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Abstract Insulin is the main glucoregulator that pro-
motes the uptake of glucose by tissues and the subsequent
utilization of glucose as an energy source. In this paper,
we describe a novel glucoregulator, the alpha-synuclein
(SNCA) protein, that has previously been linked to Par-
kinson’s disease. Treatment with recombinant SNCA
promotes glucose uptake in vitro in preadipocytes and
in vivo in the adipose tissues and skeletal muscles of mice
through the LPAR2/Gab1/PI3K/Akt pathway; these effects
occur independently of the insulin receptor. This function
of SNCA represents a new mechanistic insight that creates
novel avenues of research with respect to the process of
glucose regulation.
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Introduction

Insulin is the primary glucoregulator in mammals; in
combination with other hormones, insulin maintains glu-
cose uptake and glycogen synthesis in tissues and regulates
the utilization of glucose as an energy source. A better
understanding of glucose regulation and the molecules that
participate in this process will facilitate better targeting of
novel therapeutic candidates that can optimize and/or
control glucose utilization in insulin target organs, such as
skeletal muscle and adipose tissue.

In this study, we identified a novel player that is
involved in glucose regulation, alpha-synuclein (SNCA).
The SNCA has been well studied because its mutated
variants are associated with Parkinson’s disease [1].
Non-mutant SNCA has important functions in the brain,
regulating exocytosis through the soluble N-ethylmalei-
mide-sensitive factor attachment protein receptor (SNARE)
complex in the presynaptic aspects of neurotransmis-
sions during the process of aging [2] and preventing
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neurodegeneration through cooperation with the cysteine-
string protein-o (CSPa) [3]. In fact, SNCA is a protein that
is located not only in the brain but also in various extra-
cerebral locations, including but not limited to serum, bone
marrow, red blood cells and platelets; its function and
significance in these locations are poorly understood [4-7].
Interestingly, it has recently been reported that SNCA
could be associated with glucose metabolism. Kurz et al.
[8] demonstrated that glyoxalase I expression and glycation
damage were induced by SNCA ablation. This finding
suggests that SNCA deficiency directly or indirectly affects
the regulation of glucose metabolism in the brain. Seo et al.
[9] revealed the ability of SNCA to initiate v-akt murine
thymoma viral oncogene homolog 1 (Akt) activation and
thereby increase B cell lymphoma protein (Bcl)-dependent
cell survival in kidney and prostate cancer cell lines.
Similarly, Geng et al. [10] have described a role for SNCA
in the insulin secretion of beta cells, suggesting that SNCA
may possess an undiscovered role in glucose regulation.

Given these observations, we ask the logical question of
whether SNCA has any direct effects on glucose metabo-
lism in insulin target tissues. In this paper, we report the
existence of a novel SNCA-dependent transduction signal
pathway, the LPAR2/Gab1/PI3K/Akt pathway, that con-
tributes to glucose uptake in adipose tissues.

Materials and methods
Cell culture and extracts

We maintained 3T3-L1, HepG2, C2C12, SK-N-SH and
mouse primary culture cells in DMEM (Dulbecco’s Mod-
ified Eagle Medium) with 10 % fetal bovine serum
supplemented with Penicillin—Streptomycin. Dr. Yoshihiro
Ogawa (Tokyo Medical and Dental University) generously
provided 3T3-L1 cells that stably expressed CAR (cox-
sackie-adenovirus receptor). Adipocyte differentiation was
induced in these 3T3-L1 cells through the use of the
STEMPRO Adipogenesis Differentiation Kit (Invitrogen,
USA) for 7 days. All of the cells were grown in a cell
incubator at 37 °C in an atmosphere containing 5 % CO,.
Additional detailed information is included in the supple-
mental methods portion of this paper.

Immunoblotting and immunoprecipitation

Samples were obtained using either RIPA 1x (Thermo,
USA) (for immunoblotting) or NP-40 lysis buffer (for
immunoprecipitation) and then electrophoresed in a mul-
tigradient gel (Multigel IT Mini, Cosmo Bio). Transference
was performed using Polyvinylidene difluoride (PVDF)
transfer membranes (Amersham Hybond, GE Health Care).
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The membranes were blocked with 5 % skim milk (Nacalai
Tesque) in PBS-T (containing 0.05 % Tween 20) for 1 h
and incubated overnight with the primary antibody. An
Image Quant LAS 4000 mini system (GE, USA) was used
in accordance with the manufacturer’s instructions to
obtain images. Additional detailed information is contained
in the supplemental methods portion of this paper.

Phosphatidylinositol 3-OH kinase (PI3K) assay

The PI3K assay was performed using a modified version of
thin layer chromatography procedures that were described
by the previously published studies [11]. Additional
detailed information is contained in the supplemental
methods portion of this paper.

Animal procedures

All of the in vivo experiments were performed in accor-
dance with the regulations of Osaka University’s Animal
Facility. The C57/BL6 mice were obtained from CLEA
(Japan) and SNCAKO mice were acquired from The
Jackson Laboratory (USA) [12]. We used mice of the same
body weight for group comparisons. Serum insulin (Mor-
inaga, Japan), glucagon (R&D, USA) and cortisol (Cayman
Chemical Company, USA) were quantified by ELISA.

Intraperitoneal glucose and insulin tolerance test
(ipGTT and ipITT) [13]

WT and SNCAKO mice were fasted overnight (8 h) and
water was supplied ad libitum. Subsequently, glucose
(2 g/kg) or insulin (0.8 IU/kg) (Humulin R, Lilly) were
injected into these mice, and blood glucose levels were
measured with a Glucometer AS-R (SKK, Japan) at the time
points of 0, 15, 30, 60, 90 and 120 min after the injection.
Additional blood samples (20 pl) were extracted at 0, 30, 60
and 120 min after the injection for the evaluation of serum
insulin levels by ELISA (Mouse insulin, Morinaga, Japan).

Indirect calorimetry

All of the mice were fed ad libitum during the experiment
in separate chambers at 24-25 °C following previous car-
diac catheterization and mice habituation. The habituation
to a new environment was performed over the course of a
minimum of three days. The auto-calibration process was
performed in accordance with the manufacturer’s protocol.
We collected data beginning on the day after the first
calorimeter measurements to avoid possible artifacts.
Metabolic parameters were measured in WT (C57/BL6)
and SNCAKO mice for 24 h. Data were obtained using an
MM202R O,/CO, analyzer (Muromachi Kikai, Japan).
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Cardiac catheterization

Mice weighing 24 g were intraperitoneally anesthetized
with medetomidine (0.3 mg/kg), midazolam (0.8 mg/kg)
and butorphanol (1 mg/kg). The catheterization procedure
was performed in accordance with previously published
methods [14]. Briefly, the installation of a silicon cardiac
catheter was performed in the right jugular vein of mice.
These catheters were fixed and heparinized, and the
experiments were performed 1-3 days later. During this
time, the mice were habituated to the handling procedures
of this study. The intravascular localization of the catheter
was confirmed postmortem in all of the mice after the
conclusion of the experiment.

Glucose uptake in vivo [15]

After the cardiac catheterization and habituation of the
mice, the mice were fasted for 5 h. Under the same gly-
cemic conditions, SNCA (14 pg/kg) or insulin (0.8 IU/kg)
was then infused through the cardiac catheter and allowed
to incubate for 10 min. Following this incubation, 6.25 nCi
of [3H]-2-deoxy-D-glucose and 1.25 pCi of [14C] sucrose in
saline were infused. Subsequently, we obtained blood
samples at 0, 7, 10, 15 and 20 min to create a tritium-
sucrose disappearance curve. Tissue samples were obtained
after the last blood sample collection. Measurements of
serum insulin, glucagon, cortisol and SNCA were per-
formed in independent experiments, although the original
conditions of this experiment were conserved through an
extended time course, as indicated in the figures. Addi-
tional detailed information is contained in the supplemental
methods portion of this paper.

GPCR screening

Briefly, we used the silencer select GPCR siRNA Library
V4 from Ambion (USA) in accordance with the manu-
facturer’s instructions to transfect siRNA (5 nM) into
HEK293 and neuroblastoma (SK-N-SH) cells. After 24 h
of transfection, the cells were serum starved for 1 day and
then stimulated with either SNCA (10 nM) or insulin
(100 nM). The phosphorylation of Akt was assessed using
the PathScan Phospho-Aktl (Ser473) ELISA kit from Cell
Signaling (USA). We used three different siRNAs for each
gene and repeated the experiments three times to obtain
consistent data. We transfected mouse siRNA for LPAR2
(s79393, s79394, s79395) and CD97 (576982, s76983)
from Applied Biosystems (USA) into 3T3-L1 cells. The
results of these transfections were confirmed through
immunoblotting analyses. Additional detailed information
is contained in the supplemental methods portion of this

paper.

Statistical analysis

We used Stat View, v5.0 to perform the analysis of the
in vivo and in vitro data. We presented the data in terms of
mean = SD. We used Student’s ¢ test and ANOVA
assessments to determine statistical significance. Bonfer-
roni’s test was used for multiple comparisons as appropriate.

Results

First, we investigated whether SNCA could initiate Akt
signaling in preadipocytes (3T3-L1), myocytes (C2C12) or
hepatocytes (HepG2), as these cell types are the most
important insulin target cells for assessing glucose metab-
olism in vitro [16, 17]. Interestingly, we detected Akt
phosphorylation after recombinant SNCA treatment in both
preadipocytes and mature adipocytes (Fig. 1a and supple-
mental Fig 1); however, this phosphorylation was less
evident in myocytes and hepatocytes (supplemental Fig. 2).
Importantly, SNCA treatment could induce 2.5-fold greater
[°H] glucose incorporation in both preadipocytes and
mature adipocytes, suggesting that insulin signaling could
be involved in SNCA effects (Fig. 1b and supplemental
Fig. 1b). This reaction was neutralized by treatment with
an SNCA monoclonal antibody, indicating the specific role
of SNCA in the induction of glucose uptake.
Subsequently, based on these findings, we assessed the
impact of SNCA treatment on participants in insulin sig-
naling pathways to examine whether these molecules could
be potential upstream players for the effects of SNCA [18].
We detected no phosphorylation of either the insulin
receptor or the insulin receptor substrate (IRS)-1 (Fig. 1c)
after SNCA treatment, and SNCA did not appear to pro-
mote the binding of IRS-2 to p85 (supplemental Fig. 3).
Because Growth factor receptor bound protein 2-associated
binding (Gab) proteins possess similar structures to IRS
proteins and play important roles in inducing cellular glu-
cose uptake during insulin and hepatocyte growth factor-
dependent signaling [19, 20], we decided to investigate the
possibility that SNCA affects Gabl protein activation.
Indeed, we detected the phosphorylation of Gabl but not
Gab? after treatment with SNCA (Fig. 1¢). Gabl has been
reported to initiate and maintain Akt phosphorylation and
regulate cell proliferation through the src homology 2
domain-containing tyrosine phosphatase 2 (SHP2)-extra-
cellular signal-regulated kinase (ERK) mitogen-activated
protein kinase (MAPK) complex [19, 21, 22]. Because
Gab1/SHP2/ERK-dependent proliferation does not actively
participate in the glucose metabolism of adipocytes, we
focused on investigating the final output of the Gabl/
phosphatidylinositol 3-OH kinase (PI3K)/Akt pathway. We
found that SNCA increased Gabl phosphorylation and
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Fig. 1 The role of SNCA in the glucose regulation of 3T3-L1 cells
(preadipocytes). a Upper panel immunoblot indicating the phosphor-
ylation of Aktl (at Ser473) and Akt2 (at Serd74) by SNCA, which
acts downstream of PI3K in preadipocytes. Lower panel the
densitometry results of the upper panel. b SNCA and insulin
(200 nM) activate [*H]-2-deoxy-D-glucose uptake in preadipocytes.
AbSNCA indicates the SNCA antibody neutralization group (1:1,000
dilution). For each group, n = 5. ¢ Upper panel as indicated by
immunoblot analyses, SNCA treatment induced Gabl (Tyr627)
phosphorylation from 5 to 30 min but not the phosphorylation of
IRS1 (Tyr 895), IR-B (Tyr1146) or Gab2 (Tyr 452). Lower panel the
densitometry results of the upper panel. d The immunoprecipitation
results demonstrating the tyrosine phosphorylation of Gabl after
5 min of stimulation with SNCA or insulin (200 nM). PY indicates
phosphotyrosine monoclonal antibody. e The immunoprecipitation
results revealing the binding of Gabl to PI3K (p85) after 5 min of

Gab1-p85 binding in 3T3-L1 cells (Fig. 1d, e). IRS and
Gab proteins bind to the p85 (regulatory subunit) and the
p110 (catalytic subunit) of PI3K to increase the activation
of Akt [21]. In accordance with this type of effect, SNCA-
induced PI3K activity was detected in preadipocytes
(Fig. 1f). Furthermore, following SNCA treatment, we
observed the activation of Akt substrate of 160 kDa
(AS160), which is an activator of glucose transporter 4
(GLUT4), a protein that allows glucose uptake by cells
[23]. In addition, the Ser-9 phosphorylation (inactivation)
of glycogen synthase kinase-3 beta (GSK3-p), which pro-
motes glucose utilization in tissues [24, 25], was also
observed after the SNCA treatment (Fig. 1h).
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stimulation with SNCA. f The PI3K assay indicating phosphatidyl-
inositol triphosphate (PIP-3) production after SNCA treatment. The
catalytic subunit of PI3K, pl10 alpha, significantly affects PIP-3
production at the plasma membrane, functioning as a second
messenger to further translocate and activate Akt. g Left panel the
immunoblotting of the concentration-dependent phosphorylation of
Gabl and Aktl after 5 min of stimulation with SNCA or insulin
(100 nM). Right panel the densitometry results for the left panel. AU
indicates arbitrary units. h The immunoblots illustrating phosphory-
lation of AS160 (at Thr642) and GSK3-beta (at Ser9) after 5 min of
stimulation with SNCA. In a and c, the cells were treated with 50 nM
vascular endothelial growth factor (VEGF) for 10 min and 100 nM
insulin for 120 min as controls. In all of the above experiments the
SNCA stimulation was performed at a concentration of 10 nM in
3T3-L1 cells. AU indicates arbitrary units. All histogram bars indicate
mean £ SD. ** P < 0.01, and *** P < 0.001

To establish the importance of each participant in this
signal transduction process, we pre-treated preadipocytes
with the PI3K inhibitors LY294002 and Wortmannin. We
observed that this pre-treatment caused the attenuation of
SNCA-induced Akt phosphorylation and glucose uptake
and the deterioration of the full phosphorylation of Gabl in
3T3-L1 cells (Fig. 2a, b). It has been reported that the
positive feedback effects of PI3 K on Gabl occur just after
Gabl translocates to the plasma membrane and permit a
more prolonged and efficient activation of the Gabl path-
way [26]. In this study, we demonstrate that PI3K
inhibition impairs the full phosphorylation of Gabl. In
addition, to elucidate the importance of Gabl as the leading
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player in this pathway, we depleted Gabl in 3T3-L1 by
siRNA. Under these conditions, we observed the suppres-
sion of SNCA-induced Akt phosphorylation and glucose
uptake (Fig. 2c, d). Moreover, after we overexpressed
Gabl by adenovirus transfection in preadipocytes, SNCA-
induced Akt phosphorylation and glucose uptake were
enhanced (Fig. 2e, f). In combination, these results dem-
onstrate that Gabl activation is crucial for sustaining the
downstream activation of PI3K and Akt, which is followed
by glucose uptake after SNCA treatment in preadipocytes.
Given this result, we investigated the involvement of other
insulin receptor-independent glucose uptake pathways,
such as the 5’ adenosine monophosphate-activated protein
kinase (AMPK) pathway [27, 28], but the activation of this
pathway was not detected after SNCA treatment in pre-
adipocytes (Fig. 2g). The AMPK pathway is particularly
important for inducing insulin-independent glucose uptake
in tissues and thereby promoting the use of glucose as an
energy source; biguanides and physical exercise have been
proposed as agonists of AMPK and mitochondrial capacity,
respectively [29, 30]. In addition, it has been demonstrated
that the AMPK pathway provides important contributions
to glucose metabolism by mediating metabolic signals
through the central nervous system affecting distal tissues
such as skeletal muscle [27].

Furthermore, to evaluate the in vivo effects of SNCA on
adipose tissue, we intravenously administered SNCA to
C57/BL6 mice, which are hereafter referred to as wild type
‘WT’ mice. We found that, in mice, SNCA activates the
Gabl pathway in the white adipose tissue (WAT) and
soleus muscle (Fig. 3a), but not in the liver (supplemental
Fig. 5). In addition, we measured the glucose uptake in an
animal model under euglycemic conditions (supplementary
Fig. 6). We observed that SNCA activates glucose uptake,
as assessed by the 2DG uptake in vivo in not only epi-
didymal and retroperitoneal white adipose tissue but also
the soleus and gastrocnemius muscles. We also confirmed
that co-treatment with an SNCA monoclonal antibody
attenuated SNCA-induced glucose uptake (Fig. 3b). Simi-
larly, in mice, glucose utilization, as assessed by GSK3-3
inactivation and calculated glycogen synthesis, was
increased after SNCA treatment both in the visceral white
adipose tissue and in skeletal muscle (Fig. 3a, c).

To further investigate the physiological function of
SNCA in vivo, we used SNCA-deficient mice (SNCAKO)
[12]. SNCAKO mice are viable and fertile, exhibit intact
brain architecture and have normal dopaminergic cell
bodies, fibers and synapses [31]. Because our previous
findings indicate a potential role of SNCA in glucose
uptake and utilization in tissues, we decided to assess the
glucose metabolism in SNCAKO mice. Interestingly, we
observed that these mice exhibit a modest glucose
dysmetabolism in response to glucose and insulin

(supplemental Fig. 7). Given that the main objective of
glucose metabolism and regulation is to ensure that energy
substrate supplies are provided to tissues, we then sought
to quantitatively assess the whole-body energy metabolism
of these mice by indirect calorimetry. The energy source
(carbohydrates, lipids or proteins) that is used is deter-
mined by the respiratory quotient rate (RQ) in mammals.
Normal carbohydrate (particularly glucose) utilization is
observed when the RQ is close to 1.0, as measured by
indirect calorimetry, and decreased RQ levels represent
the utilization of a non-carbohydrate energy source (i.e.,
lipids and/or proteins) [32]. Using this method, we found
that SNCAKO mice displayed an evident impairment in
whole-body glucose utilization compared with WT mice;
no differences between the two types of mice were
observed with respect to oxygen consumption, temperature
or locomotor activity (Fig. 4). This result indicates that
SNCA is an important player in glucose metabolism
in vivo.

We then sought to identify the upstream players of Gabl.
To address this issue, we tested the signal transduction
characteristics of several growth factors that are well-
known activators of Gabl (Fig. 5a). Hepatocyte-growth
factor (HGF) has been reported to play an important role in
activating the met proto-oncogene (the c-Met receptor, also
known as the HGF receptor), and Gab1 can act as an adaptor
protein for downstream signal transduction [20]. However,
in our experiments in preadipocytes, we could not detect a
strong HGF-dependent Gabl signal of the SNCA-depen-
dent activation of the c-Met receptor at the direct binding
site of Gabl (Fig. 5a, b). Interestingly, epidermal-growth
factor (EGF) stimulation in preadipocytes resembled
SNCA-dependent Gabl and Akt activation. In addition,
pretreatment with AG1478, an inhibitor of the EGF receptor
(EGFR), attenuated the SNCA-induced phosphorylation of
Gabl and Aktl (Fig. 5a). However, SNCA did not induce
the activation of the EGF receptor at the Gabl binding site
(Fig. 5c¢).

Based on recent evidence indicating that SNCA and
Gabl interact with G protein-coupled receptors (GPCR)
and the fact that a number of GPCRs have not been fully
characterized [33-35], we decided to further investigate the
role of GPCRs in the transduction of SNCA signals. We
depleted each of the 379 human genes encoding a GPCR in
human-embryonic kidney cells (HEK293) and then treated
these cells with SNCA. In preliminary experiments, we
found that the SNCA-dependent transduction pathway is
present in HEK293 cells. We then sought to identify the
GPCR-depleted cells that demonstrated the smallest dif-
ferences in Akt activation between the SNCA-treated
groups and the untreated groups. Through this strategy,
we identified 27 preliminary candidates (supplementary
Fig. 8). Next, we independently analyzed each experiment
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Fig. 2 Gabl is critical for SNCA-induced glucose uptake in vitro.
a Pre-incubation with PI3K inhibitors. The immunoblots illustrate the
phosphorylation of Aktl after 5 min of SNCA treatment. PI3K
inhibitors were used at a pre-incubation dose of 20 uM (30 min) for
the LY294002 group and 50 nM (30 min) for the Wortmannin group.
b Pre-incubation with PI3K inhibitors. The immunoblots indicate
glucose uptake after SNCA treatment (30 min); n = 5 for each
group. ¢ Gabl-depleted 3T3-L1 cells. The immunoblots indicate
the phosphorylation of Aktl after 5 min of SNCA treatment. d Gabl1-
depleted 3T3-L1 cells. The immunoblots indicate the glucose uptake
after SNCA treatment (30 min); n =5 for each group. e Gabl
overexpression in 3T3-L1 cells. The immunoblots indicate the

and searched for consistent matches; we obtained only ten
candidates from this examination (Table 1). In particular,
we repeated the GPCR depletion experiments for these ten
candidates and observed that three out of the ten candi-
dates, lysophosphatidic acid receptor-2 (LPAR2), CD97
and vomeronasal type 1 receptor 4 (VN1R4) displayed the
most stable suppression of SNCA-dependent Aktl phos-
phorylation (Fig. 5d). In a second screening approach, we
again evaluated the effects of SNCA treatment in the Gabl
activation in cells. Moreover, LPAR2 depletion decreased
SNCA-induced Gabl activation in HEK293 cells; this
effect was not produced by CD97 depletion, VNIR4
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overexpression in 3T3-L1 cells. The immunoblots indicate the
glucose uptake after SNCA treatment (30 min); n =5 for each
group. g AMPK in 3T3-L1 cells. The immunoblots show the catalytic
(o, Thr 172) and regulatory (B1, Ser 108) subunit of AMPK after
SNCA treatment. Insulin was used at a concentration of 100 nM for
120 min and forskolin at a concentration of 40 uM for 24 h. In all
of the experiments, the SNCA stimulation was performed at a
concentration of 10 nM in 3T3-L1 cells. All of the histogram bars
indicate mean £ SD. * P < 0.05, ** P < 0.01 and *** P < 0.001,
respectively

depletion or pre-incubation with pertussis toxin (PTX)
(supplementary Fig. 9). We noticed that in HEK293 cells,
the basal activity of Gabl was increased after the deple-
tion of LPAR2. Thus, we decided to confirm these findings
in our initial target cell, the preadipocyte. To accomplish
this purpose, we chemically antagonized the LPAR family
through the pretreatment of preadipocytes with Kil6425
[36]. Under these conditions, we assessed the transduction
of the SNCA signal to Gabl and Aktl. Interestingly, in
this experiment, SNCA-dependent Gabl and Aktl phos-
phorylation was suppressed by 40-50 % and by more
than 90 %, respectively (supplemental Fig. 10). Notably,
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Gabl pathway in vivo. a Immunoblot indicating the phosphorylation
of Gabl, Aktl and GSK3-beta (Ser9) but not IR-f (Tyr1146) after
5 min of SNCA administration (i.v.) in WT mice. WAT epididymal
white adipose tissue. b The glucose uptake assay in mice that were
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Fig. 4 SNCA particularly promotes glucose metabolism in vivo.
a Measurements of oxygen consumption over 24 h (VO,) in
SNCAKO and WT mice; n = 8 for each group. b Measurements of
respiratory quotient over 24 h (RQ) in SNCAKO and WT mice;
n = 8 for each group. ¢ The area under the curve (AUC) of (b),
indicating the evident impairment in RQ per min during the light

SNCA antibody was used at a dilution of 1:1,000. ¢ Glycogen
synthesis is increased by SNCA or insulin treatment. For the
experiments in mice, SNCA (14 pg/kg, i.v.) or insulin (0.8 IU/kg)
was injected into the mice and incubated for 10 min. For the saline
group, n = 5; for the SNCA group, n = 10; for the Insulin group,
n=75; and for the SNCA-SNCAAb group, n =15. All of the
histogram bars indicate the mean £ SD. * P < 0.05, ** P < 0.01 and
##% P < 0.001, respectively
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phase of SNCAKO (red bars) mice compared with WT (black bars);
n = 8 for each group. d The rectal temperatures of SNCAKO and WT
mice; n = 10 for each group. e The locomotor activity in SNCAKO
and WT mice (30 min); n = 10 for each group. We performed all the
experiments using mice of similar body weight (25 £ 1 g). All bars
indicate mean + SD. ** P < 0.01 by ANOVA
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Fig. 5 The activation of Gabl through GPCR and LPAR2 in
preadipocytes. a Immunoblot indicating Gabl and Akt activation
after the stimulation of preadipocytes with various growth factors.
S indicates SNCA. b Immunoblot assessing c-Met receptor phos-
phorylation at the Gabl binding site. ¢ Immunoblot assessing EGF
receptor phosphorylation at the Gabl binding site. d The fold increase
in Akt after SNCA treatment in HEK293 cells that have been depleted
of the preliminary GPCR candidates. e Immunoblot indicating Gabl

LPA-dependent Gabl and Aktl phosphorylation through
LPAR family members resembled the SNCA transduction
signal pattern with respect to the types of cell that were
affected. By contrast, CD55 (the ligand of CD97) weakly
increased the phosphorylation of Gabl/Aktl through its
receptor CD97. To confirm these results, we repeated the
knockdown experiments separately and observed that
the depletion of either LPAR2 or CD97 resulted in the
significant suppression of SNCA-dependent Akt activation
in preadipocytes (Fig. 5e). In this manner, we observed
that LPAR2 depletion in preadipocytes could suppress not
only SNCA-dependent Gabl and Akt signaling but also
glucose uptake (Figs. 5f, 6). Although CD97 depletion
resulted in an attenuation of SNCA-induced Akt signaling
and glucose uptake, CD97 depletion failed to inhibit Gabl
activation.
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and Akt phosphorylation after SNCA treatment in LPAR2- and
CD97-depleted preadipocytes. f Glucose uptake after SNCA treat-
ment in LPAR2- and CD97-depleted preadipocytes. In all of these
experiments, SNCA was used at a concentration of 10 nM. In a and b,
insulin (100 nM, 10 min), VEGF (50 nM, 10 min), HGF (100 ng/mL,
10 min), EGF (10 ng/mL, 10 min), BAPTA (10 uM, 30 min) and
AG1478 (250 nM, 30 min) were used as controls. All bars indicate
mean £ SD. * P < 0.05 and ** P < 0.01

Discussion

In this study, we demonstrate that the acute administration
of SNCA activates the LPAR2/Gab1/PI3K/Akt pathway in
adipose tissue and skeletal muscle, promoting glucose
metabolism in the examined organisms. The absence of
SNCA impairs the glucose metabolism in vivo.

We described for the first time the glucoregulatory effect
of SNCA, which is dependent on Gabl in peripheral tis-
sues. To address this issue, we discussed how SNCA-
dependent Gabl activation might occur. SNCA'’s bilayer
affinity [37] or the activation of a cognate receptor were
contemplated as potential upstream factors for this acti-
vation. The acute and transient signal patterns induced by
SNCA in tissues strongly suggest the existence of a cog-
nate receptor. Therefore, we decided to first investigate the
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Table 1 Screening GPCR-depleted cells for SNCA-dependent signal
transduction

GCPR Average SD P

LPAR2 1.003985 0.003564 >0.05
CD97 1.007985 0.007955 >0.05
VNIR4 1.008433 0.624483 >0.05
GPRCS5A 1.015232 0.218112 >0.05
CCRL1 1.016388 0.110216 >0.05
HCARI1 1.033789 0.065931 >0.05
GPR82 1.034831 0.680014 >0.05
GPR160 1.040097 0.110742 >0.05
OPNIMW 1.047827 0.87636 >0.05
F2R 1.049259 0.304832 >0.05

The fold increase of Aktl activity (change vs. not treated) in GPCR-
depleted candidates in HEK293 cells. P > 0.05 indicates a non-sig-
nificant difference. All of the experiments were performed three times
with three different siRNA sequences for each gene

LPAR? lysophosphatidic acid receptor-2, CD97 CD97 molecule,
VNIR4 vomeronasal type-1 receptor 4, GPRC5A retinoic acid-
induced protein 3, CCRLI C-C chemokine receptor type 11, HCARI
hydroxycarboxylic acid receptor 1, GPRS2 probable G protein-cou-
pled receptor 82, GPRI60 probable G protein-coupled receptor 160,
OPNIMW green-sensitive opsin, F2R coagulation factor II receptor
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Fig. 6 The schematic representation of the SNCA-dependent signal
pathway

most frequent receptors that could be involved in Gabl
activation, such as EGFR and c-Met; however, these efforts
were unsuccessful at identifying the cognate receptor in
question. Fortunately, our deeper analysis involving the
screening of novel potential receptors that are unstudied or
not fully characterized proved more fruitful. In particular,
by restricting our search to candidates that could most
plausibly be involved in this transduction signal, such as

GPCRs, we discovered two receptors, LPAR2 and CD97,
that are necessary for conveying SNCA-dependent signals.
These receptors can be found either alone or together as a
heterodimer, as observed by Ward et al. [38].

LPAR?2 is a receptor for lysophosphatidic acid (LPA)
that can regulate the efficiency and specificity of signal
transduction in various signaling pathways [39]. Interest-
ingly, in previous reports associating Gab1 with GPCR, the
potential of LPA to induce Gabl activation was demon-
strated; however, the receptor that was involved in this
signaling mechanism was not clearly established [34].
Moreover, it has been demonstrated that the LPAR family
is important for blood glucose metabolism; in rodents,
LPAR can act in various trophic roles, including functions
that oppose obesity and adipogenesis [39]. Consistent with
these previous results, in this study, we demonstrate that
through its coupling to G11/q and G12/13 proteins, LPAR2
is important for maintaining the integrity of the SNCA
signal pathway and allowing this pathway to exert
its effects on tissues. However, the physiological and
pathological role of LPAR2 in SNCA-induced signal
transduction must be investigated through future studies.
By contrast, CD97 depletion did not prevent Gabl acti-
vation, although it did impact Aktl. We surmised that
CD97 may be more important at the PI3K/Akt level of
glucose regulation but not at higher levels in this cascade.
CD97 is considered to be one of the EGF-transmembrane 7
family receptors that is expressed as a noncovalently
associated heterodimer, and it has been reported that the
CDS55 molecule [also known as complement decay-accel-
erating factor (DAF)] and chondroitin sulfate are its ligands
[40]. To date, this is the first evidence that links CD97
alone with glucose metabolism. However, we cannot
exclude the possibility of heterodimerization of CD97 with
the LPAR family; this interaction was proposed by Ward
et al. [38] and would allow for the co-participation of
CD97 and LPAR?2 in the transduction of SNCA-dependent
signals in tissues. In our experiments, we found that
through the LPAR family, LPA could mimic SNCA-
dependent transduction signals in preadipocytes. In addi-
tion, albeit in a weaker manner than LPA, CD55 could act
through CD97 to increase Gabl and Aktl phosphorylation.
This result, in combination with the fact that LPAR
antagonism or LPAR2 depletion could significantly sup-
press SNCA-dependent transduction signals, suggests that
SNCA exerts its effects primarily through LPAR2, either
alone or dimerized with CD97. Thus, the nature of the
LPAR family members to heterodimerize with CD97 [38]
may certainly be functionally important for the transduc-
tion of SNCA signals in tissues.

Moreover, the glucoregulatory effect of SNCA in vivo
and in vitro was dependent on the subsequent activation of
Gabl in peripheral tissues. It is known that Gabl functions
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in insulin signaling and HGF-dependent signaling as an
adaptor protein for cell proliferation, growth and metabo-
lism [20, 21]. In addition, Gabl is ubiquitously expressed
in various tissues [41], enabling these tissues to respond to
SNCA. In this study, we demonstrated that SNCA-depen-
dent Gabl activation is an important regulator of glucose
metabolism in skeletal muscle and adipose tissues. It is
noteworthy that the activation of the Gabl/PI3K/Akt/
GLUT4 pathway has been proposed previously as a ther-
apeutic target for improving glucose diffusion in
preadipocytes [42]. In this study, we describe a novel
endogenous candidate that may fulfill the desired profile
for these therapeutic applications. In addition, as shown by
previously published research, the activation of Gabl may
also generate implications for cell growth and proliferation
in tissues [20].

In our in vivo results, we did not discover significant
differences among various other glucoregulatory hormones
(i.e., insulin, glucagon and cortisol) after the administration
of SNCA; instead we observed only a modest difference in
glucose metabolism after glucose administration in the
SNCAKO mice under normal chow conditions. With
respect to this result, we suggested the possibility that the
interplay between several other homeostatic systems (e.g.,
hepatic glucose release or autonomous nervous system
counter-activation, among other possibilities) [21] may
compensate in part for the phenotype of the SNCAKO mice.
However, if we used a more sensitive method to assess the
intrinsic metabolism of the SNCAKO mice, we observed a
clear impairment in the glucose metabolism of these mice.
In previously published reports, SNCA has been implicated
in protecting against glycation damage in neurons [8] and
regulating the insulin release of beta cells [10]. Building
upon these previous findings, in this study, we provide the
first evidence of the direct involvement of SNCA in both
systemic and tissue-specific glucose metabolism.

In summary, in this report we describe a novel role of
SNCA, namely, the promotion of glucose metabolism in
tissues. This function is performed in at least two different
ways: the activation of glucose uptake in white adipose
tissues and skeletal muscle, independently of insulin
receptor phosphorylation (in particular, through the
LPAR2-CD97/Gab1/PI3K/Akt pathway); and the mainte-
nance of glucose metabolism in tissues (through glucose
utilization).

This discovery represents a new mechanistic insight that
creates a novel area of research with respect to the complex
process of glucose regulation.
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