M cancers

Article

Spreading of Alpha Synuclein from Glioblastoma Cells
towards Astrocytes Correlates with Stem-like Properties

Larisa Ryskalin 1'f

check for
updates

Citation: Ryskalin, L.; Biagioni, F.;
Morucci, G.; Busceti, C.L.; Frati, A.;
Puglisi-Allegra, S.; Ferrucci, M.;
Fornai, F. Spreading of Alpha
Synuclein from Glioblastoma Cells
towards Astrocytes Correlates with
Stem-like Properties. Cancers 2022, 14,
1417. https://doi.org/10.3390/
cancers14061417

Academic Editors: David Wong and
Atique Uddin Ahmed

Received: 11 January 2022
Accepted: 8 March 2022
Published: 10 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Francesca Biagioni
Stefano Puglisi-Allegra 2, Michela Ferrucci ! and Francesco Fornai

2,40, Gabriele Morucci 1, Carla L. Busceti 2, Alessandro Frati 23,

1,2,%

Department of Translational Research and New Technologies in Medicine and Surgery, University of Pisa,
Via Roma 55, 56126 Pisa, Italy; larisa.ryskalin@unipi.it (L.R.); gabriele.morucci@unipi.it (G.M.);
michela.ferrucci@unipi.it (M.F.)

2 TIstituto di Ricovero e Cura a Carattere Scientifico (LR.C.C.S.) Neuromed, Via Atinense 18, 86077 Pozzilli, Italy;
francesca.biagioni@neuromed.it (F.B.); carla.busceti@neuromed.it (C.L.B.); alessandro.frati@uniromal.it (A.F.);
stefano.puglisiallegra@neuromed.it (S.P-A.)

Neurosurgery Division, Human Neurosciences Department, Sapienza University, 00135 Roma, Italy
Correspondence: francesco.fornai@neuromed.it; Tel.: +39-050-2218601

1t  These authors contributed equally to this work.

Simple Summary: The present study questions whether cells from glioblastoma multiforme (GBM),
which overexpress «-synuclein (x-syn), may alter neighboring non-tumoral astrocyte cell lines. The
occurrence of o-syn in GBM correlates with the expression of the stem cell marker nestin. When
astrocytes are co-cultured with GBM cells in a trans-well apparatus the occurrence of x-syn and nestin
rises remarkably. The increase in «-syn in co-cultured astrocytes is more pronounced at the plasma
membrane, which mimics the placement of «-syn in GBM cells. When the mTOR inhibitor rapamycin
is administered, GBM-induced expression of a-syn and nestin within co-cultured astrocytes is
occluded, and morphological alterations are reverted. In the presence of rapamycin the sub-cellular
placement of a-syn is modified being allocated within whorls and vacuoles instead of the plasma
membrane. The effects induced by rapamycin occur both in baseline GBM cells and within astrocytes
primed by co-cultured GBM cells.

Abstract: Evidence has been recently provided showing that, in baseline conditions, GBM cells
feature high levels of x-syn which are way in excess compared with «-syn levels measured within
control astrocytes. These findings are consistent along various techniques. In fact, they are replicated
by using antibody-based protein detection, such as immuno-fluorescence, immuno-peroxidase,
immunoblotting and ultrastructural stoichiometry as well as by measuring x-syn transcript levels
at RT-PCR. The present manuscript further questions whether such a high amount of x-syn may
be induced within astrocytes, which are co-cultured with GBM cells in a trans-well system. In
astrocytes co-cultured with GBM cells, x-syn overexpression is documented. Such an increase is
concomitant with increased expression of the stem cell marker nestin, along with GBM-like shifting
in cell morphology. This concerns general cell morphology, subcellular compartments and profuse
convolutions at the plasma membrane. Transmission electron microscopy (TEM) allows us to assess
the authentic amount and sub-cellular compartmentalization of «-syn and nestin within baseline
GBM cells and the amount, which is induced within co-cultured astrocytes, as well as the shifting of
ultrastructure, which is reminiscent of GBM cells. These phenomena are mitigated by rapamycin
administration, which reverts nestin- and a-syn-related overexpression and phenotypic shifting
within co-cultured astrocytes towards baseline conditions of naive astrocytes. The present study
indicates that: (i) x-syn increases in astrocyte co-cultured with GBM cells; (ii) «-syn increases in
astrocytes along with the stem cell marker nestin; (iii) x-syn increases along with a GBM-like shift of
cell morphology; (iv) all these changes are replicated in different GBM cell lines and are reverted by
the mTOR inhibitor rapamycin. The present findings indicate that o-syn does occur in high amount
within GBM cells and may transmit to neighboring astrocytes as much as a stem cell phenotype.
This suggests a mode of tumor progression for GBM cells, which may transform, rather than merely
substitute, surrounding tissue; such a phenomenon is sensitive to mTOR inhibition.
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1. Introduction

GBM is a brain tumor featuring severe lethality and a high propensity to infiltrate and
relapse [1-3]. A number of biochemical abnormalities occur in GBM [4-10]. Recent studies
reported that a molecular complex named mechanistic target of rapamycin (mTOR) is
up-regulated within GBM cells [4,11-13]. This complex promotes a number of biochemical
effects in the cell. Among these, mTOR suppresses the autophagy machinery [14,15]. In fact,
analogous to mTOR over-activity, autophagy suppression promotes stemness, infiltration,
relapse, drug resistance and lethality in GBM [16-19].

The impairment of the autophagy pathway produces an altered clearance of clas-
sic autophagy substrates, including cell organelles such as mitochondria and specific
autophagy-dependent proteins. Among these proteins the cellular prion protein (PrPc) and
the prionoid a-synuclein (x-syn) depend crucially on autophagy machinery [20].

Thus, it is expected that these proteins accumulate within GBM as well as other
tumors featuring mTOR overactivity. In the case of PrPc, this is well established [21].
Concerning o-syn, the occurrence in cancer is poorly investigated. In fact, despite being
recognized as a key protein to foster neurodegeneration, x-syn in cancers was investigated
only recently [22]. In particular, some expression of x-syn was found in breast and ovarian
cancers [23], and some evidence was obtained in a few neuron-derived brain tumors such
as medulloblastoma and neuroblastoma [24,25]. Solid evidence, instead, concerns high
expression levels of a-syn in melanoma [26], a tumor, which originates from melanocytes,
which analogously to astrocytes derive from neural crests. Most of the evidence con-
cerning o-syn and cancer comes from studies in melanoma, where «-syn is present in
high amount [26-31]. In melanoma, x-syn is a cancer biomarker and may promote cell
proliferation [27,32].

Despite the evidence of a marked autophagy impairment, only a little evidence is avail-
able concerning the occurrence of o-syn in GBM [33]. The occurrence of a-syn in GBM cells
was established by using a number of methods, including electron and light microscopy, where
various antibodies’ specificity confirmed the occurrence of a-syn in GBM cells [34]. Such an
increase was further confirmed by using real-time polymerase chain reaction (RT-PCR). The
occurrence of x-syn was documented both concerning its overall amount and by measuring
the amount of non-digested (proteinase K-resistant) o-syn.

Thus, in the present paper, we wish to question whether a high amount of x-syn,
which is expressed in GBM cells compared with baseline astrocytes, may move from GBM
towards astrocytes, when these cells are co-cultured. In order to assess this phenomenon
a trans-well system, consisting of a microporous semipermeable membrane (pore size
0.4 pm) was used. In this system the following questions were addressed: (i) whether «-
syn levels increase in astrocytes when co-cultured with GBM cells (GBM-primed astrocytes).
(ii) Whether electron microscopy may provide evidence for expression of o-syn between
cells and at cell-to-cell membrane interfaces. (iii) Whether the increase in «-syn in co-
cultured astrocytes is concomitant with increased expression of the stem cell marker nestin.
(iv) Whether the increases in «-syn and nestin are concomitant with a shifting in cell
morphology and ultrastructure, mimicking GBM cells. (v) Whether rapamycin, which
activates autophagy through mTOR inhibition and suppresses x-syn in GBM cells, may also
occlude nestin and o-syn overexpression and produce additional phenotypic shifting within
GBM-primed astrocytes.
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2. Materials and Methods
2.1. Cell Cultures

The U87MG GBM cell line, obtained from Cell Bank (IRCC San Martino-IST, Genova,
Italy), was grown in DMEM (Sigma Aldrich, Milan, Italy) supplemented with 10% fetal
bovine serum (FBS), 1% of MEM Non-Essential Amino-Acid (MEM-NEAA), penicillin
(50 IU/mL) and 100 pg streptomycin (Sigma). The GBM cell line A172 was obtained from
the European Collection of Authenticated Cell Cultures (ECACC) and from Cell Bank (IRCC
San Martino-IST, Genova, Italy) and maintained in Modified Eagle’s Medium (Euroclone,
Milan, Italy) supplemented with 10% FBS, 2 mM L-glutamine, 100 IU/mL penicillin and
100 pg streptomycin. GBM cells were kept at 37 °C at 5% CO,. Normal human fetal-
derived astrocytes (NHA; Lonza, CC-2565; lot #0000514417) were grown according to the
manufacturer’s specifications (AGM BulletKit, Lonza, Euroclone) and kept at 37 °C at
5% CO,. When cultures reached approximately 80% confluence (five days after plating)
sub-cultures of NHA were obtained by partial digestion with ReagentPack™ sub-culturing
reagents (Lonza; CC-5034).

For immuno-cytochemistry and immuno-fluorescence experiments at light microscope
5 x 10* cells were seeded on cover slips within 24-well plates within a final volume of
1 mL/well.

For electron microscopy and Western blotting, 1 x 10 cells were seeded within 6-well
plates with 2 mL/well.

2.2. Trans-Well Co-Cultures

The trans-well co-culture system was used for co-culturing astrocytes and U87MG cells.
This system (Figure 1) consists of a trans-well insert with a microporous membrane (pore
size 0.4 um; Sarstedt, Germany), which separates the well in two different compartments
(i.e., lower of the well, lower compartment, and trans-well insert, upper compartment).
The system impedes direct contact between the cells growing within two different compart-
ments, although allowing diffusion of soluble factors between cells. The culture in the lower
compartment receives the treatment 24 h before the culture in the upper compartment is
added. In this way, the upper compartment is not receiving directly the treatment and
it is mostly affected by the culture present in the lower compartment, which was treated
24 h before. Only cells from the upper compartment of each co-culture were counted. In
this way, the effects of rapamycin in the upper compartment were assessed as an indirect
influence produced by the cell culture placed in the lower compartment. In the lower
compartment cells were treated with either 0.01% DMSO or rapamycin 100 nM for 24 h.
Afterward, cells were transferred in the lower compartment of the trans-well system to be
co-cultured with either astrocytes or GBM cells placed in the upper compartment for 7 days.
Thereafter, cells from the upper compartment were removed and routinely processed
for immuno-peroxidase against «-syn (see Section 2.4.1 Immuno-peroxidase), immuno-
fluorescence staining against x-syn and nestin (see Section 2.4.2 Immuno-fluorescence)
and transmission electron microscopy (see Section 2.6. Transmission electron microscopy).
Thus, cells from the upper compartment, which were counted both at light and electron
microscopy correspond to the those named at first in the co-culture (for example, astrocytes
were counted in co-cultures of astrocytes and GBM cells). This allows us to detect the effects
of rapamycin-treated cells rather than rapamycin on the cell culture placed in the upper
compartment. This was implemented in order to reduce the direct effects of rapamycin on
the cells under analysis.
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Figure 1. Illustration showing the trans-well co-culture system. The cartoon shows a non-contacting
co-culture model of astrocytes and GBM cells. In detail, astrocytes and GBM cells are co-cultured
in two different compartments, which are separated by a trans-well insert gifted of a microporous
membrane. This, in turn, allows an indirect trans-cellular interaction through the diffusion of soluble
factors. The culture in the lower compartment receives the treatment 24 h before the culture in
the upper compartment is added. In this way the upper compartment is not directly receiving the
treatment and it is mostly affected by the culture present in the lower compartment. Only cells from
the upper compartment of each co-culture were counted.

2.3. Cell Treatments

In another set of experiments, GBM cells (i.e., US7MG and A172 cell lines) were treated
with various doses of rapamycin (1 nM, 10 nM, 100 nM and 1000 nM) for 24 h. A 1 mM
stock solution was prepared and dissolved in culture medium containing 10% dimethyl
sulfoxide (DMSO) in order to obtain the different rapamycin dilutions. Control cells were
maintained in culture medium where 0.01% DMSO was added.

2.4. Immuno-Cytochemistry at Light Microscopy

At the end of the treatments, culture medium was removed. Cells were fixed with 4%
paraformaldehyde in PBS for 15 min at room temperature and after washing with PBS they
were stained with immuno-peroxidase or immuno-fluorescence.

2.4.1. Immuno-Peroxidase

For immuno-peroxidase staining, fixed cells were first permeabilized by using Triton X
0.1% (Sigma) for 15 min in PBS, washed with PBS to facilitate antigen retrieval. Endogenous
peroxidase activity was blocked by incubating cells in 3% hydrogen peroxide (H,O,) for
20 min. Then, cells were plunged into a blocking solution containing 10% normal goat
serum (NGS) in PBS for 1 h at room temperature, followed by incubation within the
primary antibody solution containing mouse anti-x-syn primary antibody (1:1000; Abcam,
Cambridge, UK) or rabbit anti-CD133 primary antibody (1:1000; Abcam), 2% NGS in PBS
overnight at 4 °C with. Afterwards, cells were incubated with anti-mouse or anti-rabbit
biotin-conjugated secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA)
for 1 h at room temperature, followed by exposure to avidin-biotin complex (ABC, Vector)
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for 1 h and the peroxidase substrate diaminobenzidine (DAB, Vector) for 3 min at room
temperature. Finally, after dehydration in increasing alcohol solutions and clarification in
xylene, cells were cover slipped with DPX mounting medium (Sigma) and observed under
Nikon Eclipse 80i light microscope (Nikon, Tokyo, Japan) at 20 x magnification.

2.4.2. Immuno-Fluorescence

After fixing, cells were permeabilized by Triton X 0.1% for 15 min in PBS and incubated
in a blocking solution (10% NGS in PBS) for 1 h at room temperature.

Single immunofluorescence staining was carried out for o-syn. The primary antibody
solution containing rabbit polyclonal anti-a-syn antibody (1:100; Sigma), 2% NGS in PBS
was left overnight at 4 °C. The antigen—antibody reaction was revealed by using the anti-
rabbit fluorescent secondary antibody Alexa Fluor 488 (1:200; Life Technologies, Carlsbad,
CA, USA), for 1 h, at room temperature.

In another set of experiments, double immuno-fluorescence was carried out. In detail,
cells were incubated overnight with a primary antibody solution containing both the mouse
monoclonal anti-&-syn (1:100; Abcam) and the rabbit anti-nestin (1:100; Millipore, Temecula,
CA, USA) primary antibodies. After washing out with PBS, the antigen—antibody reactions
were revealed by using the anti-rabbit or the anti-mouse fluorophore-conjugated secondary
antibodies (Alexa 488 or 546, Life Technologies, Carlsbad, CA, USA) diluted 1:200 in PBS at RT.

Cell nuclei were stained by incubating cells within the nuclear dye DAPI (Sigma)
diluted 1:3000 in PBS for 5 min.

After washing in PBS, cells were mounted using Fluoroshield medium (Sigma).

All samples were observed using Nikon Eclipse 80i light microscope equipped with a flu-
orescent lamp and a digital camera connected to the NIS Elements software for image analysis
(Nikon, Tokyo, Japan). DAPI-, x-syn-, and nestin-stained pictures were acquired independently
and then they were merged. Final panels were prepared using Adobe Photoshop.

2.5. Densitometry Analysis at Light Microscopy

Densitometry analysis of x-syn- and nestin-immuno-stained cells was carried out at
light microscopy, at 40x magnification by using Image J software within three distinct
microscopic fields, where all cells were distinctly visualized without overlapping. Densito-
metry measurements were carried out within the cytosol, the nucleus, or the whole cell by
two observers, who were blind to treatments. Data refer to N = 30 cells per group and are
given as the mean percentage & S.E.M. of optical density for each experimental group.

2.6. Transmission Electron Microscopy

Cells were centrifuged at 1000x g for 5 min; the supernatant was removed and the cell
pellet was rinsed in PBS and incubated in a fixing solution containing 2.0% paraformalde-
hyde and 0.1% glutaraldehyde in 0.1 M PBS (pH 7.4) for 90 min at 4 °C. This fixing solution
contains a concentration of aldehydes which minimally cover antigen epitopes while fairly
preserving tissue architecture. Then, specimens were washed in PBS and post-fixed in 1%
OsOy for 1 h at 4 °C, dehydrated in ethanol and finally embedded in epoxy resin. Post-
embedding immuno-cytochemistry procedure was carried out by using primary antibodies
against «-syn and nestin (see Section 2.7).

Ultra-thin sections were counter-stained with a saturated solution of uranyl acetate
and lead citrate, and were examined by using a JEOL JEM-1005SX transmission electron mi-
croscope (JEOL, Tokyo, Japan). For ultrastructural morphometry, several grids containing
non-serial ultrathin sections (70-90 nm thick) were analyzed, at 8000 x magnification, in
order to count a total of 30 cells for each experimental group.

2.7. Post-Embedding Immuno-Cytochemistry

Post-embedding procedure was carried out on ultra-thin sections collected on nickel
grids, according to previously validated protocols, which allow minimal epitope covering,
while preserving cell ultrastructure [35-37]. In detail, grids were incubated with OsOy,
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which binds to cell membranes and enhances the contrast of cell organelles, while prevent-
ing formation of membrane’s artifacts. Then, grids were incubated with aqueous sodium
meta-periodate (NalOjy), for 30 min, at room temperature, to remove OsO4 and allowing a
closer antigen—-antibody contact [36].

This step is key for ultrastructural morphometry since it allows detection, localization
and stoichiometric counts of protein placement within clearly defined sub-cellular com-
partments. In fact, high-resolution detection of colloidal gold-conjugated particles allows
both the count and localization of the stoichiometric reaction, where 1 antigen molecule
corresponds to 1 gold particle. In fact, gold particles appear as round electron dense spots,
each one corresponding to single a-syn molecules. This provides the total quantitative
assessment and compartmentalization of x-syn [38—41].

After washing in PBS, grids were incubated in a blocking solution containing 10%
goat serum and 0.2% saponin for 20 min at room temperature, followed by a solution
containing the rabbit primary antibody anti-a-syn (1:50; Sigma), and rabbit anti-nestin
(1:150; ProteinTech, Manchester, UK) primary antibodies, with 0.2% saponin and 1% goat
serum, overnight. This step was carried out in a humidified chamber, at 4 °C.

After washing in PBS, gold-conjugated secondary antibodies were used to reveal
separately, each antigen—antibody solution. In detail, immuno-gold particles of either
10 nm or 20 nm mean diameter (BB International, Treviso, Italy) were used, diluted 1:20 in
a solution of 0.2% saponin and 1% goat serum in PBS for 1 h, at room temperature. Then,
grids were incubated with 1% glutaraldehyde, for 3 min, and extensively washed with
distilled water.

2.8. Ultrastructural Morphometry

For ultrastructural morphometry, grids containing non-serial ultrathin sections (70-90 nm
thick) were examined at TEM, at a magnification of 8000x, according to Lucocq et al.,
2004 [42]. To quantify the number of immuno-gold particles, several grids were analyzed in
order to count a total of 30 cells for each experimental group. In detail, within the ultrathin
sections, two observers blind to treatment scanned through equally spaced parallel sweeps
across the specimens starting from the corner of a squared grid. Assessment of vacuoles
and measurement of immuno-gold particles were carried out according to Lenzi et al.,
2016 [35]. Cell vacuoles were scored as single, double, or multiple membranes containing
cytoplasmic material and electron-dense structures [43—45].

The following items were counted: (i) the number of x-syn immuno-gold particles
within the whole cell; (ii) the number of «-syn immuno-gold particles placed within cytosol;
(iii) the number of a-syn immuno-gold particles placed within the nucleus; (iv) the number
of a-syn immuno-gold particles placed on the plasma membrane; (v) the number of «-
syn containing vacuoles (vi) the number of x-syn immuno-gold particles placed within
vacuoles. In addition: (i) the number of nestin immuno-gold particles within whole cell;
(ii) the number of nestin immuno-gold particles placed within cytosol; (iii) the number of
nestin immuno-gold particles within nucleus were measured.

Values are given as the mean number of immuno-gold particles or positive vacuoles
per cell out of 30 cells counted.

2.9. Western Blotting

Cells were homogenized at 4 °C in ice-cold lysis buffer with phosphatase and protease
inhibitor. One microliter of homogenates was used for protein determinations (Bradford
procedure). Proteins (20 ug) were separated on sodium dodecyl sulphate polyacrylamide
gels (15%) and transferred on Immuno-PVDF membranes (Bio-Rad, Milano, Italy) for 1 h.
Filters were blocked 2 h in Tween-20 Tris-buffered saline (TTBS) (100 mM TrisHCI, 0.9%
NaCl, 1% Tween 20, pH 7.4) containing 5% non-fat dry milk. Blots were incubated overnight
at 4 °C with primary antibody mouse anti-«-syn (1:800, BD Transduction Laboratories,
San Jose, CA, USA).
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For the blotting of U87MG cells, astrocytes and their supernatants, along with cell free
medium, the following procedure was carried out. U87MG and astrocytes cell pellets were
homogenized at 4 °C in 150 pL ice-cold lysis buffer containing phosphatase and protease
inhibitor. Since the amount of proteins in the supernatant was very low compared with cell
pellet, the amount of supernatant to be lysed was exceeding sixty six-fold the amount used
for cell pellet. This means that the amount of supernatant being assayed for the occurrence
of a-syn corresponds to the volume in which roughly 66 cell pellet occurs. This means that
when comparing o-syn in the supernatant compared with the cell pellet the amount needs
to be reduced sixty-six-fold in order to make a quantitative comparison. In fact, in order
to obtain a comparable amount of proteins from supernatants, 10 mL of supernatant from
either US7MG or astrocytes was used. The same volume (10 mL) of cell-free medium was
used to assess potential occurrence of -syn even in this compartment.

The culture medium to be blotted corresponds to the fresh medium used for either
U87MG or astrocytes growth. In both cases, despite the high amount of medium, the
protein content measured through the Bradford’s method was undetectable and the band
of o-syn did not appear.

For the housekeeping we have used f3-actin. Blots were incubated with primary
mouse monoclonal anti 3-actin antibody (1:50,000, Sigma) for 1 h, at room temperature.
Filters were washed 3 times with TTBS buffer and then incubated for 1 h with secondary
peroxidase-coupled antibodies (anti-mouse, 1:3000; Calbiochem, Milan, Italy). Immuno-
staining was enhanced by chemiluminescence (GE Healthcare, Milan, Italy). Densito-
metry analysis was performed using Image] software. The data are expressed as the
mean =+ S.E.M. calculated from at least three blots per group.

2.10. Statistical Analysis

Densitometry of immuno-fluorescence and immuno-peroxidase is given as the mean
percentage + S.E.M. of optical density for each experimental group (assuming controls as 100%).

For ultrastructural morphometry, the number (or percentage) of x-syn and nestin immuno-
gold particles, are given. Data are reported as the mean or the mean percentage + S.E.M.

For Western blotting, values from optical density represent the mean & S.E.M. of at
least 3 blots per group. Western blotting of the medium culture was not quantified since
the protein content measured through the Bradford’s method was undetectable.

Inferential statistics to compare groups were carried out by using one-way analysis
of variance, ANOVA, with Scheffé’s post hoc analysis. Null hypothesis (Hy) was rejected
when p < 0.05.

3. Results
3.1. a-Syn Level Correlates with the Stem Cell Marker Nestin

As shown in representative pictures of Figure 2, in baseline conditions astrocytes
feature negligible levels of a-syn and nestin (Figure 2A). In contrast, in GBM cells both
antigens are way in excess compared with astrocytes and such an overexpression occurs
similarly for both antigens (Figure 2A). Occurrence of x-syn and nestin in astrocytes and
GBM cells is expressed by fluorescence densitometry, and it is reported in the graph of
Figure 2B. It is remarkable that there is a higher expression of nestin parallels than of
a-syn when GBM cells are compared with astrocytes. In representative pictures at light
microscopy, the increase in nestin seems to be more focused in the nucleus compared
with the increase in o-syn, which is quite widespread. This is evidenced by the merging
between DAPI and nestin, which shows pink areas mostly at nuclear level, while the
yellowish/brownish merging of nestin and «-syn immuno-staining prevails in the extra-
nuclear regions (Figure 2A).
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Figure 2. o-Syn and nestin immuno-fluorescence within astrocytes and GBM cells in baseline
conditions. (A) Representative pictures show immuno-fluorescence and merging of «-syn (green)
and nestin (red) within astrocytes (upper panels) and GBM cells (lower panels). Nuclei are stained
with DAPI (blue). Densitometry of both antigens is reported in the graph (B). Data are given as the
mean percentage + S.E.M. of optical density for each experimental group (densitometry in astrocytes
is considered as 100%) obtained from N = 30 cells per group. * p < 0.05 compared with astrocytes.
Scale bar =24 um.

3.2. a-Syn Levels Are Increased within Astrocytes Co-Cultured with GBM Cells

As reported in representative pictures of Figure 3, immuno-peroxidase for «-syn
in the trans-well co-culture system shows a marked difference in x-syn levels within
astrocytes, which depends on whether these cells are co-cultured either with baseline
astrocytes or GBM cells. In fact, a-syn immuno-staining continues to be barely detectable
when astrocytes are co-cultured with astrocytes (Figure 3A) compared with a remarkable
a-syn immuno-reactivity, which occurs when astrocytes are co-cultured with GBM cells
(Figure 3B). In this experimental condition «-syn immuno-staining within astrocytes reaches
up to a level, which is comparable to GBM cells, either co-cultured with similar GBM cells
(Figure 3C) or with astrocytes (Figure 3D). One needs to consider that the difference in
a-syn levels between GBM cells co-cultured with GBM cells and GBM cells co-cultured with
astrocytes is negligible, and it is comparable with a plain single culture of GBM cells. These
representative pictures suggest that the increase in o-syn, which occurs when astrocytes



Cancers 2022, 14, 1417

9 of 38

are primed by co-cultured GBM cells, is much more evident in elongating cell poles, as it is
for GBM cells. Accordingly, these GBM-primed astrocytes develop a fusiform shape with a
thinning of the nuclear area and cell shape as it occurs typically for GBM cells.
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Figure 3. x-Syn immuno-cytochemistry in co-cultures of astrocytes and GBM cells. Representative
pictures of x-syn immuno-cytochemistry within astrocytes co-cultured with astrocytes (A), astrocytes
co-cultured with GBM cells (B), GBM cells co-cultured with GBM cells (C), and GBM cells co-cultured
with astrocytes (D). Graphs report densitometry of a-syn staining within the cytosol (E), nucleus
(F), and whole cell (G). Measurements refer to the cells, which are named at first in the co-culture.
Data are given as the mean percentage + S.E.M. of optical density for each experimental group
(assuming astrocytes co-cultured with astrocytes as 100%) obtained from N = 30 cells per group.
* p < 0.05 compared with astrocytes co-cultured with astrocytes. ** p < 0.05 compared with astrocytes
co-cultured with GBM cells. Scale bar = 35.4 um.

The various placements of x-syn in co-cultures of astrocytes and GBM cells within
cytosol, nucleus, and whole cell is reported in the graphs of Figure 3E, Figure 3F, and
Figure 3G, respectively.

3.3. Amount and Compartmentalization of a-Syn Measured at Ultrastructural Stochiometry

As shown in the representative picture of Figure 4A, the occurrence of x-syn immuno-
gold particles (black arrows) is scarce within astrocytes (this occurs similarly, in baseline
conditions and when they are co-cultured with astrocytes). In contrast, high levels of x-syn
occur within astrocytes when these cells are co-cultured with GBM cells (Figure 4B). In this
latter experimental condition, x-syn approaches the amount observed in baseline GBM
cells (similar to GBM co-cultured with GBM cells, as evident in representative picture of
Figure 4C). When GBM cells are co-cultured with astrocytes, x-syn immuno-gold particles
are similarly high (Figure 4D). Thus, exposure of astrocytes to GBM cells rises a-syn in
astrocytes up to levels approaching those detected within GBM cells.
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Figure 4. x-Syn increases within astrocytes co-cultured with GBM cells. Representative micrographs
show a-syn immuno-gold particles within cytoplasm and nucleus (black arrows) of astrocytes (also
representative of astrocytes co-cultured with astrocytes) (A); astrocytes co-cultured with GBM cells
(B); GBM cells (similar to GBM cells co-cultured with other GBM cells (C), which replicates findings
on GBM cells co-cultured with astrocytes (D). N = nucleus. The cell population under examination
is the first one listed in the co-culture (i.e., astrocytes when examining a co-culture of astrocyte
with GBM; or GBM when examining a co-culture of GBM with astrocytes). Such an explanation
is needed in order to specify, which cell culture is specifically observed and quantified for each
measurement. Graphs report the number of x-syn immuno-gold-particles within whole cell (E),
cytosol (F), and nucleus (G). The ratio of x-syn immuno-gold particles within cytosol vs. nucleus is
reported in (H). Data are given as the mean & S.E.M. from N = 30 cells per each experimental group.
* p < 0.05 compared with astrocytes co-cultured with astrocytes; ** p < 0.05 compared with astrocytes
co-cultured with GBM cells. Scale bar = 1 um.

This is counted by applying ultrastructural stoichiometry of the protein and it is
reported in the graphs of Figure 4. In detail, when counting «-syn immuno-gold particles
within astrocytes co-cultured with GBM cells, the amount of a-syn in the whole cell is
significantly higher, which markedly contrasts with the low amount measured within
astrocytes co-cultured with astrocytes (Figure 4E). As reported in representative picture
of Figure 5A, the distribution of x-syn within the plasma membrane within astrocytes
(either alone or in co-culture with other astrocytes) is scarce (red arrows) compared with
GBM cells (either alone, or co-cultured with other GBM cells). Instead, when astrocytes
are co-cultured with GBM cells the amount of a-syn on the plasma membrane increases
(Figure 5B). Such an increase mimics what happens within GBM cells; this is shown both
within GBM co-cultured with GBM cells (Figure 5C), and in GBM cells co-cultured with
astrocytes (Figure 5D). The cell population under examination for counting purposes
represents the first one listed in the co-culture (i.e., astrocytes when examining a co-culture
of astrocyte with GBM; or GBM when examining a co-culture of GBM with astrocytes).
This clarification is needed in order to emphasize which cell culture is specifically observed
and quantified.

When examined at TEM, the amount of a-syn which is present at the plasma mem-
brane of astrocytes is scarce, and remarkably it occurs on a plain perimeter of plasma
membrane, lying on non-specific, plain, membrane structures. In contrast, in GBM cells the
plasma membrane is much more complex, being enriched with cell-elongating poles due to
processes known to participate to cell-to-cell transmission such as tunneling nanotubes (as
shown in Figure 5C) or other membrane structures participating in trogocytosis or exosome-
like vesicles (as shown in Figure 5D). It is remarkable that, when astrocytes are co-cultured
with GBM cells morphological and ultrastructural GBM-like shifting takes place, which
includes plasma membrane developing cell-to-cell communicating membranous structures
similarly to that described in GBM cells (already evident at plain electron microscopy).
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As shown in the graph of Figure 5E, a few a-syn particles occur at the plasma membrane
within astrocytes in baseline conditions (equivalent to co-cultures with other astrocytes).
In contrast, when astrocytes are co-cultured with GBM cells x-syn particles at the plasma
membrane increase remarkably, and they exceed those measured in baseline astrocytes
two-fold. This mimics what measured at the membranes of GBM cells (including GBM
cells cultured with other GBM cells, Figure 5). These areas enriched with x-syn correspond
to cell-to-cell elongating structures.

E

25

15 4

a-Syn particles on plasma
membrane (% of cytosol)

Astrocytes  Astrocytes  US7TMG USTMG
astrocytes U8TMG U87MG  astrocytes

Figure 5. Increase and misplacement of x-syn in astrocytes exposed to GBM cells. Representative
micrographs show astrocytes co-cultured with astrocytes (A); astrocytes co-cultured with GBM cells (B);
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GBM cells co-cultured with GBM cells (C), and GBM cells co-cultured with astrocytes (D). These
representative micrographs show that plasma membrane of baseline astrocytes is quite plain. At this
level, a-syn is scarcely present as shown by red arrows, while black arrows point cytosolic o-syn.
In contrast, a-syn is often found at the plasma membrane when astrocytes are co-cultured with
GBM cells (B) or within GBM cells in each conditions (C,D). In these cells «-syn is shown within
cytoplasmic bridges (red asterisk) and/or in the narrow space between two cells (red arrowhead). It
is remarkable that when astrocytes are co-cultured with GBM cells their plasma membranes are no
longer plain, rather developing convolutions shaping bridges and tunneling analogous to GBM cells.
Accordingly, o-syn is mostly placed at these membrane elongations. Graph (E) reports the percentage
of a-syn immuno-gold particles counted at the plasma membrane compared with those measured in
the cytosol. The amount of x-syn molecules placed at the plasma membrane (often on cell processes)
is higher in GBM cells compared with astrocytes (including co-culture of astrocytes with astrocytes).
Remarkably, a-syn is increased within astrocytes following when co-cultured with GBM cells. Data
are given as the mean percentage + S.E.M. of immuno-gold particles at plasma membrane for each
experimental group (assuming cytosol as 100%) obtained from N = 30 cells per group. * p < 0.05
compared with astrocytes co-cultured with astrocytes. Scale bar = 0.12 um.

3.4. When Astrocytes Are Co-Cultured with GBM Cells the Increase in a-Syn Accompanies the
Increase in Nestin

In order to document whether the increase in a-syn is associated with stem-cell-like
staining, detection of nestin was carried out in the very same experimental conditions.
Representative micrographs of Figure 6 show that nestin is scarce within astrocytes (in-
cluding those astrocytes co-cultured with astrocytes, Figure 6A). A higher amount occurs
within astrocytes following co-culture with GBM cells (Figure 6B). The amount of nestin is
very high within GBM cells (either alone, Figure 6C, or when co-cultured with astrocytes,
Figure 6D). These findings replicate those obtained for a-syn. However, one should con-
sider that stoichiometry of nestin indicates a net protein amount, which exceeds roughly
the net levels of a-syn by roughly ten-fold. The increase in nestin within astrocytes in
co-cultures with GBM cells does occur without changes concerning sub-cellular placement.
In fact, neither in astrocytes nor in GBM cells does nestin match the sub-cellular placement
of a-syn. In GBM cells, occurrence of nestin is rather spread in the cytosol and mostly the
nucleus, rather than being concentrated at plasma membrane processes; within astrocytes
the negligible amount of nestin is similarly scattered in the whole cell. This is confirmed
by counts at ultrastructural stoichiometry as reported in the graphs of Figure 6. In detail,
when counting nestin immuno-gold particles within the whole cell, in astrocytes only a
negligible amount is detected (Figure 6E). This amount increases significantly following the
co-culture with GBM cells. However, such an increase remains way below the amount of
nestin counted within GBM cells, either alone or when bordering astrocytes in co-cultures.
The increase in nestin within GBM-primed astrocytes occurs both within the cytosol (graph
Figure 6F) and nucleus (graph Figure 6G). In fact, no difference is significantly detected
between groups, concerning the ratio of nestin immuno-gold particles within cytosol vs.
nucleus (graph of Figure 6H).
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Figure 6. Nestin increases within astrocytes co-cultured with GBM cells. Representative micrographs
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show nestin immuno-gold particles (black arrows) within both cytosol and nucleus of astrocytes
(including astrocytes co-cultured with astrocytes, (A). These particles increase within astrocytes
co-cultured with GBM cells (B), and they are very abundant both within GBM cells co-cultured with
other GBM cells (C), and within GBM cells co-cultured with astrocytes (D). N = nucleus. Graphs
report the number of nestin immuno-gold-particles within whole cell (E), cytosol (F), and nucleus (G).
The ratio of nestin immuno-gold particles between cytosol and nucleus is also counted (H). Nestin
increases within astrocytes co-cultured with GBM cells. However, such an amount remains much
lower both in whole cell, cytosol and nucleus compared with the amount counted within GBM
cells. Data are given as the mean £ S.E.M. immuno-gold particles per cell obtained from N = 30
cells per each experimental group. * p < 0.05 compared with naive astrocytes (including astrocytes
co-cultured with astrocytes); ** p < 0.05 compared with astrocytes co-cultured with GBM cells.
Scale bar = 0.12 um.

3.5. Rapamycin Dose-Dependently Suppresses a-Syn and Nestin Immuno-Fluorescence

Since it has been demonstrated that rapamycin dose-dependently mitigates over-
expression of x-syn in GBM cells cultured alone [34]; the present manuscript also questions
whether such a mitigation induced by rapamycin occurs for the concomitant expression of
a-syn and the stem cell marker nestin. At first, this was answered in GBM cells in baseline
conditions, and it was extended to astrocytes co-cultured with GBM cells, where nestin
expression increases.

As reported in representative pictures of Figure 7, while a faint immuno-fluorescent
signal is detected concerning both «-syn and nestin in control astrocytes, these very same
antigens were intensely immuno-fluorescent in baseline GBM cells. Twenty-four hours
following rapamycin administration (ranging from 1 nM up to 1000 nM) both nestin and
a-syn immuno-fluorescence in GBM cells are suppressed; this is evident already at the
dose of 10 nM rapamycin, for both US7MG and A172 GBM cells (Figure 7, Supplementary
Figures S1-54). The representative images showing the effects of rapamycin in astrocytes
are not reported here, due to a negligible immuno-fluorescence, which is present in these
cells in baseline conditions making the effects of rapamycin non-detectable. It is remarkable
that, although the net amount is ten-fold different, the massive suppression of x-syn
expression in GBM cells occurs similarly to that of the stem cell marker nestin when
rapamycin is administered at therapeutic doses. The amount of both nestin and x-syn
immunofluorescence in GBM cells following rapamycin is comparable to that shown in
baseline astrocytes (compare representative pictures of Figure 7). This amount is negligible
and increasing the dose of rapamycin above 100 nM (exceeding the therapeutic range)
does not produce any further decrease. These representative images are consistent with
densitometry measurement of both «-syn and nestin (graphs of Figure 8A,B, respectively).
Similarly to nestin, rapamycin reduces the immunostaining for the stem cell marker CD133
in both US7MG and A172 GBM cells (Supplementary Figures S5 and S6, respectively).

Astrocytes
¢-Syn Nestin DAPI Merge

. . . . .

Figure 7. Cont.
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Figure 7. Rapamycin dose-dependently reduces x-syn and nestin immuno-fluorescence in GBM cells
to an amount which is similar to baseline astrocytes (representative pictures). Representative pictures
show immuno-fluorescence for a-syn (green), and nestin (red) within astrocytes and GBM cells, both
in baseline conditions and following rapamycin administration. Each cell nucleus is visualized by
using DAPI (blue), merging between antigens is shown as pink. Scale bar = 24 pm.
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Figure 8. Rapamycin dose-dependently reduces o-syn and nestin immuno-fluorescence in GBM cells to
an amount, which is similar to baseline astrocytes. Graphs report densitometry for x-syn (A) and nestin
(B) immuno-fluorescence within baseline astrocytes and GBM cells, both in baseline conditions (baseline)
and following various doses of rapamycin (Rap). Data are given as the mean percentage + S.E.M.
of optical density for each experimental group (assuming astrocytes as 100%) obtained from
N = 30 cells per group. * p < 0.05 compared with astrocytes. ** p < 0.05 compared with astrocytes
and GBM cells (U87MG) in baseline conditions.

3.6. Overexpression of a-Syn and Nestin in GBM-Co-Cultured Astrocytes Is Occluded
by Rapamycin

As expected, in the trans-well system, co-cultured GBM cells increase the amount of
both o-syn and nestin within astrocytes, which otherwise possess negligible amounts of both
proteins (Figure 9, upper panels, and Figure 10, upper panels). Since expression of both
a-syn and nestin is suppressed dose-dependently within GBM cells (Figures 7, 8 and 10
and Supplementary Figures S1-54) the present piece of data answers the seminal question
of whether conditional overexpression of both proteins in GBM-primed astrocytes could be
occluded by exposure to doses of rapamycin at therapeutic range (up to 100 nM). In fact, as
shown in Figures 11A and 12A, both «-syn and nestin significantly increase in astrocytes co-
cultured with GBM cells compared with baseline astrocytes, while the exposure to rapamycin
at the dose of 100 nM suppresses such an effect (Figures 11B and 12B). Again, it is remarkable
that rapamycin-induced suppression of «-syn level within astrocytes co-cultured with GBM
cells is induced concomitantly with the suppression of nestin level. Rapamycin administered
to GBM-primed astrocytes brings down «-syn and nestin levels to that measured in baseline
astrocytes (Figures 11B and 12B). In fact, the slight signal, which is detectable within astrocytes
co-cultured with GBM cells following rapamycin is comparable with that observed within
astrocytes co-cultured with astrocytes. This markedly contrasts with the intense immuno-
fluorescence of both x-syn and nestin observed within GBM cells co-cultured with either GBM
cells or astrocytes (Figures 11A and 12A). Again, exposure to rapamycin suppresses x-syn
and nestin immuno-fluorescence within GBM cells, both when co-cultured with themselves
and with astrocytes (Figures 11B and 12B). Immuno-staining for the stem cell marker CD133
overlaps nestin immunostaining in co-cultures of astrocytes and U87MG (Supplementary
Figure S7) or A172 (Supplementary Figure S8) cells, both in baseline conditions and following
rapamycin treatment (Supplementary Figures S7 and S8).
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Figure 9. o-Syn parallels nestin expression in co-cultures of astrocytes and GBM cells with or without

rapamycin (100 nM). Representative pictures show immuno-fluorescence for x-syn (green), nestin

(red) and nucleus DAPI fluorescence (blue) and their merge (pink), within co-cultures of astrocytes

and GBM cells in baseline conditions (vehicle) and following rapamycin administration (Rapamycin

100 nM). Scale bar = 28 um.
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Figure 10. o-Syn parallels nestin expression in co-cultures of astrocytes and A172 cells with or
without rapamycin (100 nM). Representative pictures show immuno-fluorescence for x-syn (green),
nestin (red) and nucleus DAPI fluorescence (blue) and their merge, within co-cultures of astrocytes
and A172 cells in baseline conditions (vehicle) and following rapamycin administration (Rapamycin
100 nM). Scale bar = 30 um.
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Figure 11. Densitometry of «-syn and nestin expression in co-cultures of astrocytes and GBM cells
in baseline conditions and following rapamycin administration. Graphs report densitometry for
a-syn and nestin immuno-fluorescence in co-cultures of astrocytes and GBM cells, both in baseline
conditions (A), and following 100 nM rapamycin administration (B). These data are obtained from
astrocytes co-cultured with astrocytes, astrocytes co-cultured with GBM cells, GBM cells co-cultured
with GBM cells, and GBM cells co-cultured with astrocytes. Data are given as the mean percentage
+ S.E.M. of optical density for each experimental group (assuming astrocytes co-cultured with
astrocytes as 100%) obtained from N = 30 cells per group. * p < 0.05 compared with astrocytes
co-cultured with astrocytes; ** p < 0.05 compared with astrocytes co-cultured with GBM cells.
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Figure 12. Densitometry of «-syn and nestin in co-cultures of astrocytes and A172 cells in baseline
conditions and following rapamycin administration. Graphs report densitometry for «-syn and nestin
immuno-fluorescence in co-cultures of astrocytes and A172 cells, both in baseline conditions (A) and
following 100 nM rapamycin administration (B). These data are obtained from astrocytes co-cultured
with astrocytes, astrocytes co-cultured with A172 cells, A172 cells co-cultured with A172 cells, and
A172 cells co-cultured with astrocytes. Data are given as the mean percentage+S.E.M. of optical
density for each experi-mental group (assuming astrocytes co-cultured with astrocytes as 100%)
obtained from N = 30 cells per group. * p < 0.05 compared with astrocytes co-cultured with astrocytes;
** p < 0.05 compared with astrocytes co-cultured with A172 cells.

Similar to immuno-fluorescence, immuno-peroxidase for a-syn decreases when the
trans-well co-cultures of astrocytes are exposed to rapamycin (Figure 13).

The differences in a-syn levels in the trans-well co-cultures of astrocytes and GBM
cells within cytosol, nucleus, and whole cell is measured by densitometry, and it is reported
in the graphs of Figures 13I, 13] and 13K, respectively. Apart from different intensity
in baseline conditions, the decrease in a-syn immuno-staining induced by rapamycin is
comparable for cytosol and nucleus, and consistently for the whole cell. The effects of
rapamycin in U87MG cells co-cultured with other US7MG cells or astrocytes are significant,
although less pronounced compared with the effects obtained by administering rapamycin
directly to a single US87MG cell culture. This is likely to depend on the fact that antigens
(e-syn and nestin) are counted in those US7MG cells, which are added in the trans-well
at 24 h following rapamycin administration to the other cell culture (either US7MG or
astrocytes). This may render the effects of rapamycin as slight, due to a dose reduction and
a significant time interval (7 days) compared with the effects observed within cells, which
received directly rapamycin (100 nM, for 24 h).

A B . ~
i -
\’ " 3 ’ f »
1] -
¢ -
-
¢ { . ;
-
) s \
‘ 4
b = |
- ¥ !
[E—— F A F g 4
E F
v
’
.
\ )

Figure 13. Cont.



Cancers 2022, 14, 1417

22 of 38

Densitometry

Densitometry
(nucleus, %)

Densitometry
(whole cell, %)

(cytosol, %)

350

300

250

200

150

100

50

160
140
120
100
80
60
40
20

300

250

200

150

100

50

Wk e

*% * &

Astrocytes Astrocytes USJMG  USTMG Astrocytes Astrocytes USTMG — USTMG
astrocytes USTMG  US7MG astrocytes astrocytes USTMG  USTMG  astrocytes

Vehicle Rapamycin 100 nM

*%

Astrocytes Astrocytes US7TMG US7TMG Astrocytes Astrocytes USTMG USTMG
astrocytes US7MG  US7MG astrocytes astrocytes "USTMG  USTMG astrocytes

Vehicle Rapamycin 100 nM
*k sk
T T
wk
ok
*
T
.
T T

Astrocytes Astrocytes US7TMG USTMG Astrocytes Astrocytes USTMG  USTMG
astrocytes ~ USTMG ~ U87MG astrocytes astrocytes USTMG  USTMG  astrocytes

Vehicle Rapamycin 100 nM

Figure 13. x-Syn immuno-cytochemistry in co-cultures of astrocytes and GBM cells, both in baseline
conditions and following rapamycin administration. Upper panels report representative pictures of a-syn
immuno-cytochemistry within astrocytes co-cultured with astrocytes (A), astrocytes co-cultured with
GBM cells (B), GBM cells co-cultured with GBM cells (C), and GBM cells co-cultured with astrocytes (D)
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in baseline conditions. Lower panels report representative pictures of «-syn immuno-cytochemistry
within astrocytes co-cultured with astrocytes treated with rapamycin (E), astrocytes co-cultured
with GBM cells treated with rapamycin (F), GBM cells co-cultured with GBM cells treated with
rapamycin (G), and GBM cells co-cultured with astrocytes treated with rapamycin (H). Graphs
show that rapamycin reduces o-syn levels within astrocytes co-cultured with GBM cells. Graphs
report densitometry of a-syn immuno-staining within the cytosol (I), nucleus (J), and whole cell (K)
in co-cultures of astrocytes and GBM cells, both in baseline conditions (vehicle) and following
rapamycin administration. Data are given as the mean percentage & S.E.M. of optical density for
each experimental group (assuming astrocytes co-cultured with astrocytes as 100%) obtained from
N =30 cells per group. * p < 0.05 compared with astrocytes co-cultured with astrocytes; ** p < 0.05
compared with astrocytes co-cultured with GBM cells. Scale bar = 35.4 um.

3.7. Ultrastructural Stoichiometry Quantifies Rapamycin-Induced Nestin Decrease in Astrocytes
Co-Cultured with GBM Cells

Data obtained at light microscopy are further detailed at ultrastructural stoichiom-
etry for both nestin and a-syn. As expected, representative micrographs of Figure 14
show that following rapamycin the amount of nestin is very low within astrocytes co-
cultured with astrocytes (Figure 14A) compared with GBM cells co-cultured with GBM
cells (Figure 14B). A remarkable decrease in nestin immuno-gold particles is observed
following rapamyecin in astrocytes co-cultured with GBM cells, which in turn become
similar to control astrocytes (Figure 14C). At the same time, rapamycin significantly affects
the amount of nestin immuno-gold particles, which occurs within GBM cells co-cultured
with astrocytes (Figure 14D). These cells feature a decrease of protein amount, which is
comparable with GBM cells co-cultured with GBM cells (Figure 14B). This is confirmed
by ultrastructural stoichiometry of the protein reported in the graphs of Figure 14, which
indicate that the high amount of nestin, which occurs within astrocytes primed with GBM
cells in co-culture, is suppressed by rapamycin. In detail, when counting nestin immuno-
gold particles within the whole cell (Figure 14E), cytosol (Figure 14F), nucleus (Figure 14G),
and the relative intracellular distributions of the protein across the cytosol and nucleus
(Figure 14H), rapamycin-induced suppression of the protein within astrocytes co-cultured
with GBM cells is similar within all compartments.

Figure 14. Cont.
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Figure 14. Rapamycin reduces nestin immuno-gold particles within astrocytes co-cultured with GBM
cells. Representative micrographs show nestin immuno-gold particles within both the cytosol and
nucleus (black arrows) of astrocytes co-cultured with astrocytes treated with rapamycin (A), astrocytes
co-cultured with GBM cells treated with rapamycin (B), GBM cells co-cultured with GBM cells
treated with rapamycin (C), and GBM cells co-cultured with astrocytes treated with rapamycin (D).
N = nucleus. Ultrastructural stoichiometry of nestin immuno-gold in co-cultures of astrocytes and
GBM cells following rapamycin administration is reported in the graphs. In detail, graphs report the
number of nestin immuno-gold-particles within whole cell (E), cytosol (F), and nucleus (G). The ratio
of nestin immuno-gold particles within cytosol vs. nucleus is reported in (H). Data are given as the
mean £ S.E.M. from N = 30 cells per each experimental group. * p < 0.05 compared with astrocytes
co-cultured with astrocytes, ** p < 0.05 compared with astrocytes co-cultured with GBM cells. Scale
bar = 0.12 um.
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3.8. Ultrastructural Stoichiometry Quantifies Rapamycin-Induced a-Syn Decrease and
Compartmentalization within Astrocytes Co-Cultured with GBM Cells

Figure 15 reports representative micrographs of a-syn immuno-cytochemistry in trans-
well co-cultures of astrocytes and GBM cells following rapamycin. In detail, following
rapamycin, the amount of x-syn is very low within the cytosol and nucleus of astrocytes
co-cultured with astrocytes (Figure 15A) compared with that occurring within GBM cells
co-cultured with GBM cells (Figure 15B), where the protein is abundant. In contrast, a marked
decrease in a-syn immuno-gold is observed following rapamycin in astrocytes co-cultured
with GBM cells (Figure 15C). At the same time, rapamycin significantly decreases the amount
of o-syn immuno-gold particles, which occurs within GBM cells co-cultured with astrocytes
(Figure 15D), which features comparable amounts of the protein compared with GBM cells
co-cultured with GBM cells (Figure 15B). This is confirmed by the graphs of Figure 15, where
the ultrastructural stoichiometry of the protein is reported. In detail, when counting «-syn
immuno-gold particles within whole astrocytes in co-culture with GBM cell (Figure 15E),
o-syn is markedly suppressed by rapamycin. In these conditions, the x-syn level is similar
to that occurring within astrocytes co-cultured with astrocytes. The suppression of x-syn
particles is more remarkable within the cytosol than nucleus, as reported in the graphs of
Figures 15F and 15G, respectively. Similar results are obtained in co-cultures of astrocytes and
A172 cells, as shown in representative micrographs of Figure 16. Graphs of Figure 17 report
quantitative data of o-syn as measured in co-cultures of astrocytes and A172 cells.

Figure 15. Cont.
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Figure 15. Rapamycin reduces the amount of a-syn in astrocytes co-cultured with GBM cells. Repre-
sentative micrographs show o-syn immuno-gold particles within both cytosol and nucleus (black
arrows) of astrocytes co-cultured with astrocytes treated with rapamycin (A), astrocytes co-cultured
with GBM cells treated with rapamycin (B), GBM cells co-cultured with GBM cells treated with
rapamycin (C), and GBM cells co-cultured with astrocytes treated with rapamycin (D). N = nucleus;
V =vacuoles. Ultrastructural stoichiometry of «-syn immuno-gold in co-cultures of astrocytes and
GBM cells, both in baseline conditions and following rapamycin administration are reported in the
graphs. In detail, graphs report the number of x-syn immuno-gold-particles within whole cell (E),
cytosol (F), and nucleus (G). The ratio of x-syn immuno-gold particles within cytosol vs. nucleus
is reported in (H). These data are obtained from astrocytes co-cultured with astrocytes, astrocytes
co-cultured with GBM cells, GBM cells co-cultured with GBM, and GBM cells co-cultured with
astrocytes, both in baseline conditions and following rapamycin. Data are given as the mean + S.E.M.
from N = 30 cells per each experimental group. * p < 0.05 compared with astrocytes co-cultured with
astrocytes; ** p < 0.05 compared with astrocytes co-cultured with GBM cells. Scale bar = 0.12 um.

In graphs of Figure 18, the effects of rapamycin on x-syn compartmentalization within
vacuoles are specifically assessed within trans-well co-cultures by using immuno-gold
counts. In detail, graphs of Figure 18 report that within astrocytes co-cultured with GBM
cells a decrease in the number of x-syn immuno-positive vacuoles (graph of Figure 18A)
and the number of x-syn immuno-gold particles within each vacuole (graph of Figure 18B)
is measured compared with baseline astrocytes. This produces a significant decrease in
the ratio between vacuolar and cytosolic amount of x-syn (Figure 18C). Such a condition
is similar to that measured within GBM cells in baseline conditions. In contrast, when
rapamycin is administered, it increases the number of x-syn positive vacuoles and the
number of a-syn particles within vacuoles (Figures 18A and 18B, respectively). This
leads to an increase in the ratio between «-syn within vacuoles and x-syn within cytosol
(Figure 18C). This increase in «-syn vacuole compartmentalization induced by rapamycin is
similarly detected within GBM cells both co-cultured with themselves and with astrocytes
(Figure 18). These phenomena concerning vacuolar placement of o-syn confirm the shift
towards a GBM-like phenotype, which is induced in astrocytes co-cultured with GBM cells.
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Again, such a shift is reversed by a dose of rapamycin in the therapeutic range, which leads
the ultrastructural compartmentalization of o-syn similar to control astrocytes.

Figure 16. x-Syn immuno-electron microscopy in co-cultures of astrocytes and A172 cells in baseline
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and following rapamycin administration. Representative micrographs show a-syn immuno-gold par-
ticles (arrows) within cytoplasm and nucleus of astrocytes co-cultured with astrocytes (A); astrocytes
co-cultured with A172 cells (B); A172 cells co-cultured with A172 cells (C), A172 cells co-cultured
with astrocytes (D), astrocytes co-cultured with astrocytes treated with rapamycin (E), astrocytes
co-cultured with A172 cells treated with rapamycin (F), A172 cells co-cultured with A172 cells
treated with rapamycin (G), and A172 cells co-cultured with astrocytes treated with rapamycin (H).
Scale bar = 0.15 pum.
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Figure 17. Ultrastructural stoichiometry of a-syn immuno-gold in co-cultures of astrocytes and A172
cells both in baseline conditions and following rapamycin administration. Graphs report the number
of a-syn immuno-gold-particles within whole cell (A), cytosol (B), and nucleus (C). The ratio of x-syn
immuno-gold particles within cytosol vs nucleus is reported in (D). These data are obtained from
astrocytes co-cultured with astrocytes, astrocytes co-cultured with A172 cells, A172 cells co-cultured
with A172 cells, and A172 cells co-cultured with astrocytes, both in baseline conditions and following
rapamycin. Data are given as the mean £ S.E.M. from N = 30 cells per each experimental group.
* p < 0.05 compared with astrocytes co-cultured with astrocytes; ** p < 0.05 compared with astrocytes
co-cultured with GBM cells.
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Figure 18. Ultrastructural stoichiometry of x-syn compartmentalization in co-cultures of astrocytes
and GBM cells. The amount of «-syn positive vacuoles is reported in (A), while the mean number of
a-syn immuno-gold particles within each vacuole is reported in (B). The ratio of x-syn immuno-gold
particles within vacuoles vs. cytosol is reported in (C). These data are obtained from astrocytes
co-cultured with astrocytes, astrocytes co-cultured with GBM cells, GBM cells co-cultured with
GBM cells, and GBM cells co-cultured with astrocytes, both in baseline conditions and following
rapamycin. Data are given as the mean £ S.E.M. from N = 30 cells per each experimental group.
* p < 0.05 compared with astrocytes co-cultured with astrocytes; ** p < 0.05 compared with astrocytes
co-cultured with GBM cells.

3.9. Occurrence of x-Syn in the Medium and Supernatant Supernatant

Western blotting carried out in the culture medium used for the trans-well system
shows that, no o-syn is detectable in the medium in the absence of GBM cells or astrocytes
(Figure 19). This is confirmed even increasing the amount of the medium by sixty-six-fold
the amount corresponding to a single cell pellet. Conversely, x-syn is faintly detectable
in the supernatant. This amount is very low compared with the cell pellet (Figure 19). In
fact, when comparing the blots of a cell pellet with supernatant similar bands of a-syn
are detectable when the protein is blotted in a volume of supernatant, which exceeds
almost ninety-fold the corresponding to a cell pellet. When such a ninety-fold excess of
supernatant is blotted, the amount of x-syn which is measured approaches the amount
measured in the cell pellet (0.85 £ 0.25 and 1.14 £ 0.09, in the supernatant and cell pellet,
respectively). This is expected when considering a cell-to-cell transmission of the protein,
which is present in the extracellular space in trace amount at any specific sampling time
point, which remains way below the protein amount being stored permanently within the
cell pellet. In fact, the amount of x-syn detected in the supernatant should be reduced
by at least sixty-six-fold to be compared with the amount of x-syn detected in the cell
pellet, considering volume discrepancy (as reported in the Methods). Differences between
cell pellet and supernatant are even more pronounced when considering the amount of
a-syn within astrocytes cell pellet (0.85 £ 0.25) and that detected within the supernatant of
astrocytes (0.19 £ 0.05). This leads to a ratio pellet/supernatant = 0.75 for GBM cell cultures
and a ratio pellet/supernatant = 0.22 for astrocyte cell cultures. This means a three-fold
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lower amount of «-syn in the supernatant outside astrocytes compared with GBM cells.
To substantiate this rough amount obtained by Western blotting, a specific in situ ultra-
structural investigation of a-syn immuno-gold particles was carried out in the extracellular
space sampled as supernatant. In this space, TEM allows in situ identification of sporadic
a-syn molecules. Several micro-shots at electron microscopy are reported in Figure 20
showing the presence x-syn as free molecules, often close to exocytotic structures or within
cell remnants containing exosome-like structures and lying over free-floating membranes.
It is remarkable that all these structures visualized at TEM by sampling and scanning
the supernatant possess a size, which is compatible with the pore of the semi-permeable
membrane of the trans-well system (0.4 um). The occurrence of membrane remnants and
cytosolic compartments within the supernatant is also witnessed by the presence of the
filament-related protein (3-actin, here reported as housekeeping for adjusting the optical
density of a-syn (Figure 19).
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Figure 19. Western blotting of x-syn within cell supernatant and cell free medium. (A) Western
blotting of the medium used for the trans-well system shows that no o-syn is detectable in the absence
of either GBM cells or astrocytes, although the amount of medium being blotted corresponds to
ninety-fold the amount, where a cell pellet grows. (B) Western blot of cell pellets and supernatant
show very similar bands of x-syn. However, since the protein is blotted in a volume of supernatant,
which exceeds almost ninety-fold that present in contact with the cell pellet, the real amount of «-syn
detectable in the supernatant is very low compared with cell pellet. Supernat = supernatant.
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Figure 20. Representative in situ detection of x-syn within supernatant. Ultrastructural immuno-
electron microscopy documents the presence of x-syn (arrowheads) as immuno-gold particles. These
appear as free molecules (A), often close to exocytotic structures (arrow) (B) or within cell remnants
containing exosome-like structures (C), and lying over free-floating membranes (*) (D-F). It is
remarkable that these structures visualized at TEM possess a size which is compatible with the pore
of the semi-permeable membrane of the trans-well system (0.4 um). The pictures are taken after
scanning the supernatant and they focus on cell membrane-rich areas. Scale bar = 0.12 um.
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4. Discussion

Evidence has been recently provided that within GBM cells x-syn is overexpressed
compared with astrocytes [34]. Overexpression of «-syn is more marked when considering
the PK-resistant isoform. Such an overexpression is sensitive to mTOR inhibition. In fact,
rapamycin, through mTOR inhibition, activates autophagy, which in turn produces the
clearance of highly expressed, both total, and PK-resistant x-syn [34]. In detail, the suppres-
sion of both total and PK-resistant «-syn occurs dose-dependently following rapamycin, at
doses which effectively inhibit mTOR, as shown by a decrease in the enzymatic product
pS6. In particular, in baseline conditions, immunoblotting of x-syn shows the presence of
various a-syn bands, which are likely to represent various aggregates of x-syn molecules.
These oligomeric x-syn disappears in the presence of PK, apart from one band. This sug-
gests that PK treatment, by also digesting the binding between various a-syn molecules,
may also modify the aggregation of «-syn units.

In the present study, which represents a follow-up, evidence is provided showing that
high amount of «-syn detected in GBM cells may transmit to neighboring co-cultured astro-
cytes through a trans-well apparatus. This is characterized by a semi-permeable membrane,
where pores of 0.4 pum impede cell transfer (Figure 1). The overexpression of «-syn within
GBM co-cultured astrocytes occurs along with the overexpression of the stem cell marker
nestin and CD133, and the shift of cell morphology and ultrastructure towards a GBM-like
phenotype (GBM-primed astrocytes) (Figures 2—6 and Supplementary Figures S5-S8). All
these phenomena are concomitantly reverted by exposure of these cells to rapamycin, which
promotes differentiation of GBM cells as previously shown [19,46]. Both «-syn, nestin, and
CD133, which are negligibly expressed within astrocytes in baseline conditions are abundant
within U87MG, GBM cell line and they do pass from the latter to the former in the trans-well
system (Figures 7-18, and Supplementary Figures S5-58).

When the amount of nestin, CD133, and x-syn is measured in another GBM cell line,
the A172 cells, similar results were obtained (Figures 10, 12, 16 and 17 and Supplementary
Figures S1-58).

This study carried out in two different GBM cell lines calls for further and extended
investigations. For instance, a specific study on astrocytoma grade I-IIl may clarify whether
different stages of astrocytoma may express various amount of these proteins. Moreover,
dedicated a-syn and nestin immuno-detection is needed in single patients to correlate the
expression of a-syn with prognosis and malignancy of the tumor.

In astrocytes both «-syn and nestin expression is very low in baseline conditions
(Figure 2) [47-52]. In contrast, in GBM cells a-syn and nestin are abundantly expressed
(Figure 2). High expression of nestin in GBM cells identifies a sub-population of tumor-
initiating cells responsible for high malignancy, chemo-resistance and relapse [53,54].

In the trans-well system, «-syn may prime co-cultured astrocytes to overexpress both
a-syn and stem cell markers such as nestin and CD133. These findings are strengthened
by quantitative ultrastructural stoichiometry of the protein carried out at TEM, where the
amount of a-syn occurring in the cytosol, nucleus, and whole cell is calculated (Figure 4).
Thus, in astrocytes co-cultured with GBM cells, the amount of x-syn within the whole cell
is significantly increased to approach levels detected within GBM cells. This happens along
with high expression of stem cell markers and development of a GBM-like phenotype
featuring trans-cellular processes of the plasma membrane, which contrasts with plain
plasma membrane of astrocytes (Figure 5).

When considering the distribution of «-syn within GBM cells, a significant amount,
which exceeds 20% of cytosolic a-syn immuno-gold particles, is placed just at the level
of these processes outsourcing from the plasma membrane. Such an amount is two-fold
higher compared with the amount of x-syn placed on the plasma membrane of control
astrocytes. It is remarkable that when astrocytes are co-cultured with GBM cells the plasma
membrane develops GBM-like convolution and at this level of the plasma membrane x-syn
rises up to levels similar to GBM cells (Figure 5).
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This placement of x-syn mostly occurs at convoluted arrangement of the plasma
membrane of GBM cells and GBM-primed astrocytes. This is consistent with the fact
that «-syn stimulates membrane-bending and remodeling [55,56]. Again, a-syn is key
for trans-cellular communication enabling membrane fusion, which indicates a role of
a-syn in trans-cellular vesicles trafficking [57-61]. In keeping with this, recent evidence
indicates that x-syn induces membrane thinning [62], as well as the formation of tubular
structures [55,63], which in turn may physically connect cells and promote the spreading
of this protein between cells [64]. Thus, it is likely that a high x-syn expression in GBM
cells along with its placement within cell processes may enable cell-to-cell communication,
promoting the occurrence of trans-cellular plasma membrane elongations. All these effects
are likely to represent connected phenomena rather than stochastic concomitant events.

A key point of the present study is the evidence that x-syn transmits from over-
expressing GBM cells to normal astrocytes, which otherwise express negligible levels of -
syn in baseline conditions. This cell-to-cell transmission of «-syn is reminiscent of what has
been described for catecholamine-containing cells during neurodegeneration [35,43,65-67].
Consistently, in the present study, we demonstrate that no x-syn is detectable in the culture
medium in the absence of GBM/astrocyte cells (Figure 19). In contrast, some x-syn is
detected in the cell supernatant, although much less compared with cell pellets (Figure 19).
In fact, when considering cell-to-cell transmission of the protein, x-syn is expected to occur
in the extracellular space in trace amount at each specific time point. Conversely, the cell
storage of o-syn is way in excess. In fact, it is expected that only a few «-syn molecules are
present in the intercellular space compared with the amount of the protein, which is present
within GBM cells. This is further validated by in situ immuno-gold detection, which allows
us to identify the authentic presence of intercellular x-syn molecules within exocytosis-
dependent structures outgrowing from viable GBM cells (Figure 20). In the supernatant
a-syn molecules are also detected as free protein or within membrane remnants which
possess a size compatible with their diffusion through the semipermeable membrane of
the trans-well system. The ratio of x-syn occurring in the supernatant and «-syn present
in the cell is much higher in GBM cell cultures compared with astrocytes cultures. This is
compatible with a more effective a-syn release from GBM cells compared with astrocytes.

The occurrence of exosome-related structures and membrane remnants in the super-
natant of cell cultures, which is detected in situ by scanning the extracellular space at
transmission electron microscopy, is reporting the occurrence of o-syn as immuno-gold par-
ticles associated with authentic cell-derived structures rather than a sample contamination
or non-specific staining. This is confirmed by the occurrence of the cyto-filament-related
protein (3-actin, used here as a housekeeping, which is present in the supernatant as well.
Thus, the supernatant reports both single proteins as detected by immuno-gold stoichiome-
try of a-syn and cell-derived structures, which appear as membrane remnants. The origin
of these membrane remnants appears to be partly related to cell-to-cell communicating
structures. Nonetheless it cannot be ruled out that some eventual cell damage may oc-
cur, which contributed to the occurrence of both a-syn and B-actin. In fact, one should
still consider that some x-syn which is detected in the supernatant may be produced by
spontaneous cell death which eventually occurs. On the other hand, the increase in x-syn
produced by GBM within astrocytes co-cultured in a trans-well system may also represent
the consequence of other diffusible molecules produced by GBM cells, which may induce
a-syn overexpression in astrocytes. The specific molecules which may induce these effects
include the PrPc, which is also overexpressed in GBM. Dedicated studies are required to an-
alyze all these issues. In fact, the identification of x-syn within supernatant and occurrence
of high «-syn level within astrocytes co-cultured with GBM cells is the first step towards
identifying the scenario which may be involved in priming normal astrocytes towards a
GBM-like phenotypic shift. Dedicated studies where specific molecules are conjugated
with green fluorescent protein or other tagging conjugates are required, along with the
study of their epigenetic effects.
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The present study indicates that, either due to trans-cellular transmission or to trans-
cellular induction, a net increase in a-syn within astrocytes by contiguous GBM cells
is quantified by stoichiometric analysis. In detail, evidence is provided showing that
a-syn-overexpressing GBM cells are able to prime co-cultured astrocytes, which in turn
develop high amounts of x-syn, nestin and CD133 along with a phenotype, which is
reminiscent of GBM cells. In a wider scenario, when considering the microenvironment
of GBM cells in vivo, it is conceivable that beyond astrocytes, other cell types including
microglia, neighboring neurons along with blood vessels may play a specific role in cell-to-
cell spreading of GBM, which deserves to be investigated in the future.

The potential cell-to-cell spreading of x-syn within these GBM co-cultures is in line
with recent evidence, which demonstrates how altered cell-to-cell communication of prion-
like proteins may foster GBM tumor spreading, neuro-invasion, and immune escape [21].
Thus, the concept, which typically applies to cell propagation and spreading of x-syn as a
prionoid in the course of neurodegenerative disorders, may apply to GBM as well, to act as
an epigenetic modulator activating cancer-promoting genes. As a matter of fact, o-syn does
behave as a prionoid [68-71], and upon exposure at plasma membrane it may pass from
one cell to another to produce various effects on recipient cells. For instance, accumulation
of a-syn may trigger a biochemical cascade, which induces cell proliferation [27,72-76]. In
fact, x-syn promotes strong DNA methylation, which in turn triggers epigenetic effects [77].
Again, a-syn reduces histone H3 acetylation, thus affecting the expression of several genes
responsible for cell survival [78,79].

This is in line with present findings showing how the increase in o-syn within GBM-
primed co-cultured astrocytes is induced concomitantly with a dramatic increase in the
expression of stem-like proteins, which in turn have not been simultaneously explored so far.
For instance, when looking at nestin compared with x-syn, a similar increase is detected
within astrocytes following co-culture with GBM cells as quantified by ultrastructural
stoichiometry of the antigen. In turn, rapamycin, which brings GBM cells to cell cycle
arrest, blocks cell migration, and induces cell differentiation [19,46], while inhibiting over-
expression of «-syn and stem cell markers. This occurs in GBM cells and, most remarkably,
within GBM primed astrocytes, which shift back towards the original glial phenotype.
This evidence strongly suggests a correlation between stem-like properties, x-syn content,
prionoid diffusion and cell-to-cell priming in GBM cells.

5. Conclusions

In this scenario, one is tempted to hypothesize that overexpression of x-syn within
GBM cells may work as a trigger to prime co-cultured naive astrocytes towards a GBM-like
phenotype, thus posing a-syn-dependent cell-to-cell communication as an unconventional
mechanism for GBM proliferation and spreading.

Thus, it becomes crucial to establish which cell mechanism may induce a primary
increase in a-syn independently from compensatory mechanisms. Since the amount of o-
syn critically depends on the status of protein-clearing pathways and mostly autophagy [20],
an emphasis should be posed on which condition features autophagy suppression. This
is the case of GBM cells, which are characterized by a marked over-activation of mTOR,
which in turn suppresses autophagy, while contributing to GBM cell proliferation and
stemness [13,15,17,18]. On the other hand, previous studies, in line with the present
report, demonstrate that inhibition of autophagy increases x-syn secretion and cell-to-cell
transfer [80-82].

When mTOR overactivity is suppressed by the mTOR inhibitor rapamycin we could
measure a decrease in «-syn, which is associated with an increased number of autophagy
vacuoles. In fact, while a decrease in alpha-synuclein occurs, a higher amount of residual
alpha-synuclein is placed within LC3-positive autophagy vacuoles.

Altogether, these findings suggest a novel marker for GBM cells, which accompa-
nies classic stem cell markers, and pose the significance of a-syn accumulation beyond
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a hallmark of degenerative disorders to include rapidly progressing neuro-oncological
conditions such as GBM.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers14061417/s1, Figure S1: Rapamycin dose-dependently
reduces a-syn immuno-fluorescence in A172 cells, Figure S2: Rapamycin reduces a-syn assessed
by immuno-blotting in A172 cells, Figure S3: Rapamycin dose-dependently reduces a-syn and
nestin immuno-fluorescence in A172 cells, Figure S4: Rapamycin dose-dependently reduces a-
syn and nestin immuno-fluorescence in A172 cells, Figure S5: Rapamycin dose-dependently re-
duces CD133 immunostaining in U87MG cells, Figure S6: Rapamycin dose-dependently reduces
CD133 immunostaining in A172 cells, Figure S7: CD133 immuno-cytochemistry in co-cultures
of astrocytes and U87MG cells in baseline and following rapamycin administration, Figure S8:
CD133 immuno-cytochemistry in co-cultures of astrocytes and A172 cells in baseline and following
rapamycin administration.

Author Contributions: Conceptualization, EF. and A.F; methodology, EB., M.F,, GM. and L.R;;
investigation, F.B., M.E, G.M. and L.R.; data curation, C.L.B.; writing—original draft preparation,
F.F,; writing—review and editing, C.L.B.; supervision, F.F. and S.P.-A.; funding acquisition, F.F. All
authors have read and agreed to the published version of the manuscript.

Funding: The present research was funded by Ministero della Salute (Ricerca Corrente 2021), and
University of Pisa (Funds from Department of Translational Research and New Technologies in
Medicine and Surgery).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Wen, Y.T.; Wu, A.T.; Bamodu, O.A.; Wei, L.; Lin, C.M.; Yen, Y.; Chao, T.Y.; Mukhopadhyay, D.; Hsiao, M.; Huang, H.S. A Novel
Multi-Target Small Molecule, LCC-09, Inhibits Stemness and Therapy-Resistant Phenotypes of Glioblastoma Cells by Increasing
miR-34a and Deregulating the DRD4/Akt/mTOR Signaling Axis. Cancers 2019, 11, 1442. [CrossRef] [PubMed]

Ostrom, Q.T.; Gittleman, H.; Farah, P.; Ondracek, A.; Chen, Y.; Wolinsky, Y.; Stroup, N.E.; Kruchko, C.; Barnholtz-Sloan, J.S.
CBTRUS statistical report: Primary brain and central nervous system tumors diagnosed in the United States in 2006-2010.
Neuro-Oncology 2013, 15, iil—ii56. [CrossRef] [PubMed]

Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D;
Kleihues, P; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
Summary. Acta Neuropathol. 2016, 131, 803—-820. [CrossRef] [PubMed]

Akhavan, D.; Cloughesy, T.F.; Mischel, P.S. mTOR signaling in glioblastoma: Lessons learned from bench to bedside. Neuro-
Oncology 2010, 12, 882-889. [CrossRef] [PubMed]

Li, X.Y.; Zhang, L.Q.; Zhang, X.G,; Li, X; Ren, Y.B.; Ma, X.Y,; Li, X.G.; Wang, L.X. Association between AKT/mTOR signalling
pathway and malignancy grade of human gliomas. J. Neurooncol. 2011, 103, 453-458. [CrossRef] [PubMed]

Galan-Moya, E.M.; Le Guelte, A.; Fernandes, E.L.; Thirant, C.; Dwyer, J.; Bidere, N.; Couraud, P.O.; Scott, M.G.; Junier, M.P;
Chneiweiss, H.; et al. Secreted factors from brain endothelial cells maintain glioblastoma stem-like cell expansion through the
mTOR pathway. EMBO Rep. 2011, 12, 470-476. [CrossRef]

Gong, A.; Huang, S. FoxM1 and Wnt/ 3-catenin signaling in glioma stem cells. Cancer Res. 2012, 72, 5658-5662. [CrossRef]
[PubMed]

Cochrane, C.R.; Szczepny, A.; Watkins, D.N.; Cain, ].E. Hedgehog Signaling in the Maintenance of Cancer Stem Cells. Cancers
2015, 7, 1554-1585. [CrossRef]

Garros-Regulez, L.; Aldaz, P.; Arrizabalaga, O.; Moncho-Amor, V.; Carrasco-Garcia, E.; Manterola, L.; Moreno-Cugnon, L.; Barrena,
C.; Villanua, J.; Ruiz, I; et al. mTOR inhibition decreases SOX2-SOX9 mediated glioma stem cell activity and temozolomide
resistance. Expert Opin. Ther. Targets 2016, 20, 393-405. [CrossRef] [PubMed]

Bazzoni, R.; Bentivegna, A. Role of Notch Signaling Pathway in Glioblastoma Pathogenesis. Cancers 2019, 11, 292. [CrossRef]
[PubMed]

Chakravarti, A.; Zhai, G.; Suzuki, Y.; Sarkesh, S.; Black, PM.; Muzikansky, A.; Loeer, J.S. The prognostic significance of
phosphatidylinositol 3-kinase pathway activation in human gliomas. J. Clin. Oncol. 2004, 22, 1926-1933. [CrossRef]


https://www.mdpi.com/article/10.3390/cancers14061417/s1
https://www.mdpi.com/article/10.3390/cancers14061417/s1
http://doi.org/10.3390/cancers11101442
http://www.ncbi.nlm.nih.gov/pubmed/31561595
http://doi.org/10.1093/neuonc/not151
http://www.ncbi.nlm.nih.gov/pubmed/24137015
http://doi.org/10.1007/s00401-016-1545-1
http://www.ncbi.nlm.nih.gov/pubmed/27157931
http://doi.org/10.1093/neuonc/noq052
http://www.ncbi.nlm.nih.gov/pubmed/20472883
http://doi.org/10.1007/s11060-010-0424-1
http://www.ncbi.nlm.nih.gov/pubmed/20878445
http://doi.org/10.1038/embor.2011.39
http://doi.org/10.1158/0008-5472.CAN-12-0953
http://www.ncbi.nlm.nih.gov/pubmed/23139209
http://doi.org/10.3390/cancers7030851
http://doi.org/10.1517/14728222.2016.1151002
http://www.ncbi.nlm.nih.gov/pubmed/26878385
http://doi.org/10.3390/cancers11030292
http://www.ncbi.nlm.nih.gov/pubmed/30832246
http://doi.org/10.1200/JCO.2004.07.193

Cancers 2022, 14, 1417 36 of 38

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hu, X,; Pandolfi, PP; Li, Y.; Koutcher, J.A.; Rosenblum, M.; Holland, E.C. mTOR promotes survival and astrocytic characteristics
induced by Pten/AKT signaling in glioblastoma. Neoplasia 2005, 7, 356-368. [CrossRef] [PubMed]

Ryskalin, L.; Limanagqi, F; Biagioni, F; Frati, A.; Esposito, V.; Calierno, M.T.; Lenzi, P.; Fornai, F. The emerging role of m-TOR
up-regulation in brain Astrocytoma. Histol. Histopathol. 2017, 32, 413—431. [PubMed]

Iwamaru, A.; Kondo, Y.; Iwado, E.; Aoki, H.; Fujiwara, K.; Yokoyama, T.; Mills, G.B.; Kondo, S. Silencing mammalian target of
rapamycin signaling by small interfering RNA enhances rapamycin-induced autophagy in malignant glioma cells. Oncogene
2007, 26, 1840-1851. [CrossRef]

Jiang, H.; White, E.J.; Conrad, C.; Gomez-Manzano, C.; Fueyo, J]. Autophagy pathways in glioblastoma. Methods Enzymol. 2009,
453, 273-286.

Huang, X.; Bai, HM.; Chen, L.; Li, B.; Lu, Y.C. Reduced expression of LC3B-II and Beclin 1 in glioblastoma multiforme indicates a
down-regulated autophagic capacity that relates to the progression of astrocytic tumors. J. Clin. Neurosci. 2010, 17, 1515-1519.
[CrossRef]

Zhao, Y.; Huang, Q.; Yang, ].; Lou, M.; Wang, A.; Dong, ].; Qin, Z.; Zhang, T. Autophagy impairment inhibits differentiation of
glioma stem/progenitor cells. Brain Res. 2010, 1313, 250-258. [CrossRef]

Zhuang, W.; Li, B.; Long, L.; Chen, L.; Huang, Q.; Liang, Z. Induction of autophagy promotes differentiation of glioma-initiating
cells and their radiosensitivity. Int. |. Cancer 2011, 129, 2720-2731. [CrossRef] [PubMed]

Arcella, F; Biagioni, M.; Oliva, A.; Bucci, D.; Frati, A.; Esposito, V.; Cantore, G.; Giangaspero, F; Fornai, F. Rapamycin inhibits the
growth of glioblastoma. Brain Res. 2013, 1495, 37-51. [CrossRef] [PubMed]

Webb, ].L.; Ravikumar, B.; Atkins, J.; Skepper, ].N.; Rubinsztein, D.C. Alpha-Synuclein is degraded by both autophagy and the
proteasome. J. Biol Chem. 2003, 278, 25009-25013. [CrossRef] [PubMed]

Ryskalin, L.; Biagioni, F.; Busceti, C.L.; Giambelluca, M.A.; Morelli, L.; Frati, A.; Fornai, F. The Role of Cellular Prion Pro-tein in
Promoting Stemness and Differentiation in Cancer. Cancers 2021, 13, 170. [CrossRef]

Ejma, M.; Madetko, N.; Brzecka, A.; Guranski, K.; Alster, P.; Misiuk-Hojto, M.; Somasundaram, S.G.; Kirkland, C.E.; Aliev, G. The
Links between Parkinson’s Disease and Cancer. Biomedicines 2020, 8, 416. [CrossRef] [PubMed]

Bruening, W.; Giasson, B.I.; Klein-Szanto, A.].; Lee, V.M.; Trojanowski, ].Q.; Godwin, A.K. Synucleins are expressed in the majority
of breast and ovarian carcinomas and in preneoplastic lesions of the ovary. Cancer 2000, 88, 2154-2163. [CrossRef]

Kawashima, M.; Suzuki, S.0.; Doh-ura, K.; Iwaki, T. Alpha-Synuclein is expressed in a variety of brain tumors showing neuronal
differentiation. Acta Neuropathol. 2000, 99, 154-160. [CrossRef]

Fung, K.M.; Rorke, L.B.; Giasson, B.; Lee, V.M.; Trojanowski, J.Q. Expression of alpha-, beta-, and gamma-synuclein in glial
tumors and medulloblastomas. Acta Neuropathol. 2003, 106, 167-175. [CrossRef] [PubMed]

Smith, A.P,; Hoek, K.; Becker, D. Whole-genome expression profiling of the melanoma progression pathway reveals marked
molecular differences between nevi/melanoma in situ and advanced-stage melanomas. Cancer Biol. Ther. 2005, 4, 1018-1029.
[CrossRef] [PubMed]

Shekoohi, S.; Rajasekaran, S.; Patel, D.; Yang, S.; Liu, W.; Huang, S.; Yu, X.; Witt, S.N. Knocking out alpha-synuclein in melanoma
cells dysregulates cellular iron metabolism and suppresses tumor growth. Sci. Rep. 2021, 11, 5267. [CrossRef]

Matsuo, Y.; Kamitani, T. Parkinson’s disease-related protein, alpha-synuclein, in malignant melanoma. PLoS ONE 2010, 5, e10481.
[CrossRef] [PubMed]

Israeli, E.; Yakunin, E.; Zarbiv, Y.; Hacohen-Solovich, A.; Kisos, H.; Loeb, V.; Lichtenstein, M.; Ben-Gedalya, T.; Sabag, O.; Pikarsky,
E.; et al. a-Synuclein expression selectively affects tumorigenesis in mice modeling Parkinson’s disease. PLoS ONE 2011, 6, e19622.
[CrossRef] [PubMed]

Lee, B.R.; Matsuo, Y.; Cashikar, A.G.; Kamitani, T. Role of Ser129 phosphorylation of x-synuclein in melanoma cells. J. Cell Sci.
2013, 126, 696-704. [CrossRef]

Rodriguez-Leyva, I.; Chi-Ahumada, E.; Mejia, M.; Castanedo-Cazares, J.P.; Eng, W.; Saikaly, S.K.; Carrizales, J.; Levine, T.D.;
Norman, R.A.; Jimenez-Capdeville, M.E. The Presence of Alpha-Synuclein in Skin from Melanoma and Patients with Parkinson’s
Disease. Mov. Disord. Clin. Pract. 2017, 4, 724-732. [CrossRef]

Dean, D.N,; Lee, ].C. Linking Parkinson’s Disease and Melanoma: Interplay Between x-Synuclein and Pmell7 Amyloid Formation.
Mov. Disord. 2021, 36, 1489-1498. [CrossRef]

Pavan, E.; Ormazabal, M.; Peruzzo, P.; Vaena, E.; Rozenfeld, P,; Dardis, A. CRISPR/Cas9 Editing for Gaucher Disease Modelling.
Int. ]. Mol. Sci. 2020, 21, 3268. [CrossRef]

Ryskalin, L.; Ferese, R.; Morucci, G.; Biagioni, F.; Busceti, C.L.; Michetti, F.; Lenzi, P.; Frati, A.; Fornai, F. Occurrence of Total and
Proteinase K-Resistant Alpha-Synuclein in Glioblastoma Cells Depends on mTOR Activity. Cancers 2022, 14, 1382. [CrossRef]
Lenzi, P.; Lazzeri, G.; Biagioni, F.; Busceti, C.L.; Gambardella, S.; Salvetti, A.; Fornai, F. The Autophagoproteasome a Novel Cell
Clearing Organelle in Baseline and Stimulated Conditions. Front. Neuroanat. 2016, 10, 78. [CrossRef] [PubMed]

Bendayan, M.; Zollinger, M. Ultrastructural localization of antigenic sites on osmium-fixed tissues applying the protein A-gold
technique. J. Histochem. Cytochem. 1983, 31, 101-109. [CrossRef]

D’Alessandro, D.; Mattii, L.; Moscato, S.; Bernardini, N.; Segnani, C.; Dolfi, A.; Bianchi, F. Imnmunohistochemical demonstration
of the small GTPase RhoAA on epoxy-resin embedded sections. Micron 2004, 35, 287-296. [CrossRef]

Griffiths, G. Fine Structure Immunocytochemistry; Springer: Berlin/Heidelberg, Germany, 1993; pp. 1-459.


http://doi.org/10.1593/neo.04595
http://www.ncbi.nlm.nih.gov/pubmed/15967113
http://www.ncbi.nlm.nih.gov/pubmed/27775777
http://doi.org/10.1038/sj.onc.1209992
http://doi.org/10.1016/j.jocn.2010.03.051
http://doi.org/10.1016/j.brainres.2009.12.004
http://doi.org/10.1002/ijc.25975
http://www.ncbi.nlm.nih.gov/pubmed/21384342
http://doi.org/10.1016/j.brainres.2012.11.044
http://www.ncbi.nlm.nih.gov/pubmed/23261661
http://doi.org/10.1074/jbc.M300227200
http://www.ncbi.nlm.nih.gov/pubmed/12719433
http://doi.org/10.3390/cancers13020170
http://doi.org/10.3390/biomedicines8100416
http://www.ncbi.nlm.nih.gov/pubmed/33066407
http://doi.org/10.1002/(SICI)1097-0142(20000501)88:9&lt;2154::AID-CNCR23&gt;3.0.CO;2-9
http://doi.org/10.1007/PL00007419
http://doi.org/10.1007/s00401-003-0718-x
http://www.ncbi.nlm.nih.gov/pubmed/12783249
http://doi.org/10.4161/cbt.4.9.2165
http://www.ncbi.nlm.nih.gov/pubmed/16251803
http://doi.org/10.1038/s41598-021-84443-y
http://doi.org/10.1371/journal.pone.0010481
http://www.ncbi.nlm.nih.gov/pubmed/20463956
http://doi.org/10.1371/journal.pone.0019622
http://www.ncbi.nlm.nih.gov/pubmed/21611169
http://doi.org/10.1242/jcs.122093
http://doi.org/10.1002/mdc3.12494
http://doi.org/10.1002/mds.28655
http://doi.org/10.3390/ijms21093268
http://doi.org/10.3390/cancers14061382
http://doi.org/10.3389/fnana.2016.00078
http://www.ncbi.nlm.nih.gov/pubmed/27493626
http://doi.org/10.1177/31.1.6187796
http://doi.org/10.1016/j.micron.2003.10.001

Cancers 2022, 14, 1417 37 of 38

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

Skepper, ].N. Immunocytochemical strategies for electron microscopy: Choice or compromise. J. Microsc. 2000, 199, 1-36.
[CrossRef]

Bendayan, M. Worth its weight in gold. Science 2001, 291, 1363-1365. [CrossRef]

Mayhew, T.M.; Lucocq, ]. M. Developments in cell biology for quantitative immunoelectron microscopy based on thin sections: A
review. Histochem. Cell Biol. 2008, 130, 299-313. [CrossRef]

Lucocq, J.; Habermann, A.; Watt, S.; Backer, ] M.; Mayhew, T.M.; Griffiths, G. A rapid method for assessing the distribution of
gold labeling on thin sections. |. Histochem. Cytochem. 2004, 52, 991-1000. [CrossRef] [PubMed]

Fornai, F; Lenzi, P,; Lazzeri, G.; Ferrucci, M.; Fulceri, F.; Giorgi, F.S.; Falleni, A.; Ruggieri, S.; Paparelli, A. Fine ultrastructure and
biochemistry of PC12 cells: A comparative approach to understand neurotoxicity. Brain Res. 2007, 1129, 174-190. [CrossRef]
Lenzi, P.; Marongiu, R.; Falleni, A.; Gelmetti, V.; Busceti, C.L.; Michiorri, S.; Valente, E.M.; Fornai, F. A subcellular analysis of
genetic modulation of PINK1 on mitochondrial alterations, autophagy and cell death. Arch. Ital. Biol. 2012, 150, 194-217.
Klionsky, D.J.; Abdel-Aziz, A.K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abeliovich, H.; Abildgaard, M.H.; Abudu,
Y.P,; Acevedo-Arozena, A.; et al. Guidelines for the use and interpretation of assays for monitoring autophagy (4th edition).
Autophagy 2021, 17, 1-382. [CrossRef]

Ferrucci, M.; Biagioni, F,; Lenzi, P.; Gambardella, S.; Ferese, R.; Calierno, M.T.; Falleni, A.; Grimaldi, A.; Frati, A.; Esposito, V.;
et al. Rapamycin promotes differentiation increasing 3III-tubulin, NeuN, and NeuroD while suppressing nestin expression in
glioblastoma cells. Oncotarget 2017, 8, 29574-29599. [CrossRef] [PubMed]

Potokar, M.; Morita, M.; Wiche, G.; Jorgacevski, J. The Diversity of Intermediate Filaments in Astrocytes. Cells 2020, 9, 1604.
[CrossRef]

Kim, J.N.; Kim, M.K,; Cho, K.S.; Choi, C.S,; Park, S.H.; Yang, S.I.; Joo, S.H.; Park, ]. H.; Bahn, G.; Shin, C.Y.; et al. Valproic Acid
Regulates x-Synuclein Expression through JNK Pathway in Rat Primary Astrocytes. Biomol. Ther. 2013, 21, 222-228. [CrossRef]
Buffo, A.; Rite, I; Tripathi, P; Lepier, A.; Colak, D.; Horn, A.P.; Mori, T.; Gotz, M. Origin and progeny of reactive gliosis: A source
of multipotent cells in the injured brain. Proc. Natl. Acad. Sci. USA 2008, 105, 3581-3586. [CrossRef] [PubMed]

Shimada, I.S.; LeComte, M.D.; Granger, ].C.; Quinlan, N.J.; Spees, J.L. Self-renewal and differentiation of reactive astrocyte-derived
neural stem/progenitor cells isolated from the cortical peri-infarct area after stroke. J. Neurosci. 2012, 32, 7926-7940. [CrossRef]
[PubMed]

Magnusson, ].P.; Goritz, C.; Tatarishvili, ].; Dias, D.O.; Smith, E.M.; Lindvall, O.; Kokaia, Z.; Frisén, J. A latent neurogenic program
in astrocytes regulated by Notch signaling in the mouse. Science 2014, 346, 237-241. [CrossRef] [PubMed]

Mavroeidi, P; Xilouri, M. Neurons and Glia Interplay in «-Synucleinopathies. Int. J. Mol. Sci. 2021, 22, 4994. [CrossRef] [PubMed]
Qazi, M.A,; Vor, P; Venugopal, C.; Sidhu, S.S.; Moffat, J.; Swanton, C.; Singh, S.K. Intratumoral heterogeneity: Pathways to
treatment resistance and relapse in human glioblastoma. Ann. Oncol. 2017, 28, 1448-1456. [CrossRef] [PubMed]

Zhang, J.; Fang, S.; Song, W.; Zhang, B.; Fan, W,; Jin, G.; Liu, F. Biological Characterization and Therapeutics for Subscalp
Recurrent in Intracranial Glioblastoma. OncoTargets Ther. 2020, 13, 9085-9099. [CrossRef] [PubMed]

Westphal, C.H.; Chandra, S.S. Monomeric synucleins generate membrane curvature. J. Biol. Chem. 2013, 288, 1829-1840.
[CrossRef] [PubMed]

Ryskalin, L.; Busceti, C.L.; Limanagqi, F; Biagioni, F.; Gambardella, S.; Fornai, F. A Focus on the Beneficial Effects of Alpha
Synuclein and a Re-Appraisal of Synucleinopathies. Curr. Protein Pept. Sci. 2018, 19, 598-611. [CrossRef] [PubMed]

Ben Gedalya, T.; Loeb, V.; Israeli, E.; Altschuler, Y.; Selkoe, D.]J.; Sharon, R. a-Synuclein and polyunsaturated fatty acids promote
clathrin-mediated endocytosis and synaptic vesicle recycling. Traffic 2009, 10, 218-234. [CrossRef]

Burré, J.; Sharma, M.; Tsetsenis, T.; Buchman, V.; Etherton, M.R.; Stidhof, T.C. «-Synuclein promotes SNARE-complex assembly.
in vivo and in vitro. Science 2010, 329, 1663-1667. [CrossRef] [PubMed]

Snead, D.; Eliezer, D. Alpha-synuclein function and dysfunction on cellular membranes. Exp. Neurobiol. 2014, 23, 292-313.
[CrossRef]

Burré, J. The Synaptic Function of a-Synuclein. . Parkinsons Dis. 2015, 5, 699-713. [CrossRef]

Wang, T.; Hay, ].C. Alpha-synuclein toxicity in the early secretory pathway: How it drives neurodegeneration in parkinsons
disease. Front. Neurosci. 2015, 9, 433. [CrossRef]

Pfefferkorn, C.M.; Jiang, Z.; Lee, ].C. Biophysics of alpha-synuclein membrane interactions. Biochim Biophys. Acta 2012, 1818,
162-171. [CrossRef] [PubMed]

Varkey, J.; Isas, ].M.; Mizuno, N.; Jensen, M.B.; Bhatia, V.K,; Jao, C.C.; Petrlova, J.; Voss, J.C.; Stamou, D.G.; Steven, A.C.; et al.
Membrane curvature induction and tubulation are common features of synucleins and apolipoproteins. J. Biol. Chem. 2010, 285,
32486-32493. [CrossRef] [PubMed]

Abounit, S.; Bousset, L.; Loria, F.; Zhu, S.; de Chaumont, F,; Pieri, L.; Olivo-Marin, J.C.; Melki, R.; Zurzolo, C. Tunneling nanotubes
spread fibrillar c-synuclein by intercellular trafficking of lysosomes. EMBO J. 2016, 35, 2120-2138. [CrossRef]

Desplats, P; Lee, H.].; Bae, E.J.; Patrick, C.; Rockenstein, E.; Crews, L.; Spencer, B.; Masliah, E.; Lee, S.J. Inclusion formation and
neuronal cell death through neuron-to-neuron transmission of alpha-synuclein. Proc. Natl. Acad. Sci. USA 2009, 106, 13010-13015,
Erratum in Proc. Natl. Acad. Sci. USA 2009, 106, 17606. [CrossRef]

Lee, S.J.; Desplats, P.; Sigurdson, C.; Tsigelny, I.; Masliah, E. Cell-to-cell transmission of non-prion protein aggregates. Nat. Rev.
Neurol. 2010, 6, 702-706, Erratum in Nat. Rev. Neurol. 2011, 7, 5. [CrossRef]


http://doi.org/10.1046/j.1365-2818.2000.00704.x
http://doi.org/10.1126/science.291.5507.1363
http://doi.org/10.1007/s00418-008-0451-6
http://doi.org/10.1369/jhc.3A6178.2004
http://www.ncbi.nlm.nih.gov/pubmed/15258174
http://doi.org/10.1016/j.brainres.2006.10.071
http://doi.org/10.1080/15548627.2020.1797280
http://doi.org/10.18632/oncotarget.15906
http://www.ncbi.nlm.nih.gov/pubmed/28418837
http://doi.org/10.3390/cells9071604
http://doi.org/10.4062/biomolther.2013.006
http://doi.org/10.1073/pnas.0709002105
http://www.ncbi.nlm.nih.gov/pubmed/18299565
http://doi.org/10.1523/JNEUROSCI.4303-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22674268
http://doi.org/10.1126/science.346.6206.237
http://www.ncbi.nlm.nih.gov/pubmed/25301628
http://doi.org/10.3390/ijms22094994
http://www.ncbi.nlm.nih.gov/pubmed/34066733
http://doi.org/10.1093/annonc/mdx169
http://www.ncbi.nlm.nih.gov/pubmed/28407030
http://doi.org/10.2147/OTT.S265322
http://www.ncbi.nlm.nih.gov/pubmed/32982297
http://doi.org/10.1074/jbc.M112.418871
http://www.ncbi.nlm.nih.gov/pubmed/23184946
http://doi.org/10.2174/1389203718666171117110028
http://www.ncbi.nlm.nih.gov/pubmed/29150919
http://doi.org/10.1111/j.1600-0854.2008.00853.x
http://doi.org/10.1126/science.1195227
http://www.ncbi.nlm.nih.gov/pubmed/20798282
http://doi.org/10.5607/en.2014.23.4.292
http://doi.org/10.3233/JPD-150642
http://doi.org/10.3389/fnins.2015.00433
http://doi.org/10.1016/j.bbamem.2011.07.032
http://www.ncbi.nlm.nih.gov/pubmed/21819966
http://doi.org/10.1074/jbc.M110.139576
http://www.ncbi.nlm.nih.gov/pubmed/20693280
http://doi.org/10.15252/embj.201593411
http://doi.org/10.1073/pnas.0903691106
http://doi.org/10.1038/nrneurol.2010.145

Cancers 2022, 14, 1417 38 of 38

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Lee, HJ.; Suk, J.E,; Patrick, C.; Bae, EJ.; Cho, ].H,; Rho, S.; Hwang, D.; Masliah, E.; Lee, S.J. Direct transfer of alpha-synuclein from
neuron to astroglia causes inflammatory responses in synucleinopathies. J. Biol. Chem. 2010, 285, 9262-9272. [CrossRef]
Brundin, P.; Melki, R.; Kopito, R. Prion-like transmission of protein aggregates in neurodegenerative diseases. Nat. Rev. Mol. Cell
Biol. 2010, 11, 301-307. [CrossRef] [PubMed]

Masuda-Suzukake, M.; Nonaka, T.; Hosokawa, M.; Oikawa, T.; Arai, T.; Akiyama, H.; Mann, D.M.; Hasegawa, M. Prion-like
spreading of pathological a-synuclein in brain. Brain 2013, 136, 1128-1138. [CrossRef]

Prusiner, S.B.; Woerman, A.L.; Mordes, D.A.; Watts, ].C.; Rampersaud, R.; Berry, D.B,; Patel, S.; Oehler, A.; Lowe, ].K.; Kravitz,
S.N.; et al. Evidence for a-synuclein prions causing multiple system atrophy in humans with parkinsonism. Proc. Natl. Acad. Sci.
USA 2015, 112, E5308-E5317. [CrossRef] [PubMed]

Ma, J.; Gao, J.; Wang, J.; Xie, A. Prion-Like Mechanisms in Parkinson’s Disease. Front. Neurosci. 2019, 13, 552. [CrossRef]
Zhang, X.M.; Anwar, S.; Kim, Y.; Brown, J.; Comte, I.; Cai, H.; Cai, N.N.; Wade-Martins, R.; Szele, EG. The A30P «-synuclein
mutation decreases subventricular zone proliferation. Hum. Mol. Genet. 2019, 28, 2283-2294. [CrossRef] [PubMed]

Lee, S.S.; Kim, YM,; Junn, E.; Lee, G.; Park, K.H.; Tanaka, M.; Ronchetti, R.D.; Quezado, M.M.; Mouradian, M.M. Cell cycle
aberrations by alpha-synuclein over-expression and cyclin B immunoreactivity in Lewy bodies. Neurobiol. Aging 2003, 24, 687—-696.
[CrossRef]

Liu, X;; Lee, Y.J; Liou, L.C.; Ren, Q.; Zhang, Z.; Wang, S.; Witt, S.N. Alpha-synuclein functions in the nucleus to protect against
hydroxyurea-induced replication stress in yeast. Hum. Mol. Genet. 2011, 20, 3401-3414. [CrossRef] [PubMed]

Ma, K.L,; Song, L.K; Yuan, YH.; Zhang, Y.; Han, N.; Gao, K; Chen, N.H. The nuclear accumulation of alpha-synuclein is mediated
by importin alpha and promotes neurotoxicity by accelerating the cell cycle. Neuropharmacology 2014, 82, 132-142. [CrossRef]
Rodriguez-Losada, N.; de la Rosa, J.; Larriva, M.; Wendelbo, R.; Aguirre, J.A.; Castresana, ].S.; Ballaz, S.J. Overexpression of
alpha-synuclein promotes both cell proliferation and cell toxicity in human SH-SY5Y neuroblastoma cells. J. Adv. Res. 2020, 23,
37-45. [CrossRef]

McGregor, B.A.; Schommer, J.; Guo, K.; Raihan, M.O.; Ghribi, O.; Hur, J.; Porter, J.E. Alpha-Synuclein-induced DNA Methylation
and Gene Expression in Microglia. Neuroscience 2021, 468, 186-198. [CrossRef]

Pavlou, M.A.S,; Pinho, R; Paiva, I.; Outeiro, T.F. The yin and yang of x-synuclein-associated epigenetics in Parkinson’s disease.
Brain 2017, 140, 878-886. [CrossRef]

Surguchev, A.A.; Surguchov, A. Synucleins and Gene Expression: Ramblers in a Crowd or Cops Regulating Traffic? Front. Mol.
Neurosci. 2017, 10, 224. [CrossRef]

Lee, H.J.; Cho, E.D.; Lee, KW.; Kim, ].H.; Cho, S.G.; Lee, S.J. Autophagic failure promotes the exocytosis and intercellular transfer
of a-synuclein. Exp. Mol. Med. 2013, 45, e22. [CrossRef]

Fussi, N.; Hollerhage, M.; Chakroun, T.; Nykédnen, N.P,; Rosler, T.W.; Koeglsperger, T.; Wurst, W.; Behrends, C.; Hoglinger, G.U.
Exosomal secretion of a-synuclein as protective mechanism after upstream blockage of macroautophagy. Cell Death Dis. 2018, 9,
757. [CrossRef] [PubMed]

Minakaki, G.; Menges, S.; Kittel, A.; Emmanouilidou, E.; Schaeffner, I.; Barkovits, K.; Bergmann, A.; Rockenstein, E.; Adame, A;
Marxreiter, F,; et al. Autophagy inhibition promotes SNCA /alpha-synuclein release and transfer via extracellular vesicles with a
hybrid autophagosome-exosome-like phenotype. Autophagy 2018, 14, 98-119. [CrossRef] [PubMed]


http://doi.org/10.1074/jbc.M109.081125
http://doi.org/10.1038/nrm2873
http://www.ncbi.nlm.nih.gov/pubmed/20308987
http://doi.org/10.1093/brain/awt037
http://doi.org/10.1073/pnas.1514475112
http://www.ncbi.nlm.nih.gov/pubmed/26324905
http://doi.org/10.3389/fnins.2019.00552
http://doi.org/10.1093/hmg/ddz057
http://www.ncbi.nlm.nih.gov/pubmed/31267130
http://doi.org/10.1016/S0197-4580(02)00196-3
http://doi.org/10.1093/hmg/ddr246
http://www.ncbi.nlm.nih.gov/pubmed/21642386
http://doi.org/10.1016/j.neuropharm.2013.07.035
http://doi.org/10.1016/j.jare.2020.01.009
http://doi.org/10.1016/j.neuroscience.2021.05.027
http://doi.org/10.1093/brain/aww227
http://doi.org/10.3389/fnmol.2017.00224
http://doi.org/10.1038/emm.2013.45
http://doi.org/10.1038/s41419-018-0816-2
http://www.ncbi.nlm.nih.gov/pubmed/29988147
http://doi.org/10.1080/15548627.2017.1395992
http://www.ncbi.nlm.nih.gov/pubmed/29198173

	Introduction 
	Materials and Methods 
	Cell Cultures 
	Trans-Well Co-Cultures 
	Cell Treatments 
	Immuno-Cytochemistry at Light Microscopy 
	Immuno-Peroxidase 
	Immuno-Fluorescence 

	Densitometry Analysis at Light Microscopy 
	Transmission Electron Microscopy 
	Post-Embedding Immuno-Cytochemistry 
	Ultrastructural Morphometry 
	Western Blotting 
	Statistical Analysis 

	Results 
	-Syn Level Correlates with the Stem Cell Marker Nestin 
	-Syn Levels Are Increased within Astrocytes Co-Cultured with GBM Cells 
	Amount and Compartmentalization of -Syn Measured at Ultrastructural Stochiometry 
	When Astrocytes Are Co-Cultured with GBM Cells the Increase in -Syn Accompanies the Increase in Nestin 
	Rapamycin Dose-Dependently Suppresses -Syn and Nestin Immuno-Fluorescence 
	Overexpression of -Syn and Nestin in GBM-Co-Cultured Astrocytes Is Occluded by Rapamycin 
	Ultrastructural Stoichiometry Quantifies Rapamycin-Induced Nestin Decrease in Astrocytes Co-Cultured with GBM Cells 
	Ultrastructural Stoichiometry Quantifies Rapamycin-Induced -Syn Decrease and Compartmentalization within Astrocytes Co-Cultured with GBM Cells 
	Occurrence of -Syn in the Medium and Supernatant Supernatant 

	Discussion 
	Conclusions 
	References

