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Abstract

Misfolding and accumulation of aberrant x-synuclein in the brain is associated with the distinct class of neurodegenerative
diseases known as «-synucleinopathies, which include Parkinson’s disease, dementia with Lewy bodies and multiple
system atrophy. Pathological changes in astrocytes contribute to all neurological disorders, and astrocytes are reported
to possess a-synuclein inclusions in the context of x-synucleinopathies. Astrocytes are known to express and secrete
numerous growth factors, which are fundamental for neuroprotection, synaptic connectivity and brain metabolism; chang-
es in growth factor secretion may contribute to pathobiology of neurological disorders. Here we analysed the effect of -
synuclein overexpression in cultured human astrocytes on growth factor expression and release. For this purpose, the
intracellular and secreted levels of 33 growth factors (GFs) and 8 growth factor receptors (GFRs) were analysed in cultured
human astrocytes by chemiluminescence-based western/dot blot. Overexpression of human x-synuclein in cultured foetal
human astrocytes significantly changes the profile of GF production and secretion. We found that human astrocytes
express and secrete FGF2, FGF6, EGF, IGF1, AREG, IGFBP2, IGFBP4, VEGFD, PDGFs, KITLG, PGF, TGFB3 and
NTF4. Overexpression of human «-synuclein significantly modified the profile of GF production and secretion, with
particularly strong changes in EGF, PDGF, VEGF and their receptors as well as in IGF-related proteins. Bioinformatics
analysis revealed possible interactions between «-synuclein and EGFR and GDNF, as well as with three GF receptors,
EGFR, CSF1R and PDGFRB.

Keywords Human astrocyte - Neurotrophic factors - Growth factors - Growth factor receptors - «-Synuclein -
o-Synucleinopathies - Raf/MAPK pathway - PI3/Akt pathway

Introduction

Alpha-synuclein is a 140 amino-acid protein encoded by sy-
nuclein alpha (SNCA) gene widely expressed in the central
nervous system (CNS). In neurones, o-synuclein contributes
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to neuroprotection, suppression of apoptosis of dopaminergic
neurones, stabilisation of soluble NSF attachment protein re-
ceptor (SNARE)-complex structure, maintenance of vesicular
trafficking in the perisynaptic terminals [1-3], and other, yet
uncharacterised functions. Misfolding and accumulation of
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aberrant x-synuclein in the brain is associated with the distinct
class of neurodegenerative discases known as «-
synucleinopathies. This class of disorders includes
Parkinson’s disease (PD), dementia with Lewy bodies
(DLB) and multiple system atrophy (MSA) [3]. The latter
pathology is characterised by accumulation of glial cytoplas-
mic inclusions in oligodendrocytes, whereas the former two
disorders are associated with appearance of intraneuronal fil-
amentous Lewy bodies or Lewy dendrites [4, 5].

Although physiological expression of x-synuclein in
astrocytes is rather low, there is ample evidence demon-
strating astroglial accumulation of «-synuclein in patholo-
gy. Inclusions of «-synuclein have been detected in the
post-mortem PD and DLB (but not in MSA) brain samples
[6-8], which reflects substantial astroglial accumulation of
this protein in the course of the disease [9, 10]. Astrocytes
represent a class of neuroglial cells fundamentally respon-
sible for homoeostasis of the CNS at all level of organisa-
tion from molecular to organ [11]. Astrocytes contribute to
all neurological diseases; astrogliopathology is complex
and includes (i) reactive astrogliosis, (ii) astroglial patho-
logical remodelling and (iii) astrodegeneration with cellu-
lar atrophy and loss of function [12]. In «-
synucleinopathies astrocytes present several pathological
signatures. In MSA astrocytes become reactive, whereas
DLB and PD are not associated with astrogliosis; in the
midbrain of PD sufferers astrocytes undergo apoptotic cell
death [13]. Overexpression of human mutant A53 «-
synuclein under control of astroglial (glial fibrillary
acidic protein-GFAP) promoter results in rapid neurode-
generation due to the compromised astrocytic glutamate
uptake [14].

Astrocytes are bona fide secretory cells, which form
gliocrine system and release over 200 neuroactive substances
including neuromodulators, neurohormones, trophic factors,
modulators of synaptogenesis, etc. [15]. In particular, astro-
cytes are synthesising and secreting an impressive array of
growth factors (GFs) including brain-derived neurotrophic
factor (BDNF), nerve growth factor (NGF), glia-derived neu-
rotrophic factor (GDNF), basic fibroblast growth factor
(bFGF), platelet-derived growth factor (PDGF), hepatocyte
growth factor (HGF), insulin-like growth factors (IGFs) and
vascular endothelial growth factor (VEGF-B) [16]. These
growth factors regulate multiple signalling pathways and
functional responses; they are related to cell growth and dif-
ferentiation, synaptic transmission, angiogenesis and wound
healing; GFs regulate expression of N-methyl-D-aspartate
(NMDA) receptors and antioxidant enzymes such as superox-
ide dismutase (SOD) and glutathione (GSH) reductase [17,
18]. In the present paper we report in depth analysis of expres-
sion and secretion of growth factors and modification of the
growth factor profile by specific overexpression of «-
synuclein in human foetal astrocytes.

Materials and Methods
Human Astrocyte Cultures

Primary foetal human astrocytes were obtained from
ScienCell Research Laboratories (Lonza, Walkersville, CC-
2565 NHA Batch no: 0000514417; 17 WG, male).
Astrocytes were cultured in Clonetics™ AGM™
BulletKit™ (CC-3186), containing one 500 ml bottle of
Astrocyte Basal Medium (ABM™) and the following
Growth Supplements: thEGF, 0.5 ml; Insulin, 1.25 ml,
Ascorbic Acid, 0.5 ml; GA-1000, 0.5 ml, L-Glutamine, 5.0
ml; FBS, 15 ml. Cells were subcultured when they reached
70-80% confluency. Cells were seeded to 6 well plates 4x10*
cells/cm? and incubated at 37°C and 5% CO, in a humidified
atmosphere. Since the primary astrocyte culture loose its abil-
ity to maintain its character after fourth subculture, all exper-
iments carried out with passage number less than four.

Experimental Design and a-Synuclein Transfection

Following experimental groups were established: (i) Control
group; (ii) SNCA group of astrocytes transfected with SNCA
gene (Human synuclein, o« (non A4 component of amyloid
precursor), transcript variant 1; SNCA NM_ 000345 Human
Tagged ORF Clone TrueORFGold oriGene cat no:
RC210606); (iii) Negative control or MOCK group, which
was treated with mock plasmid containing CMV promoter
and Myc-DDK tag but no open reading frame (ORF) for any
gene (pMVC6-Entry, mammalian vector with C-terminal
Myc-DDK Tag, oriGene cat no: PS100001). This group was
used to distinguish between mimicry and inhibitory/activatory
effects and true effect caused by x-synuclein transfection.

For avoiding the adverse effect of transfection [19] we
compared two different transfection techniques: (i) magnetic
nanoparticles (Magnetofection NeuroMag-Oz Bioscience
NMS50500) and (ii) lipid based agents (Lipofectamine LTX
with Plus Reagent Invitrogen™ 15338-100 or TurboFectin
8.0 Origene TF81001). Cytotoxicity was detected to select
the most appropriate transfection technique or reagent and
according the results (data not shown) Turbofection 8.0 was
selected because of low cytotoxicity; antibiotics were not used
after first passage.

Lipid based transfection reagent (TurboFectin 8.0)/plasmid
complex was prepared by diluting plasmids in ABM a 1:250
(png:ul) and adding 3 ul of TurboFectin 8.0 (ORIGENE
TF81001) according to manufacturer’s protocol. All transfec-
tions were performed on cultures that reached 70%
confluency (7 — 8 days in culture). Culture medium was re-
placed with serum-free medium 24 h prior to the transfection.
Cells were transfected with the SNCA plasmid or mock plas-
mid for 24 h. After 24 h, medium was replaced with fresh,
serum-free medium and protein isolation was performed at 48
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or 72 h of treatments and the supernatants were collected at the
same time points. Transient transfection of astrocytes was per-
formed and transfection success was monitored at 48 and 72 h
of treatments with quantitative real-time polymerase chain
reaction (QRT-PCR) or immunofluoresence labelling [20].

Quantitative Real-Time Polymerase Chain Reaction

RNA isolation was performed with a PureLink RNA Mini Kit
(Thermo Fischer 12183018A) at 48 and 72 h after transfec-
tion. RNA was set to 20 ng/uL. for each sample during the
cDNA synthesis reaction with a iScript™ cDNA Synthesis
Kit (Biorad #1708891). SNCA mRNA level was analyzed by
qRT-PCR with Universal Probe Library (UPL) probe and a
Lightcycler 480 Probe Master Mix kit (Roche 04707494001)
with LIGHTCYCLER 480. Primers and probe were as fol-
lows: NM_000345.3 Homo sapiens synuclein « (SNCA),
transcript variant 1, UPL Probe #0.25 (Roche
04686993001). NM_012423.2 Homo sapiens ribosomal pro-
tein L13a (RPL13A) UPL Probe #28, Roche 04687604001)
were used as endogenous reference gene for normalisation.
Each qRT-PCR was performed in triplicates for a single ex-
periment, and each experiment was repeated three times
independently.

Immunofluorescence

Cellular localisation and expression of «-synuclein, DDK-tag,
GFAP and ALDHI1L1 were identified by immunofluorescent
labelling (IF). Astrocytes were labelled with GFAP and
ALDHILI antibodies Astrocytes were fixed with 3.7% para-
formaldehyde (pH 7.4), and blocked with 30% goat serum in
0.02% T-PBS for 1 h at room temperature. Subsequently, cells
were incubated with primary antibodies to GFAP (1:200,
Millipore AB5804 Millipore Corp. California, USA),
ALDHIL1 (1:25, Millipore MABN495 Millipore Corp.
California, USA), anti-DDK (Clone OTI4C5 mouse monoclo-
nal Antibody ORIGINE Lot:A043) and anti-x-syn-211
(1:250, Thermo Scientific, Thermo Fisher Scientific Inc.
Illinois, USA Lot:SC244203) overnight at 4 °C. On the sec-
ond day, they were further processed with corresponding sec-
ondary antibodies (Alexa Fluor® 568, Abcam, ab175471 or
Fluorescein isothiocyanate Millipore AP181F California,
USA).

Cells were examined under inverted fluorescence micro-
scope Leica DMIL, (Leica Microsystems Ltd., Heerbrugg,
Germany) and imaged with fluorescence camera system
(Leica DFC 300 FX, Leica Microsystems Ltd., Heerbrugg,
GE) using TR, I3 and A3 filters. Images of the same area taken
with different filters were overlaid using dedicated software
(The Leica Application Suite Image Overlay Software, Leica
Microsystems Ltd., Heerbrugg, GE). Some imaging experi-
ments were made using Leica TCS SP8 confocal microscope
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with LasX software (Leica Microsystems Ltd., Heerbrugg,
Germany) or Lionheart FX Automatic Fluorescent
Microscope with GenS (BioTek, Winooski, USA) software.
Image] 1.44a software was used to analyse immunofluores-
cent intensities. Briefly, at least ten images of random areas
from each group were analyzed for anti-DDK or «-synuclein
expression; the corrected total cell fluorescence (CTCF) was
determined and calculated as CTCF = integrated density —
(area of selected cell x mean fluorescence of background read-
ings) as previously described [20, 21].

Human Growth Factor Antibody Array

Total protein extracts from 2x10° cells were obtained with M-
PER Mammalian Protein extraction reagent (78501, Thermo
Scientific USA) including 0.75% Halt Protease Inhibitor
(78429, Thermo Scientific, USA) and 1x Phos-Stop
(04906845001, Roche USA) phosphatase inhibitor according
to the manufacturer’s protocol. The protein concentrations
were assessed using a Qubit 2.0 Fluorometer (Invitrogen,
USA). The GF antibody array was repeated three times using
samples from three independent cell cultures.

The following growth factors were detected in cell lysates
and supernatants by chemiluminescence based western dot
blot method using Ray Biotech C-Series Human Growth
Factor Antibody Array C1 (cat. no: AAH-GF-1-8): Basic fi-
broblast growth factor (bFGF), 3-nerve growth factor
(BNGF), epidermal growth factor (EGF), epidermal growth
factor receptor (EGFR), FGF-4, FGF-6, FGF-7, granulocyte
colony stimulating factor (G-) CSF), glia-derived neurotroph-
ic factor (GDNF), granulocyte macrophage colony stimulat-
ing factor (GM-CSF), heparin binding EGF-like growth factor
(HB-EGF), hepatocyte growth factor (HGF), insulin-like
growth factor binding protein-1 (IGFBP-1), IGFBP-2,
IGFBP-3, IGFBP-4, IGFBP-6, insulin-like growth factor-1
(IGF-1), anti-insulin-like growth factor-I receptor (IGF-I sR),
IGF-2, macrophage colony stimulating factor (M-CSF), mac-
rophage colony stimulating factor receptor (M-CSFR),
neurotrophin-3 (NT-3), neurotrophin-4 (NT-4), platelet-
derived growth factor (PDGF AA, PDGF AB, PDGF BB),
platelet-derived growth factor receptor alpha (PDGFRa,
PDGF Rb, placental growth factor (PIGF), stem cell growth
factor (SCF), stem cell growth factor receptor (SCFR),
transforming growth factor-« alpha (TGF-«), TGF-f3,
TGF-f2, TGF-B3, vascular endothelial growth factor
(VEGF), vascular endothelial growth factor receptor 2
(VEGF R2), VEGF R3, VEGF D.

Cytotoxicity Assay
Cytotoxicity was determined by measuring the levels of lac-

tate dehydrogenase (LDH) secreted to the culture medium
after 72 h of treatment using ELISA in a cytotoxicity detection
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kit (Roche 11 644 793 001, Roche Diagnostics GmbH Roche
Applied Science Mannheim, GE) according to manufacturer’s
protocol as previously described [22-24]. Each sample was
measured in triplicate.

Statistical Analysis

Preliminary analysis of growth factor expression and release
was performed with RayBio Analysis Tool-SO2-AAH-GF-1.
Trophic factor levels, cytotoxicity assays and corrected total
cell fluorescence (CTCF) values were compared using
GraphPad InStat DTCG 3.06 (GraphPad Software, Inc. San
Diego USA) or SPSS 24.0 software. Comparisons were per-
formed according to whether the data are normally distributed
and whether the difference between the SDs obtained is sig-
nificant, first by one-way ANOVA, followed by Tukey
Kramer Multiple Comparison tests for multiple comparisons,
or first with Kruskal Wallis and then with Dunn’s Multiple
Comparison tests for multiple comparisons. Bonferroni ad-
justment was performed when required. p < 0.05 was accepted
as statistically significant difference.

Cycle threshold (Ct) values that were obtained from qRT-
PCR were calculated by the ACt = 2 (Geometric mean of reference
genes - CLtarget gene) formula for determining relative target gene
expression levels of groups as previously described [20]. The
95% Confidence Interval (CI) values of intracellular or secret-
ed GF/GF receptors levels of each group of human astrocytes
were calculated. The 95% CI values were set as upper or lower
threshold values for detected GF levels.

Corrected total cell fluorescence values of the cells labelled
with anti-DDK antibody were used to determine the efficacy
of transfection. The upper value of the 95% CI of the CTCF
values of the anti-DDK labelling of the control group was
considered the threshold value. The percentage of cells in
the SNCA group with a higher CTCF value than the upper
threshold of the control group is 57%, indicating transfection
percentage of 57%.

The CTCF values of cells labelled with anti-x-synuclein
antibody were also used to determine an increase in o-
synuclein expression increased. The upper value of the 95%
CI of the CTCEF values of the anti-x-synuclein labelling of the
MOCK group was considered the threshold. The percentage
of cells in the SNCA group with CTCF above the threshold of
the MOCK group is 80, indicating that «-synuclein expres-
sion increased by 80% after transfection.

Protein-Protein Interaction and Pathway Analysis

The potential interaction of «-synuclein and target proteins
was evaluated with a web-based prediction tool, the FpClass
tool (https://omictools.com/fpclass-tool) which is a data
mining-based method for proteome-wide protein-protein in-
teraction (PPI) prediction. Protein IDs of target proteins were

used for the analysis of PPI prediction as previously described
[25]. The levels of proteins of groups were analyzed to deter-
mine the most significant pathways by Reactome Pathway
Browser 3.6 [26, 27]. The altered proteins in treatments were
used for the pathway analysis in STRING (https://string-db.
org/) [28] and Cytoscape 3.8.0 [29].

Results

Expression of a-Synuclein in Human Cultured
Astrocytes

Astrocytes in control cultures were characterised by polymor-
phic morphology and expression of classical astroglial
markers GFAP and ALDHILI (Fig. 1). GFAP was expressed
by 85 £ 8.7%, n = 682 of cells, while 93 £+ 3.6% of cells
expressed ALDHIL1, n = 745 cells. Transfection of astro-
cytes with a-synuclein affected neither cell morphology nor
their immunocytochemical profile; 88 + 5.3%, n = 414 of
transfected astrocytes were immunopositive for GFAP and
92 = 7.1%, n = 438 of cells were immunopositive for
ALDHILI1 (Fig. 2A-C).

The efficiency of «-synuclein transfection was deter-
mined by mRNA analysis, as well as by anti-DDK and
anti--synuclein staining of cultured astrocytes. The
qRT-PCR demonstrated that expression of «-synuclein
mRNA significantly increased in SNCA transfected as-
trocytes at 48 or 72 h after transfection. The results for
relative mRNA expression of groups were as follows
(mean + SD): (i) at 48 h after transfection mRNA ex-
pression was for control group 0.09 = 0.01; for MOCK
group 0.05 £ 0.02, for SNCA group 328.9 = 69.5, p-
values were < 0.0001 (p values after MTC are: control
vs. MOCK p > 0.05, control vs. SNCA p < 0.001,
MOCK vs. SNCA p < 0.001); (ii) at 72 h after trans-
fection expression was: control 0.001 + 0.0009, MOCK
group 0.04 = 0.03), SNCA group 187.9 £ 79.9; p values
were < 0.003 (after MTC control vs. MOCK p > 0.05,
control vs. SNCA p < 0.01, MOCK vs. SNCA p <
0.01) for 72 h of treatment.

The total corrected cell fluorescence, CTCF, of anti-
DDK labelling of MOCK and SNCA groups were signifi-
cantly increased compared with the control group (Fig.
3A-D). Overexpression of x-synuclein was demonstrated
by specific immunofluorescent labelling. The CTCF of
anti-a-synuclein labelling increased significantly in the
SNCA group compared with both the untreated control
and MOCK groups (Fig. 3E—H). Transfection with
SNCA did not affect cell viability: no statistically signifi-
cant difference was observed between LDH levels of the
groups up to 72 h after transfection (Fig. 3I).
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Fig. 1 Morphological features of
cultured human astrocytes. A—F
Human astrocytes labelled with
the ALDH1L1 and GFAP anti-
bodies (ALDH1L1-green, GFAP-
red). G Morphological diversity
of GFAP-positive astrocytes

GF Profiles of Cultured Human Astrocytes Are
Affected by a-Synuclein Overexpression

Using dot blot array we determined intracellular and secreted
levels of GF in astroglial cultures; we also measured intracel-
lular and secreted levels of 8 receptors for GFs. Results of our
experiments are summarised in Tables 1 (intracellular pro-
teins) and 2 (secreted proteins).

Expression profile of growth factors in the control as-
trocytes was refined by using 95% CI values of intracellu-
lar or secreted GF/GF receptors levels of untreated human
astrocytes as cut-off values for upper or lower threshold

@ Springer

levels. The 95% CI was calculated from the average GFs/
GFRs at 48 h and 72 h as presented in Tables 1 and 2. EGF,
FGF2, IGF1, AREG, IGFBP2-4, FGF6, VEGFD, PDGFB,
KITLG, PGF, PDGFA, IGF1R and CSF1R were expressed
at higher levels (the 95% CI for intracellular protein levels
of untreated astrocytes: GFs—95% CI 0.21-0.28, GF re-
ceptors—95% CI 0.16-0.27), whereas IGFBP2, EGF,
IGF1, VEGFD, IGFBP4, PDGFA, AREG, FGF6,
TGFB3, PGF, NTF4, FLT4 and IGFR1 were secreted at
higher levels by untreated human astrocytes (95% CI for
secreted protein levels of untreated astrocytes: GFs—95%
CI 0.23-0.31, GF receptors—95% CI 0.17-0.3) (Fig. 3,
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Fig.2 Expression of «-synuclein at 72 h in mock and SNCA experimen-
tal groups. A—C Efficiency of plasmid transfection was demonstrated by
anti-DDK antibody (green); nuclei were labelled with DAPI (blue). (A)
Untreated control group, (B) MOCK group, (C) SNCA group. (Both
MOCK and SNCA groups include DDK tag in order to demonstrate
transfection.) D—F Astrocytes labelled with «-synuclein antibody
(green) and DAPI (blue). (D) Control group, (E) MOCK group, (F)
SNCA group. G Evaluation of the CTCF of DDK labelling between the
groups. DDK CTCF of MOCK and SNCA groups was significantly
increased compared with the control group (p < 0.01, p < 0.05 respec-
tively). H Evaluation of CTCF of o-synuclein between groups. The
CTCF of a-synuclein increased significantly in the SNCA plasmid treat-
ed group compared with the untreated control or MOCK plasmid treated
groups (p < 0.001). I Cytotoxicity was determined by LDH levels of the
groups at 72 h. LDH release of untreated control group was accepted as
0%. No statistically significant difference was observed between groups
after 72 h of transfections (p > 0.05). J-S ALDHILI (green) and GFAP
(red) labelling of control, negative control (mock) and a-synuclein over-
expressing astrocytes. The CTCF of AdhL1 and GFAP did not change
between groups (p > 0.05; n = 470)

GF profile for each time point is shown in Supplementary
Figure 1).

Modifications of GF profile by a-synuclein overexpression
are presented in Tables 1 and 2. Intracellular levels of EGF,
FGF4, NGF, IGFBP1-4 and 6, PDGFAA, VEGFD and FLT4
increased, whereas HBEGF, KITLG, NTF3, NTF4, GDNF,
CSF2, and CSF1R decreased at 48 h in SNCA group com-
pared with MOCK group after Bonferroni adjustment (BA).
At 72 hin the SNCA group, KITLG, FGF6 intracellular levels
increased; HBEGF, NTF4, GDNF, CSF1, IGF2, PDGFAA,
TGFBI1 and CSFIR intracellular levels decreased compared
with MOCK group after BA.

At 48 h after transfection in SNCA plasmid treated group
secreted levels of FGF4, IGFBP3, PDGFAA, and FLT4 in-
creased, while EGF, HBEGF, HGF, PGF, NGF, NTF3,
NTF4, GDNF, CSF2, IGFBP2, IGFBP4 and 6, and CSFR1,
PDGFRA decreased when compared with MOCK group after
Bonferroni adjustment. At 72 h in SNCA group secreted
levels of PDGFBB increased, whereas secretion of VEGFD
decreased when compared with MOCK group after
Bonferroni-adjustment. All results presented in Tables 1 and
2 are summarised in Fig. 4, which includes only the proteins
altered by «-synuclein overexpression significantly after
Bonferroni-adjustment (o, value for GFs = 0.002; o value
for GF receptors = 0.006).

Bioinformatic Analysis of GF Expression And Secretion

Reactome pathway results are presented in Supplementary
Table 1. The 95% CI values of secreted GF levels were used
to determine which GF is detected above the high threshold
value. Accordingly, in the SNCA group only KITLG, CSF1,
IGF2, PDGFAB, PDGFBB were secreted at level higher than
the upper threshold. On the other hand, EGF, IGF1, IGFBP4,
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AREG, TGFB3 and GDNF were secreted at higher level than
the upper threshold in control and MOCK groups but not in
SNCA group. Additionally, intracellular levels of FGF2,
AREG, IGFBP2, 4, PDGFAA, BB and AB, PGF in SNCA
group was higher than the upper threshold when compared
with MOCK group.

Levels of GFs and GF receptors in the cell and in the ex-
tracellular medium in x-synuclein overexpressing human as-
trocytes are shown in Fig. 4B. The figure presents only GFs
and their receptors levels of which were altered significantly
as confirmed by Bonferroni test. These data points were used
for the pathway analysis in STRING (Fig. 5SA). The analysis
showed that there is almost no known information about in-
teractions between synuclein and the GFs/GFRs, levels of
which change with the overexpression of «-synuclein, except
predicted interaction with EGFR and GDNF. Reactome anal-
ysis of these proteins showed significant pathways, the path-
ways and false discovery rate (FDR) scores are presented in
Fig. 5B and Supplementary Table 1. Among the GFs that we
investigated, the PPI tool showed a possibility for x-synuclein
and bFGF interaction (total score: 0.70). Additionally, three
GF receptors, EGFR, CSF1R and PDGFRB were also predict-
ed to be interacting with «-synuclein (Total Score: 0.84, 0.43,
and 0.34, respectively). According to our analysis possible
relations between o-synuclein and significantly changed
GFs or GFRs were created by Cytoscape 3.8.0 (Fig. 5C).

Discussion

This study reports the profiles of intracellular expression and
secretion of growth factors and major growth factor receptors
in human foetal cultured astrocytes. To the best of our knowl-
edge this is the first in depth analysis of expression and secre-
tion of growth factors by human astrocytes. We analysed pro-
tein expression of 33 growth factors (GFs) and 8 growth factor
receptors (GFRs).

We found high levels of expression and secretion of GFs
associated with RAF/MAPK and PI3K/Akt signalling path-
ways [30, 31]. These are FGF2 and FGF6, EGF, IGF-1,
AREG, IGFBP2 and IGFBP4, VEGFD, PDGFs, KITLG,
PGF, TGFB3 and NTF4; expression level of these GFs was
relatively higher compared with neurotrophic factors such as
NGF, GDNF, NTF3 (Fig. 4A). Intracellular expression and
secretion of NGF was below the threshold whereas NTF4 was
the highest expressed and secreted neurotrophic factor.
Additionally, Insulin growth factor 1 (IGF-1) receptor, Fms
Related Receptor Tyrosine Kinase 4 (FLT4) and Colony
Stimulating Factor 1 Receptor (CSF1R) were expressed and
released by human astrocytes. The IGF-1 is one of the major
regulators of RAF/MAPK and PI3K/Akt cascades [32]; hu-
man astrocytes expressed IGF-1, its receptor IGF-1R and IGF
binding proteins (IGFBPs; particularly IGFBP2 and 4).
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b General GF Profile of untreated human astrocytes
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Fig. 3 GF profile of cultured human astrocytes in control conditions. A
The dot blot of human astrocytes and the table indicating target names
and their positions. B Growth factor expression profile of untreated
human astrocytes. Yellow colour labels proteins detected above the
high threshold value, white colour shows the proteins at the average

values and grey colour shows the proteins below the low threshold
value (95% CI for intracellular protein levels of untreated astrocytes:
GFs—95% CI 0.21-0.28, GF receptors—95% CI 0.16-0.27; 95% CI
for secreted protein levels of untreated astrocytes: GFs—95% CI 0.23—
0.31, GF receptors—95% CI1 0.17-0.31)
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Result of SNCA
group (Mock vs

Multiple comparison test (MCT)
p values of Control (C) vs Mock (M),

value

(SNCA

Mock group (empty plasmid SNCA group Overall p

treated astrocytes—negative
control)

(untreated
astrocytes)

Treatment Control group

periods

Table 2 (continued)
Target proteins (gene
name—UniprotKB)

@ Springer

SNCA)

C vs SNCA (S), M vs S, respectively

plasmid
treated

=6)

(n

astrocytes)

Band intensities-mean + SD

NA

0.26
0.34

0.19 £0.02
0.23£0.03
0.33+0.01

0.19 £0.02
0.21 £0.03
0.28 £0.03

0.22 +£0.06
0.26 £0.10
0.32+0.03

48 h

KDR P35968

NA

72 h
48

Cvs. Mp<0.05,Cvs.Sp>0.05,Mvs.Sp< 1

0.007

h

FLT4 P35916

0.01

NA

0.14

0.33£0.05

0.33+£0.04

0.33+0.10

72h

Raw data for each group were analyzed via one-way ANOVA followed by the Tukey—Kramer MCT when data were normally distributed or via the Kruskal-Wallis test followed by Dunn’s MCT when

data were not normally distributed. The given p values represent the MCT. The “result of the SNCA group” is given according to the Mock vs. SNCA comparison to avoid the possible mimic or inhibitory/

activatory effect of plasmid transfection

All data for the effects of SNCA overexpression were gath-
ered from the comparison between MOCK and SNCA (o-
synuclein overexpressing) groups in order to avoid false pos-
itive or negative results that may occur with the transfection of
the plasmid backbone [19]. First, we analysed levels of GFs
within the groups themselves to identify the levels of GF ex-
pression and release in a single group. Overexpression of «-
synuclein in human astrocytes affected the profile of GF ex-
pression. We detected an increase in the intracellular levels of
FGF2, AREG, IGFBP2 and 4, PDGFAA, BB and AB, PGF
and an increase in secretion of KITLG, CSF1, IGF2,
PDGFAB, PDGFBB. At the same time release of EGF,
IGF1, IGFBP4, AREG, TGFB3 and GDNF decreased.

Release of NGF was decreased, despite an increase in the
intracellular level in SNCA group. Our results mostly support
the studies which suggested modification of neurotrophic fac-
tors in neurodegenerative diseases [33]. However, neither ex-
pression nor release of these neurotrophic factors was higher
than other GFs. NTF4 was predominant neurotrophin in hu-
man astrocytes. On the other hand, NTF3 and especially NGF
release and expression were lower compared with the majority
of other GFs.

According to our results, IGF-I is one of the highest syn-
thesised growth factor in human astrocytes. IGF-1 is a potent
trophic factor that decreases significantly with age [34]. IGF-1
signals through the conjugated receptor, IGFR. IGF-1 ligand
binding activates downstream signalling cascades, including
the prototypic PI3K/Akt pathway, which regulates cell surviv-
al and growth [35]. The IGF-1 signal regulates essential as-
pects of astrocyte function, including glucose uptake, regula-
tion of glutamate transport, and protection against oxidative
stress in the brain [36, 37]. Astrocyte-specific overexpression
of IGF-1 protects hippocampal neurones and improves cogni-
tive impairment caused by oxidative stress following traumat-
ic brain injury [38]. Knockout of IGFR makes astrocytes more
susceptible to peroxide-induced cytotoxicity [35]. Majority of
circulating IGF-I is linked to six different IGFBPs. On the cell
surface or in the extracellular matrix, IGFBPs may inhibit or
increase the delivery of IGF-I to the receptor [39]. Our results
revealed relatively high levels of IGF and IGFBPs2,4 in all
experimental groups. These results are in agreement with pre-
vious studies that predominantly find IGFBP2,4,5 expression
in the brain [39]. Overexpression of «-synuclein significantly
increased intracellular levels of IGF1 and IGFBPs at 48 h after
transfection. Release of IGF1 and IGFBPs, however, was sig-
nificantly decreased. Arguably «-synuclein limits the release
of these factors, thus the intracellular levels of these proteins
are increased. In this scenario x-synuclein aggregation might
initially affect IGF metabolism which impairs upon RAF/
MAPK and PI3K/Akt pathways thus contributing to neurode-
generation [32]. Decreased IGF1 signalling in astrocytes af-
fects their supportive capabilities under conditions of stress
and this is associated with defects in the mitochondrial
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a GF and GFR array for SNCA overexpressing human astrocytes
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Fig. 4 Effect of x-synuclein overexpression on GF profile of human
astrocytes. A The dot blot membranes of MOCK plasmid or SNCA
plasmid treated human astrocytes and the table with the target names
and their positions were shown. B Alterations in GF and GF receptors
in o-synuclein overexpressing human astrocytes, created according to the
data presented in Tables 1 and 2. The figure includes only the proteins
which were altered by (x-synuclein overexpression significantly after
Bonferroni-adjustment (o, value for GFs = 0.002; (. value for GF
receptors = 0.006).

respiratory chain in astrocytes and is related to neurodegener-
ation [40].

We found that PDGF-AA and PDGF-BB are highly
expressed and secreted by astrocytes (Fig. 4A).
Overexpression of «-synuclein increased secreted levels of

IGFBPS

\

IGFBP2 B IGFBP1

IGFBP3
//
_

IGFBP6.

IGF2

Fig.5 PPI and Pathway analysis. A Protein levels of which were changed
a-synuclein overexpressing astrocytes. STRING analysis shows that o-
synuclein is related only to EGFR and GDNF. B Top 10 related reactome
pathways (see also Supplementary Table 1). C Possible relations between

@ Springer

PDGF-AA and PDGF-BB. Secreted PDGFRB level did not
change, while intracellular level of this protein increased.
Increased expression of PDGF and PDGF-R was found in
lesioned areas of CNS in studies on experimental animal
models of stroke, Huntington’s and Parkinson’s diseases
[41, 42]. PDGFR-B activates the Akt pathway, promoting
neuronal survival and produces a more potent anti-apoptotic
effect than PDGFR-A [43-45].

Recent studies demonstrated that glia maturation factor
(GMF) is highly expressed in astrocytes, and its expression
is altered in several neurological conditions [46—48].
Although we did not include GMF in our analysis we may
speculate that, similarly to other growth factors, x-synuclein
may also affect production and release of GMF.

b

Related Reactom pathways

Signaling by Receptor Tyrosine Kinases (FDR=2.59e-17),

Constitutive Signaling by Aberrant PI3K in Cancer (FDR=2.57e-14),
PI5P, PP2A and IER3 Regulate PI3K/AKT Signaling (FDR=4.15e-13),
RAF/MAP kinase cascade (FDR=4.86e-13),

Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like
Growth Factor Binding Proteins (IGFBPs) (FDR=9.86e-09),

Signal Transduction (FDR=1.10e-08)

VEGF binds to VEGFR leading to receptor dimerization (FDR=6.54e-06)
ERBB2 Activates PTK6 Signaling (FDR=1.26e-05)

Platelet degranulation (FDR=1.30e-05)

PI3K events in ERBB2 signaling(FDR=1.63e-05)

PGF

(a-synuclein and significantly changed GFs or GFRs were created by
Cytoscape 3.8.0 [29]. The information from text mining in in green, from
databases in turquoise and data from this study are in black
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We used Fp-Class PPI prediction tool in order to determine
possible interactions between a-synuclein and GFs or their
receptor. Among the GFs that we investigated, the PPI tool
showed only a possibility for interaction between «-synuclein
and bFGF (FGF2). Three receptors, EGFR, CSFI1R and
PDGFRB were also predicted to be interacting with a-synu-
clein. Although the PPI score of CSFIR and PDGFRB are
low, the intracellular levels of this three receptors and extra-
cellular level of CSFR1 were affected by overexpression of oc-
synuclein. In addition, the intracellular and extracellular levels
of VEGFD and FLT4 (VEGFR3), which is receptor for
VEGFD, were increased in «-synuclein overexpressing cells.
VEGEF induces angiogenesis, exhibits neuroprotective and
neurotrophic properties and is secreted by astrocytes under
hypoxia conditions. VEGF can also increase astrocyte prolif-
eration and neurogenesis, and contribute to the survival of
neurones and astrocytes. Inhibition of VEGF reduces angio-
genesis and astrocyte proliferation in the brain injury [49]. The
fact that VEGFD and its receptor is one of the highest in
untreated human astrocytes confirms the importance of this
pathway, which might be one of the major targets for o-
synuclein.

In astrocytes, as in many other cells, protein misfolding
generates the unfolded protein response which is a part of
endoplasmic reticulum (ER) stress, a complex cascade of mo-
lecular events aimed at the restoration of ER homeostasis [50].
It is widely acknowledged that -synuclein interacts with ER
chaperones, while overexpression of x-synuclein makes neu-
ronal cells susceptible to ER stress-induced toxicity [51]. It
has been also reported that o-synuclein mutation or overex-
pression may interfere with SNARE proteins [52, 53].
Besides, x-synuclein has been implicated in ER-Golgi secre-
tion pathways [54]. The ER stress not only affects secretory
pathways and protein synthesis but may compromise
astroglial Ca>* signalling [55]. We can therefore surmise that
over-expression of x-synuclein in astrocytes leads to deterio-
ration of early and late secretory pathways, including the
endomembrane system. All these pathways are essential for
regulation of synthesis and release of growth factors, and in-
deed, as we demonstrated, excessive expression of o-
synuclein affects astroglial growth factor profile.

The GFs that we investigated are linked to RAF/MAPK or
PI3K/Akt pathways according to Reactome pathway analysis
but they are possibly separated from each other in downstream
cascades. Neurotrophic factors, IGF-1, VEGF, PDGF, EGF,
FGF, HGF, PDGF can stimulate signalling through intracel-
lular PI3K/Akt or MAPK pathways which might trigger the
ubiquitin proteasome system (UPS) and autophagy [56-62].
In physiological conditions the UPS is the main degradation
pathway for «-synuclein while an increased o-synuclein bur-
den recruits the autophagy-lysosomal pathway. Alterations of
the UPS in -synuclein overexpressing transgenic mice sug-
gested that UPS role in «-synuclein degradation is age

dependent [63]. There was a significant change in neurotroph-
ic factors with «-synuclein, but the change in EGF, PDGF,
VEGEF and their receptors and IGF-related proteins appears to
be more prominent. Furthermore, FpClass PPI data highlight
pathways related to EGFR, PDGFRB and CSFR1, providing
information about receptors with which «-synuclein can in-
teract directly. We may suggest therefore, that «-synuclein
has a potential to impact upon RAF/MAPK or PI3K/Akt path-
ways, which can regulate the response for protein misfolding
and cell death in neurodegeneration.
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