contrast, numerous aSyn- and FABP7-positive

aggregates were in the cytoplasm following treatment with AA
Synthetic FABP7 ligands disrupt the aSyn-FABP7 interaction or H,0, in U251 cells (Fig. 3a). When we classified the aggregates
in vitro as “small” (<2 um), “middle” (2-4 um), or “large” (>4 um), and

Based on the higher affinity of ligand 6 with His-hFABP7, we quantified the number of aggregates of each cell, we found that
investigated whether ligand 6 can disrupt the FABP7-aSyn the number of small aggregates was significantly increased with
interaction in vitro using QCM assay. Herein, ligand 6 was added AA treatment (P<0.01) and with H,0, treatment (P<0.05)
firstly to bind to His-hFABP7 thus forming ligand 6/His-hFABP7 (Fig. 3b). However, AA treatment significantly increased the
complex, followed by aSyn addition. We found that aSyn had a number of middle and large aggregates (P<0.01) (Fig. 3¢, d).
low affinity (Ky = 5430 nM) to ligand 6/His-hFABP7 complex (Fig. 2i, Thus, the aggregates were significantly increased with AA
j), indicating that ligand 6 can indeed disrupt the FABP7-aSyn treatment (P < 0.01) or H,0, treatment (P <0.05) (Fig. 3e). Inter-
interaction. For further evaluation, we conducted ThT Fluores- estingly, in the FABP7 ligand 6-treated cells, we observed a
cence Assays; ThT emits a strong fluorescence when bound to (3- significant reduction of aSyn/FABP7 double-positive aggregation
sheets in amyloid fibrils. aSyn was incubated at 37°C to form (P<0.01) and found numerous aSyn single-positive small aggre-
fibrils, which resulted in a 1:1 molar ratio of His-hFABP7 to aSyn; gates (<2 um) (Fig. 3a). FABP7 ligand 6 may have partially blocked

the final ThT fluorescence intensity was significantly decreased. FABP7/aSyn interaction and inhibited the formation of aSyn/
However, when treating the incubation buffer with ligand 6, His- FABP7 double-positive large aggregates. On the other hand, we
hFABP7 is completely blocked causing the fluorescence signal not also evaluated the effects of FABP7 ligands on aSyn oligomeriza-
to be suppressed (Fig. 2k). tion induced by AA. Ligands 6 and 8 significantly reduced the
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Fig. 2 In vitro evaluation of FABP7 ligands in disrupting aSyn/FABP7 interaction. a Chemical structures of the FABPs ligands. b Chemical
structure of the FABP7 endogenous ligand, arachidonic acid (AA). c The Ky value of FABPs ligand, measured with an ANS assay. d Coomassie
brilliant blue (CBB) stain of His-hFABP7. e Schematic diagram of QCM assay. f, g Binding of ligand 6 (f) or aSyn (g) to immobilized His-hFABP7.
Changes in frequency of the His-hFABP7-immobilized QCM sensor upon addition of various concentrations of ligands. h The Ky value of ligand
6 and aSyn. i binding of aSyn to immobilized His-hFABP7/ligand 6 complexes. j the K4 value of aSyn to His-hFABP7/ligand 6 complexes.
k Thioflavin-T (ThT) fluorescence changes upon incubation of aSyn in the absence (pink) and presence of a onefold (orange) concentration of
His-hFABP7 or with ligand 6 (green). ANS assay. ANS 8-anilinonaphthalene-1-sulfonic acid, FABPs fatty acid-binding proteins, FABP3 fatty acid-
binding protein 3, FABP7 fatty acid-binding protein 7. M marker, R recombinant protein.

formation of aSyn oligomers (70-140 kDa) induced by AA (P< inhibition (Fig. 4b). Despite the inhibition effect in proliferation
0.01). However, ligand 1, which has been reported as an FABP3 of ligand 6 in high concentration, we also observed the increased
inhibitor [23], had no effects on aSyn oligomer formation in cell viability in ligand 6-treated cells (P<0.01) (Fig. 4c). We
U251 cells (Fig. 3f). After stripping the aSyn antibody, we next analyzed with oxidative stress marker, 4-hydroxynonenal
incubated the same membrane with FABP7 antibody. Western (4-HNE), cell apoptosis marker, cleaved caspase-3, and cell
blotting showed that FABP7 forms a heterodimer or trimer with necroptosis marker receptor-interacting protein kinase 1 (RIPK1)
aSyn. In addition, with AA treatment, FABP7 formed oligomers [39]. The 4-HNE levels decreased in ligand 6-treated cells (P <
with a high molecular weight (P < 0.01). When summarizing the 0.01) (Fig. 4d, e). More importantly, the cleaved caspase-3 levels
quantification, FABP7 oligomers weighing 70-140kDa signifi- increased in AA/aSyn treated cells (P<0.01) and ligand 6
cantly decreased following treatment with ligands 6 (P<0.01) treatment significantly inhibited the apoptosis pathway (P <
(Fig. 3g). Taken together, FABP7 was included in the aSyn 0.01) (Fig. 4f). However, the total RIPK1 levels were unchanged
aggregates and oligomers under oxidative stress such as AA or after AA treatment (Fig. 4g, h). Whereas the cleaved RIPK1 levels
H,0, treatment, and FABP7 ligand 6 inhibited FABP7 participation increased after aSyn overexpression with AA treatment (P < 0.01)

in the aSyn aggregation and oligomerization (Fig. 3i). and ligand 6 treatment significantly decreased the cleaved RIPK1

levels at the concentration of 1uM (P<0.01) (Fig. 4i). Taken
Synthetic FABP7 ligands improved U251 cell survival together, ligand 6 also elicits an antioxidant and inhibitory effect
Since FABP7 ligand 6 inhibited aSyn oligomerization/aggrega- in cell death, especially in the apoptosis progress induced by

tion and partly rescued from cell deah, FABP7 ligand 6 may aSyn oligomers.

improve cell survival by inhibiting aSyn oligomer toxicity. We

firstly measured the effects of Ligand 6 on cell viability and Psychosine exacerbated FABP7-dependent aSyn oligomerization
proliferation using two different culture protocols (Fig. 4a). As and cell death in KG-1C human oligodendroglial cells

results, we observed no significant toxicity in ligand 6-treated Investigating the effect of endogenous AA production on aSyn
U251 cells even at high concentration (10uM). However, oligomerization and toxicity is critical. We used KG-1C human
unfortunately, ligand 6 markedly interfered the proliferation of oligodendroglial cells and psychosine [40] to produce AA
U251 cells at the concentration of 1 uM (P < 0.01) due to FABP7 by activating endogenous PLA2. FABP7 and FABP5 were

SPRINGER NATURE Acta Pharmacologica Sinica (2022) 43:552 - 562



FABP7 triggers a-synuclein oligomerization

A Cheng et al.
a f
> aSyn /FABP7 Non-denatured:
o~ WB: aSyn WB: FABP7
SDS-soluble fraction :
Ligand Ligand Ligand Ligand Ligand
6 7 s 1 6
AA (uM) - + o+ o+ o+ o+ AA (uM) - + 4+ g %
—— e —_— 1
(kDa) (kDa) e
s 210 — 210 — n
& * 3 10
140 — o 140 — * 2
oligomers It
=
100 — - mmemeT * 100 — "l B |* S5
70 — 70 — (1 g%
<. - { 52 9
55— . 55— . £G
o 45 — . - - | dimers 5= -k _‘f
Z P—| SEe S [dmes e =
g - - - = 0
S 30— 30— |88 N £
< 5 = [ 4 w AA(uM) - + +
< .IQ & monomers T".] == r $a Ligands = - Ligand
5= §=— R
£ 3 5 SCme - (1 uM) 6
%
b 2 um c 2-4 ym h #
=l
» ##
_ox (P15 , 184,
ok i ok EZS el
i f T 2 1640 1
= 14 4 =
=~ 2 <
gz 12 v ®
3% 104 ™ g
g,
= s . 5] % &
b g~
K2y =2 g 61 Yave
&= - &
3 a4 " ©
5 .le ™ L3 1 g
+ [ + " oSyn + + + - 4
AA H)0, AA+ - AA H0, AA+ 04
Ligand 6 Ligand 6 AA(M) - + 4+ + + +
d e Ligands - = L.-.:nd Ligand 1.":;.4 Ln:;n-\
>4 ym Total (InM)
NS . .
— * Under oxidative stress
2 ¥k 1 v 3% 44
2 - I 2 —2E—
g £ 40 A a-synuclein A FABP7 @ Aggregates
g 4 '
= = 3 FABPT ligands
=3 4 . ,é 5 30 N e
g 3 e 59 -
a < 0 - l P
= " MY A
oDl ransd-@
oo - « 3 o A A . [
sg | M4 X PN . W W
S 0] —— = =
2 v
£ £ 10 u U U
Z  aSyn + + + > aSyn + i + . r
‘ G5y poditive aSyn/FABP7 double z AA - H0, AA+ & - AA H,0, AA+  monomer d!mc‘r.\- oligomers ”h‘“,\ -
aggregates positive aggregates Ligand 6 Ligand 6 trimers aggregates

Fig. 3 Synthetic FABP7 ligands reduce aSyn oligomerization and aggregation. a Confocal microscopy of immunofluorescence staining
of aSyn (red) and FABP7 (green) in U251 cells. The aSyn-overexpressed U251 cells were incubated with the vehicle, AA (100 uM), and H,0,
(100 uM), for 48 h. The FABP7-positive and aSyn-positive aggregates in AA- and H,O,-treated cells were increased. In addition, ligand 6
disrupted the FABP7/aSyn interaction and decreased the number of FABP7-/aSyn-positive aggregates in each cell. b—e Quantification of
FABP7- and aSyn-positive aggregates in U251 cells, based on immunofluorescent staining, is illustrated. Small aggregates (<2 um) were
significantly increased in the AA-treated cells (n=48) and H,O,-treated cells (n=43), and normal sized aggregates (2-4 um) and large
aggregates (>4 um) are significantly increased only in the AA-treated cells (n = 48). Ligand 6 treatment significantly decreased FABP7-/aSyn-
positive aggregates in each size (n = 44). The data are shown as mean + standard error of the mean and were obtained using one-way analysis
of variance. The scale bar represents 50 um. *P < 0.05; **P < 0.01; **P < 0.01. f Western blot (WB) analysis of aSyn (left) and FABP7 (right) reveals
that 48 h incubation with FABP7 ligand 6 and ligand 8 significantly reduced the formation of aSyn oligomers weighing 70-140 kDa.
g, h Quantification of aSyn (h) and FABP7 (g) oligomers in SDS-soluble fractions, based on WB analysis, is illustrated. FABP7 ligand 6 (n = 10)
and ligand 8 (n = 10) significantly reduced aSyn oligomerization, and ligand 1 (n = 4) fails to inhibit aSyn oligomerization (left). Ligand 6 (n =
4) also disrupts FABP7-aSyn interaction and significantly reduced FABP7 oligomerization (right). i Schematic draft of FABP7 ligands inhibition
of aSyn oligomerization. The data are shown as mean + standard error of the mean and were obtained using one-way analysis of variance.
*P < 0.05; **P <0.01; *P<0.05; #P<0.01. aSyn alpha-synuclein, AA arachidonic acid, FABP7 fatty acid-binding protein 7, H0, hydrogen

peroxide, NS not statistically significant.

predominantly expressed in KG-1C cells (Fig. 5a). FABP7 normally
colocalizes with aSyn (Fig. 5b). To treat cells with the PLA2 agonist
psychosine, we first assessed psychosine toxicity on KG-1C cells
(Fig. 5¢). The 48-h treatment with 5 uM psychosine did not affect
cell viability yet induced the oligomerization of endogenous aSyn
in KG-1C cells. Moreover, psychosine treatment with 10 pM
significantly enhanced oligomerization in endogenous aSyn and
FABP7 (P<0.01) (Fig. 5d), The psychosine effects were more
pronounced in FABP7 oligomerization. FABP7 ligand 6 significantly
inhibited the oligomerization of both aSyn and FABP7 (P < 0.01)
(Fig. 5d, f, g) and improved cell viability (Fig. 5h). In addition, we
also noticed an increased level of endogenous FABP7 in Triton-
soluble fractions post-psychosine treatment (Fig. 5e, i). On the
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other hand, we further investigated whether psychosine can
activate PLA2 in KG-1C cells using PLA2 activity assay. Our results
showed that psychosine significantly enhanced the PLA2 activity
in KG-1C cells (P<0.01), which was inhibited by two potent
PLA2 inhibitors, PACOCF3 (P < 0.01) and DEDA (P < 0.01) (Fig. 5k).
Moreover, PACOCF3 and DEDA also blocked psychosine-mediated
PLA2 activation and inhibited aSyn and FABP7 oligomerization
(Fig. 5j, I, m). In conclusion, PLA2 activation by psychosine
triggered oligomerization of endogenous aSyn and FABP7 in
OLGs. As for the induction of FABP7, the oligomer was more
pronounced in OLGs, while ligand 6 significantly inhibited the
oligomerization of aSyn and FABP7 and the formation of aSyn/
FABP7 heterocomplexes in OLGs.
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Fig. 4 Synthetic FABP7 ligands improve U251 cell survival. a Experimental protocol of cell death test and proliferation test. b Cell viability
analysis of U251 cells in cell death and proliferation, U251 cells were treated with ligand 6 in various concentration (0, 0.1, 1, 10 uM). ¢ Cell
viability analysis of U251 cells, based on CCK assay. d Western blot (WB) analysis against anti-4HNE and cleaved caspase-3 reveals that ligand 6
(1 uM) and antioxidant, NAC (1 pM), treatment for 48 h reduces oxidative stress levels, and apoptosis triggered by AA (100 uM) in aSyn-
overexpressing U251 cells. e Quantification of 4-HNE in Triton-soluble fractions, based on WB analysis, is illustrated (n = 4). f Quantification of
cleaved caspase-3 in Triton-soluble fractions, based on WB analysis, is illustrated (n = 4). g Western blot (WB) analysis against anti-RIPK1 reveals
that ligand 6 treatment for 48 h reduces RIPK1 cleaving triggered by AA (100 uM) in aSyn-overexpressing U251 cells. h The quantification of
total RIPK1 in Triton-soluble fractions, based on WB analysis, is illustrated (n=#6). i The quantification of cleaved RIPK1 in Triton-soluble
fractions, based on WB analysis, is illustrated (n = 6). The data are shown as mean +* standard error of the mean and were obtained using one-
way analysis of variance. *P < 0.05; **P < 0.01; *P < 0.05; **P < 0.01. aSyn alpha-synuclein, AA arachidonic acid, NS not statistically significant,

NAC N-acetyl-L-cysteine, 4-HNE 4-Hydroxynonenal, RIPK1, receptor-interacting protein kinase 1.

Synthetic FABP7 ligand inhibited aSyn oligomerization in
oligodendrocyte precursor cells

We further investigated our hypothesis using OPCs primary
culture (Fig. 6a, b). In this study, we found that OPCs expressed
endogenous FABP7 and FABP5 but no endogenous aSyn was
observed (Fig. 6¢). To evaluate the relationship between aSyn
and FABP7 we overexpressed aSyn in OPCs (Fig. 6d). Following
psychosine treatment, OPCs death rate was significantly high at
concentrations of 10, 50, and 100 uM (Fig. 6e). However, ligand
6 significantly improved OPCs survival (Fig. 6f). Meanwhile,
consistent with our result in U251 and KG-1C cells, we also found
that aSyn and FABP7 formed oligomers upon psychosine
treatment, and that ligand 6 inhibited their interaction and
oligomerization (Fig. 6g-i).

SPRINGERNATURE

DISCUSSION

Our primary aim was to determine whether FABP7 interacts with
aSyn forming aSyn oligomers in OLGs. We determined whether
novel FABP7 ligands inhibit aSyn oligomerization and mitigate
its associated toxicity. We used U251 human glioblastoma cells
expressing FABP7 and KG-1C human oligodendroglial cells that
endogenously express aSyn and FABP7 as well as OPCs primary
culture.

In vitro, we verified the close interaction between recombinant
human-aSyn and His-hFABP7 by QCM assay. Since we observed
the dramatical changes of frequency when we treated human-
aSyn into His-hFABP7 bound sensor cell, it indicated the direct
binding and interaction between the two proteins. And con-
sistently, in U251 cells, the result of immunoprecipitation analysis
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Fig. 5 Functions of FABP7 in OLGs. a Western blot (WB) analysis of FABP3, FABP5, FABP7, and aSyn in the mouse brain and in KG-1C human
oligodendroglial cells. The KG-1C cells endogenously express aSyn, FABP5, and FABP7. b Confocal microscopy of immunofluorescence
staining for aSyn (red) and FABP7 (green) in KG-1C cells. In normal condition, FABP7 colocalizes with aSyn. ¢ Cell viability analysis of KG-1C
cells, based on CCK assay. Cells were cultured with psychosine for 24 h. Induced cell death was observed at a concentration of 10 uM (n = 6).
d WB analysis of SDS-soluble fractions against aSyn (left) and FABP7 (right) reveals that 48-h incubation with FABP7 ligand 6 (1 uM)
significantly reduced aSyn oligomer formation induced by psychosine (10 pM) in KG-1C cells. e WB analysis of Triton-soluble fractions against
FABP7. f, g Quantification of aSyn and FABP7 oligomers in SDS-soluble fractions, based on WB analysis, is illustrated. FABP7 ligand
6 significantly reduced aSyn oligomer (n = 6) and FABP7 oligomer formation (n = 4). h Cell viability analysis of KG-1C cells, based on CCK assay.
Cells were treated with ligand 6 (1 uM) which significantly improved KG-1C survival (n = 6). i Quantification of FABP7 monomer in Triton-
soluble fractions, based on WB analysis, is illustrated. Endogenous FABP7 was significantly increased in the psychosine (20 uM) treatment
group (n=4). j Western blot (WB) analysis of aSyn, FABP7, and FABP5 showed that incubation with psychosine significantly enhanced
aSyn formation, and treatment with PLA2 inhibitor blocked this effect (n = 4). k PLA2 activities of KG-1C cells following psychosine treatment
(10 M), with and without PLA2 inhibitors (10 uM) using PLA2 activity assay (n = 4). I, m The quantification of aSyn and FABP7 oligomers in
SDS-soluble fractions, based on WB analysis, is illustrated. The data are shown as mean * standard error of the mean and were obtained using
one-way analysis of variance. *P < 0.05; **P < 0.01; *P < 0.05; *P < 0.01. aSyn alpha-synuclein, CCK cell counting kit-8, FABP3, 5, and 7 fatty acid-
binding protein 3, 5, and 7, NS not statistically significant, SDS sodium dodecyl sulfate.

furthermore supported this finding. What's more, the immuno-
blotting analyses also revealed heterodimer or hetero-trimer
formation of aSyn and FABP7, which suggested that aSyn forms
homo-oligomers and hetero-oligomers with FABP7 in glial cells. In
KG-1C cells, aSyn similarly forms heterocomplexes with FABP7,
following endogenous PLA2 activation. The molecular mass of the
hetero-oligomer with aSyn/FABP7 was similar between U251 and
KG-1C cells. In this context, FABP7 was a major causative FABP
isoform that interacted with aSyn in glial cells.

In U251 cells, AA-induced aSyn oligomers were recovered in the
SDS fractions. By contrast, these oligomers are recovered in Triton
X-100 fractions in neuro2A cells [23], which suggested that aSyn
oligomers are associated with cytoskeletal components. In
particular, AA treatment resulted in the formation of large aSyn
aggregate particles in U251 cells, compared to neuro2A cells.
Conversely, in the brains of patients with MSA, aSyn in GCl fraction
was similarly resistant to solubilization in high salt buffer [41]. The
solubilization of aSyn is dependent on the size of aggregated
particles and inclusion bodies. SDS-soluble aSyn oligomers or

Acta Pharmacologica Sinica (2022) 43:552 - 562

aggregates formed with FABP7 have similar properties as those of
GCls in glial cells.

The oligomer form of aSyn is more toxic compared with its
monomer form, due to increase in solubility; lipid-dependent aSyn
oligomers were observed in aSyn transgenic mice and PD and DLB
patient brains compared to controls [36]. Meanwhile, aSyn fibrils
promoted oligomerization in rats’ brain causing a more severe
dopaminergic loss [8] while mutation of aSyn PD-linked A53T and
A30P also accelerated oligomerization but not fibrilization [42].
Meanwhile, recent studies have also suggested that aSyn fibrils
were 1000-fold more toxic than their precursors and that fibrils,
rather than ribbons or oligomers, injection into rats’ substantia
nigra pars compacta induced the greatest motor impairment and
dopaminergic cell loss [43]. Injection of brain extracts from
patients with MSA into transgenic mice induced neurodegenera-
tion, suggesting that MSA-derived strains of aSyn might be more
toxic [44]. aSyn strains of different structures have different
toxicity levels. In the present study, we found that FABP7 formed
complexes with aSyn and induced aSyn oligomerization in glial

SPRINGER NATURE
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Fig. 6 FABP7 and aSyn interaction in OPCs primary culture. a Schematic draft of OPCs primary culture protocol. b Microscopic image of
OPCs (red arrows). ¢ Western blot (WB) analysis of FABP5, FABP7, and aSyn in the U251 cells, mouse brain and in OPCs. d Confocal microscopy
of immunofluorescence staining of olig2 (green), aSyn (red) and FABP7 (blue) in OPCs. e, f Cell viability analysis of OPCs, based on CCK assay.
OPCs overexpressing aSyn, were treated with psychosine at various concentrations in the absence (e) (n = 6) or presence (f) (n = 8) of ligand 6.
g WB analysis of FABP7 and aSyn in OPCs. OPCs, overexpressing aSyn, were treated with psychosine (10 pM) in the absence or presence of
ligand 6 (1 uM). h, i Quantification of aSyn (h) and FABP7 (i) oligomers in SDS-soluble fractions, based on WB analysis, is illustrated. The data
are shown as the mean = standard error of the mean and were obtained using one-way analysis of variance. **P < 0.01 and **P < 0.01. aSyn
alpha-synuclein, FABP3, 5, and 7 fatty acid-binding protein 3, 5, and 7, Psy Psychosine.

cells and OLGs and that large size oligomers, having aSyn/FABP7,
were formed in aSyn-overexpressed U251 cells. To assess the
toxicity levels of aSyn/FABP7 complexes, we develop FABP7 ligand
6 which disrupted the interaction between aSyn and FABP7. The
inhibition of FABP7 by ligand 6 significantly reduced aSyn
oligomerization and aggregation and inhibited glial cell death.
Evidence proving the critical role of FABP7 in aSyn oligomerization
and aggregation in MSA pathogenesis remains limited. FABP7
binds to aSyn and triggers aSyn oligomerization and aggregation
in glial cells and OLGs.

In KG-1C cells, we found that endogenous FABP7 was co-localized
with endogenous aSyn, whereas the AA or psychosine treatment
did not trigger the formation of aSyn aggregates with a high

SPRINGERNATURE

molecular weight in KG-1C cells. This may be attributed to the low
levels of endogenous aSyn in KG-1C cells not being sufficient to
form aSyn aggregates as observed in aSyn-overexpressing
U251 cells. Additionally, in OPCs primary culture, we found no
endogenous aSyn expressed. Since aSyn is expressed almost
exclusively in neurons, the origin of aSyn that composes GCls in
OLGs remains enigmatic. As described previously, in patients with
MSA, aSyn mRNA levels are approximately threefold higher in OLGs
but decreased approximately two-fold in neurons [27]. Furthermore,
neuronal secretion of aSyn underlies its pathogenic accumulation in
OLGs in A53T aSyn transgenic mice [45]. Moreover, aSyn accumula-
tion in neurons is transmitted to OLGs causing GCls in AAV-hua-syn-
injected rats [46]. Thus, neuronal aSyn transferred to OLGs facilitates
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Fig. 7 Schematic representation of the pathways through which FABP7 triggers aSyn oligomerization associated with oxidative stress
and induces oligodendrocyte loss. During a pathological condition, such as reactive oxygen species (ROS) generation induced by hydrogen
peroxide (H,0,) or the psychosine induced arachidonic acid (AA) accumulation, endogenous alpha-synuclein (aSyn), and fatty acid-binding
protein 7 (FABP7) interact with each other and form FABP7-positive oligomers. This process may result in oligodendrocyte loss. In addition,
ligand 6 disrupted the FABP7-aSyn interaction and inhibited aSyn oligomerization, thereby improving OLGs survival.

our understanding of how MSA begins and progresses. Previous
reports have suggested that FABP7 controlled lipid raft function
by regulating caveolin-1 expression in astrocyte [47], therefore
FABP7 might also influence the regulation of aSyn neuron for
OLGs propagation. This warrant further investigation using MSA
model mice.

To elicit the pathological significance of AA production through
PLA2 activation in aSyn oligomerization, psychosine [40] was used
in KG-1C cells. Consistent with the previous report [40], we also
identified that psychosine significantly activated PLA2 activities
and induced prominent aSyn aggregation. Besides, psychosine
accumulation in OLGs is attributed to the lysosomal enzyme
galactosyl-ceramidase (GALC) mutation, which causes degenera-
tion of white matter in the central nervous system [48]. Genome-
wide association studies has recently identified that GALC as
another risk factor for PD [49]. Psychosine forms hydrophilic
clusters and binds the C-terminus of aSyn resulting in the
accumulation of aSyn oligomers [50]. In the present study, PLA2
activities were significantly increased following psychosine treat-
ment. Additionally, the oligomerization of FABP7 and aSyn was
significantly enhanced in KG-1C cells and OPCs primary culture
with the same concentration of psychosine.

Since the glial cell-derived FABP7 also exhibited the protective
effect on blood-brain barrier integrity toward brain injury [51], the
abnormal accumulation of aSyn interacted with FABP7 in glial cells
may trigger the elevation of ROS levels thereby accelerating the
pathological process of various neurodegeneration disease [52, 53].
Consistently, in the present study, AA treatment in aSyn-
overexpressed U251 cells also triggered the upregulation of ROS
levels. Most importantly, ligand 6 played a role as an antioxidant and
eliminated ROS in cellular levels. Ligand 6 may exhibits the potnecy
of neurovascular protection via targeting oxidative stress [54].

In summary, aSyn forms homo-oligomers or hetero-oligomers
with FABP7 in OLGs under oxidative stress induced by psychosine
or H,O0,. AA can induce aSyn homo-oligomers or hetero-
oligomers, while FABP7 ligand 6 inhibits the formation of homo-
oligomers and hetero-oligomers by disrupting the interaction
between aSyn and FABP7 (Fig. 7). Thus, FABP7 ligand 6 is a
possible therapeutic candidate for treating a-synucleinopathies in
glial cells and OLGs.
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