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Several studies have shown that Parkinson’s disease causative gene products, including a-synuclein (a-syn), display tight links with
the tumor suppressor p53. The purpose of this study is to determine the implication of a-syn in glioblastoma development and
elucidate how it elicits a tumor suppressor function. We show that the expression of a-syn, a TP53 transcriptional target and a key
molecular player in Parkinson’s disease, is detected in 1p/19g-codeleted and isocitrate dehydrogenase (IDH)-mutant
oligodendroglioma and in IDH-wild-type glioblastoma, while reduced in glioblastoma biopsies, corroborating the link of a-syn
expression with a better prognosis among all glioma patients. Accordingly, protein expression is drastically reduced in
oligodendrogliomas and glioblastoma biopsies. This could be accounted for by a reduction of p53 transcriptional activity in these
samples. Interestingly, genetic manipulation of p53 in glioblastoma cells and in mouse brain shows that p53 up-regulates a-
synuclein, a phenotype fully abolished by the prominent p53 hot spot mutation R175H. Downstream to its p53-linked control, a-syn
lowers cyclin D1 protein and mRNA levels and reduces glioblastoma cells proliferation in a cyclin D1-dependent-manner. Further, in
temozolomide (TMZ)-resistant U87 cells, a-syn reduces O°-methylguanine-DNA methyltransferase (MGMT) expression and rescues
drug sensitivity by a mechanism implying its transcriptional activation by X-box binding protein 1 (XBP1), an effector of the UPR
response. Furthermore, a-syn lowers MGMT and cyclin D1 (CCDN1) expressions and reduces tumor development in allografted
mice. Overall, our data reveals a new role of a-syn as an oligodendroglioma biomarker and as a glioblastoma tumor suppressor

capable of either potentiate TMZ effect or avoid TMZ-associated resistance.

Cell Death and Disease (2025)16:188; https://doi.org/10.1038/s41419-025-07509-z

INTRODUCTION

Parkinson’s disease (PD) and cancer are two major age-related
health problems. Interestingly, epidemiological surveys have
shown that their prevalence is inversely correlated. Thus, several
studies revealed that PD-affected patients show a decreased risk
of developing several cancer types [1, 2]. This inverse relationship
is not unexpected when one considers that PD is clearly linked to
an exacerbated p53-dependent cell death [3, 4] while conversely,
in about half of cases, tumorigenicity is often due to impaired p53
function leading to increased proliferation. The latter phenom-
enon is often due to p53 hot spot mutations triggering the loss of
its transcriptional function. Thus, these complex and mechan-
istically opposite pathologies could well be linked to the
exacerbation/impairment of common cellular pathways and by
consequence, could share one or many molecular denominators.

In agreement with this hypothesis, it is interesting to note that
several PD-causative gene products are abnormally expressed in
several cancer types [5, 6] and that many of them can modulate
and can be modulated by p53 [7-10].

Numerous reports documented that members of the synu-
cleins family could be abnormally expressed in several cancers
[11-13] and were paradoxically capable of modulating either
proliferative or apoptotic signaling pathways. a-synuclein (a-
syn) is a small aggregation-prone protein, the toxic role of which
has been extensively linked to PD etiology [14, 15]. Thus in most
of sporadic and genetic PD cases [16], a-syn aggregates fill
intracellular inclusions named Lewy bodies that correspond to
the canonical anatomical PD stigmata. We previously showed
that there existed a functional interplay between a-syn and p53.
Thus, in neuronal cells, we demonstrated that a-syn down-
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regulates p53 which, in turn controls positively the transcrip-
tion/expression of a-syn. This feedback process is likely
responsible for the control of a physiological homeostasis in a
healthy cellular context [7, 17]. This led us to postulate that p53
dysfunction in cancer cells could impair this physiological
interplay and favor brain tumor development via the deregula-
tion of a-syn-mediated cell death/proliferation control.

Our data identify a-syn as a good prognosis marker of glioma
and as an early marker of glioma progression. Importantly, it
demonstrates that a-syn per se modulates cell proliferation in a
cyclin D1-dependent manner. Further, we show that TMZ
increases a-syn protein and mRNA expressions but reduces
CCDNT1 expression, in agreement with a cascade by which TMZ
could occur upstream to a-syn-mediated reduction of CCDN1 in
GBM. This appears to be linked to the ability of TMZ to up-
regulate the ER-stress mediator XBP1S (the spliced and active
form of XBP1) which, we show to act as a transcriptional activator
of a-syn. Of utmost importance, a-syn expression lowers MGMT
expression and partly rescues U87 TMZ-induced resistance.
Accordingly, orthotopic injection of GL261 cells expressing a-
syn in mice evidenced an a-syn tumor suppressor function
in vivo.

Overall, we delineate a new molecular cascade indicating that
the disruption of p53-a-syn feedback loop homeostasis may lead
to a critical shutdown of a-syn tumor suppressor function and
favor the development of brain tumors. Furthermore, this study
proposes a-syn as a putative agent able to, at least partly, rescue
TMZ-induced resistance explaining most of cerebral cancer
relapse.

MATERIALS AND METHODS

In silico SNCA expression analysis in gliomas from available
public databases

The detailed description of in silico SNCA expression analysis in gliomas
from available public databases; (https://singlecell.broadinstitute.org/
single_cell/study/SCP393/single-cell-rna-seq-of-adult-and-pediatric-
glioblastoma) according to the workflow described Fig. ST and described
in Supplementary Methods.

Cellular models and pharmacological treatments

Description of cell lines, method of authentication and pharmacological
treatments are described in Supplementary Methods (Cellular models and
pharmacological treatments paragraph).

Plasmid constructs

Sub-cloning of human wild-type p53 (flag-tagged) or its R175H mutant in
the pcDNA3.1 (+) vector has been described [10]. The cloning of the 5'UTR
of “human SNCA promoter” and its mutagenesis are described in the
Supplementary Methods. The vector pA3-1745 CD1 Luc containing human
CCND1 promoter region (portion —1745 to +134) was generated by one of
us and described in [18]. The subcloning of human a-syn and mouse
XBP1S coding sequences in the FUW lentiviral vector and virus production
procedures are provided in Supplementary Methods.

Caspase-3 activity measurements

Briefly, 8MG and U87 glioma cell lines stably expressing a-syn or an empty
vector were grown in 6-well plates or 24h. Caspase-3 activity was
fluorimetrically recorded on a spectral scanning multimode reader
(Varioscan, Thermo Fisher Scientific) as extensively described in [19].

Proliferation assays

The impact of a-syn overexpression on cells proliferation was established
by means of the xCELLigence impedance-based label-free real-time
cellular analysis system (Acea Biosciences, Inc) and flow cytometry as
described in [20]. Glioma cell lines over-expressing a-syn (by mean of
transduction with FUW control or FUW a-syn viruses) were seeded at a
density of 10000 cells in equilibrated E-plates and inserted in the
xCELLigence analyzer.
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Luciferase-based reporter assays
Methodology linked to the analysis of p53 (TP53) transcriptional activity
and cyclin D1 (CCND1), SNCA and XBP1 promoter activities have been
described in Supplementary Methods.

Protein analysis by Western-blot

a-syn, CCND1, MGMT, p53, XBP1S, actin and tubulin expressions were
analyzed in cell lines, mice brain homogenates and human biopsies as fully
described in Supplementary Methods. All full gels are provided in as
supplementary Material.

RNA extraction, reverse transcription and real-time PCR
analysis

RNAs from cells and mice brains were extracted and treated with DNAse
using RNeasy or RNeasy Plus Universal Mini kits respectively following
manufacturer’s instructions (Qiagen), reverse transcribed and analyzed by
real-time quantitative PCR as described in Supplementary Methods.

Allografts studies and in vivo transfection
Experimental procedures were carried out in accordance with the Directive
2010/63/EU directive 2010/63/EU of the European parliament and of the
council of 22 September 2010 after approval of the use of animals for
experimental purposes by the local French Ethics.

The detailed procedure is described in Supplementary Methods.

Tumor volume analysis

Tumor volume quantification procedure is detailed in Supplementary
Methods. The maximal tumor size (200 mm3) permitted by French ethics
committee was not exceeded.

Patient’s biopsies cohort

The cohort used in this study has been characterized concerning the
mutational status of p53 and extensively described in [10]. A brief
description is provided in Supplementary Methods.

SNCA genomic BAC ARRAY-CGH and TP53 mutation analysis
BAC ARRAY-CGH and TP53 mutation analysis are fully described in [10] and
Supplementary Methods.

RESULTS

a-synuclein expression varies according to IDH mutational
status and 1p/19q deletion in gliomas

Two experimental set of data led us to consider that an a-syn-p53
functional interplay could contribute to brain tumor development.
First, p53 is a key protein, the reduced expression of which has
been consistently shown to be linked to glioma genesis [21];
second, we previously established that SNCA gene coding for a-
syn behaves as a transcriptional target of p53 [17]. Thus, we
speculated that a p53-dependent control of a-syn could well
account, at least in part, to glioblastoma development. To
investigate this hypothesis, we first performed an in silico
bioinformatic study (see scheme in Fig. S1) examining the RNAseq
and scRNAseq OMIC open-source data (see Material and
Methods). The TCGA database (see Supplementary Methods)
established the status of mRNA SNCA levels encoding a-syn in
gliomas, according to their genetic classification. Thus, gliomas
were separated into three classical groups according to the
mutational status of the isocitrate dehydrogenase (IDH,,) wild-
type or mutated (IDH,.), the latter associated or not with the 1p/
19q codeletion (IDH-,,; codel or IDH-,,,: non codel, respectively).
SNCA mRNA levels were significantly lower in IDH-,,+-non codel
and IDH,,; gliomas than in IDH,,+-codel samples (Fig. 1A). We also
established the levels of SNCA mRNA according to the Verhaak
classification [22] that discriminates pro-neural, neural, classical
and mesenchymal GBM. No significant difference for SNCA mRNA
could be observed between subtypes of GBM (Fig. 1B). To further
characterize whether a-syn may be expressed in different
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subpopulations of GBM cells, according to neural cell lineage
signature, we analyzed the public RNAseq database from 21 adult
IDH,,; GBM and 7 pediatric high-grade gliomas encompassing
24,131 total cells. Here, only GBM cells were kept for the analysis,
and as established by Neftel et al. [23], the tumor specimens
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clustered into four broad lineage categories, i.e malignant cells,
oligodendrocytes, T cells, macrophages according to multi-gene
expression signatures [23] (Fig. 1B). SNCA mRNA were found
significantly more expressed in oligodendrocyte progenitor-like
(OPC-like) subgroup compared with astrocyte-like (AC-like), neural
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Fig. 1 a-synuclein levels are reduced in human brain glioma. A SNCA expression in all IDH,,,-codel, IDH,,+-non codel et IDH,,; glioma
samples from TCGA database. Violin plots of SNCA expression (FPKM, Fragment Per Kilobase Million) from RNA-seq analysis (***, P < 0.001; NT,
non tumoral). B Left, SNCA expression (from TCGA) levels in Proneural, Neural, Classical and Mesenchymal glioblastoma (GBM) subtypes. Right,
SNCA expression dispersion among the subgroups according to Neftel classification: oligodendroglial progenitor cell-like (OPC-like);
astrocyte-like (AC-like); neural progenitor cell-like (NPC-like) and mesenchymal-like (MES-like). Each quadrant of the 2D representation (B,
middle) corresponds to one cell state of Neftel classification. The exact position of adult GBM single cells (dots, n =4916) indicates their
relative score for the meta-modules and their color illustrates the expression level of SNCA (***, P < 0.001). Values above the violin corresponds
to the mean expression in each subgroup. C Kaplan-Meier statistical analysis of the prognostic significance of SNCA in all gliomas (right), in
GBM (middle) and in low grade glioma (right) patients. Blue lines represent low expression (< median, (med)) and red lines represent high
expression (>median); n indicates number of samples in each low or high expression groups. (***, P =0.0002). D Single cell RNA-seq
(n =5742) from Neftel classification by means of the t-distributed stochastic neighbor embedding (tSNE) plot, showing clustered cells based
on the presence of chromosomal copy number aberrations (blue), or high expression of marker genes for macrophages (red),
oligodendrocytes (green) or T-cell (purple). According to that clustering, color dots indicate SNCA expression levels (logTPM, ***,
P <0.001). Representative immunoblots and quantification of a-syn expression in non-tumoral (NT), grade Il (N=12) and Ill (N=7)
oligodendroglioma (E, One-way ANOVA, correlation trend analysis) or GBM biopsies (F, N =12, Mann-Whitney test). Stain Free gel
quantification method was used to normalize protein load charges. Bars represent the means + SEM of a-syn protein expression as percent of

control (NT biopsies) taken as 100. **** P < 0.0001.

progenitor like (NPC-like) and mesenchymal-like (MES-like) sub-
groups (P <0.001) within malignant GBM cells (Fig. 1B, right
panels), and while detected in macrophages, higher levels of SNCA
were detected in normal oligodendrocytes than in malignant cells,
macrophages and T-cells (Fig. 1C, P < 0.001). This agrees with data
on SNCA expression retrieved from GBMseq databases showing
higher expression in neurons, myeloid cells, oligodendrocytes and
astrocytes, with almost undetectable level in neoplastic cells (Fig.
S2B). Interestingly, by considering the spatial distribution of the
different cell populations within a GBM, we analyzed SNCA
expression from the IVY-GAP database, and showed that SNCA
mRNA is detected in the infiltrating tumor and leading edge of the
tumor (Fig. S2C), suggesting, based on the GTEx high expression
of SNCA mRNA in brain (Fig. S2D), a role of a-syn within the brain
microenvironment.

The above set of genetic and cytological data was strengthened
by examining the link between the status of SNCA mRNA and
glioma-affected patients’ survival. The expression of SNCA mRNA
was increased in all gliomas-patients survival but not glioblastoma
or low-grade glioma-affected patients (Fig. 1D, left panel). Overall,
this data corroborated well with the better prognosis observed in
IDHmut-codel glioma compared with IDHmut-non codel glioma
patients (Fig. S2A).

a-synuclein expression is reduced in tumor patients’ biopsies
Next, we examined the protein levels of a-syn in biopsies of brain
tumor patients. We took advantage of a fully genetically
characterized cohort of 26 glioma samples of different histology
(15 oligodendrogliomas (OD), 11 glioblastomas (GBM)) and 20
epilepsy-derived surgery controls (NT) [10] to evaluate the
expression of a-syn. Prior to this analysis, we first ruled out the
possibility of a genetic-linked (SNCA gene amplification and/or
deletion) modulation of a-syn in our cohort by means of SNCA
genomic array characterization. Figure 1E, F shows that a-syn
expression is reduced according to tumor grade in oligodendro-
cytomas (ODII (N = 10) or ODIIl (N =7), Fig. 1E) and GBM biopsies
(Fig. TF). Overall, this reduction of a-syn protein expression agrees
with the decrease of a-syn mRNA levels observed in the TGCA
database, thus supporting our initial hypothesis on a putative
reduced tumor suppression role of a-syn in glioblastoma.

Reduction of a-synuclein expression in GBM is due to p53 loss
of function

In order to gain insight into a role for p53 in a-syn expression in
human gliomas, we examined a-syn protein, promoter activity and
mMRNA levels in SH-SY5Y neuroblastoma and several GBM cell lines
harboring either low levels of wild-type p53 (U87 cell line) or high
expression of transcriptionally inactive p53 mutants (LN215 and
8MG GBM cell lines). Figure 2A (N=6) shows that a-syn is

SPRINGER NATURE

expressed in U87 cells harboring wild-type p53 and absent in
LN215 and 8MG glioblastoma, thus supporting data in Fig. 1D
indicating that a-syn is expressed in neurons but poorly
detectable in GBM neoplastic cells. The analysis of p53 transcrip-
tional activity by means of the PG13 TP53 reporter construct
indicated that LN and 8MG cells were partially defective for p53
transcriptional activity (Fig. 2B). Of note, SNCA promoter activity
(Fig. 2C) was reduced in p53-deficient cells (compare U87 cells
with LN/8MG cell lines in Fig. 2C). This observation is confirmed at
the a-syn mRNA levels that were poorly detectable in LN/8MG
GBM cells (Fig. 2D).

Cancer-linked p53 hot spot mutations abolish p53-dependent
transcriptional regulation of a-synuclein, ex-vivo and in vivo
Glioma genesis is often linked to the loss of p53 transcriptional
function due to hot spot mutations [24, 25]. Therefore, these
mutations are useful means to demonstrate a direct link between
the phenotypic concomitant reductions in p53 transcriptional
function and a-syn mRNA and protein levels. As predicted
transient overexpression of wild-type p53 in U87 cells increased
a-syn protein expression (Fig. 2E), promoter activity (Fig. 2F) and
mMRNA levels (Fig. 2G). Interestingly, the hot spot mutation R175H,
known to inactivate p53 DNA-binding properties, fully abolished
p53-mediated a-syn/SNCA protein and gene regulation (Fig. 2E-G)
in U87 cells. Next, we examined the influence of the wild-type or
R175H p53 on a-syn expression in mice brain upon an in vivo
transfection approach. Figure 2H shows that equal overexpression
(see p53 mRNA levels Fig. S3) of wild-type and mutated p53 leads
to an increase of a-syn protein levels, that is abolished by the
R175H hot spot mutation.

a-synuclein triggers a tumor suppressor-like phenotype in
GBM cells

In order to determine if the reduction in a-syn in tumor cells and
in biopsies contributes to the tumorigenesis process we
examined the effect of a-syn rescue on U87 GBM cell proliferation
using an impedance-based label-free real-time analysis. Cell index
profiles (curves in Fig. 3A) and slope curves quantification
(histogram in Fig. 3A) indicate that a-syn overexpression (see a-
syn expression in Fig. 3A upper) decreases U87 cell proliferation.
This data was corroborated by FACS analysis (Fig. 3B) showing
that a-syn overexpression triggers a blockage of cells proliferation
in G1/S phase, suggesting the implication of the key G1/S
modulator, cyclin D1, in a-syn mediated U87 anti-proliferative
effect. Then, we examined whether the above-described a-syn-
linked anti-proliferative phenotype could be associated with
activity of the cell death mediator caspase-3. Indeed, a-syn
expression elevated caspase-3 activity in basal (Fig. 30Q)
conditions.

Cell Death and Disease (2025)16:188
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multiple comparison post-test), SNCA promoter activity (C, N =8, One-way ANOVA, Sidak’s multiple comparison post-test) and SNCA mRNA
levels (D, Kruskal Wallis ANOVA, Dunn’s multiple comparison post-test) in glioblastoma (U87, LN 215 or 8MG) as described in “Materials and
Methods” In (A), neuroblastoma (SH-SY5Y, SH) control cell line expressing high levels of a-syn. Bars are expressed as percent of control U87
cells and are the means + SEM of 3 independent determinations performed in duplicates *, P < 0.05; **, P < 0.01; **** P < 0.001. Effect of empty
vector (EV), wild-type (p53) and mutated p53 (R175H) cDNA transfection on a-syn protein expression (E, N =9, One-way ANOVA, Sidak’s
multiple comparison post test), SNCA promoter activity (F, N=12, One-way ANOVA, Sidak’s multiple comparison post-test) and mRNA
(G, N=09, Kruskal Wallis ANOVA, Dunn’s multiple comparison post-test) levels in U87 cells. Values are expressed as percent of control (EV-
transfected U87 cells) taken as 100 and are the means + SEM of 3-4 independent determinations performed in triplicates. (¥, P < 0.05; **,
P <0.01; *** P <0.001). H a-syn protein levels (N = 7, Kruskal Wallis ANOVA, Dunn’s multiple comparison post-test) in mice brains injected with
control (EV), wild-type (p53) or R175H mutated (175) p53 containing constructs as described in Materials and Methods. Bars represent the
means + SEM of a-syn protein expressed as percent of control EV transfected brains (taken as 100). (*, P < 0.05; **, P < 0.01). Actin protein levels
are used as protein charge loading control in (A, E, H). p53 transfection efficacy is provided in Supplementary Fig. S2.

EVp53175 EVp53175

a-Synuclein mediates decreased cell proliferation in GBM cells
via the transcriptional regulation of cyclin D1

Next, to gain insights on the mechanisms by which a-syn could
control GBM cell proliferation, we examined the impact of a-syn
on cyclin D1(CCND1), a key regulator of G1/S phase cell cycle
transition [26]. This choice was motivated by the recent work of Jia
et al showing an upregulation of cyclin D1 by a-syn in neurons

of endogenous cyclin D1 (compare D1-/CT EV and D1-/CT a syn
in Fig. 3G) while cell proliferation was reduced by a-syn in cells
in which CCND1 deficiency was genetically rescued (compare
D1-/CP EV and D1-CT/a-syn in Fig. 3H). This data indicates that
a-syn controls GBM proliferation in a CCND1-dependent
manner.

[27]. Figure 3D-F shows that in U87 cells, in contrast to neuronal
cells, a-syn overexpression triggers a significant reduction of
CCND1 protein (Fig. 3D), promoter activity (Fig. 3E) and mRNA
levels (Fig. 3F), suggesting that a-syn-mediated control of
proliferation could occur, at least in part, through the modulation
of CCND1 transcription and is dependent of the cellular
physiopathological context.

We used a cyclin D17/~ cellular model either rescued (D1-/
CP) or not (D1-/CT) for cyclin D1 (see expressions Fig. S4A) to
evaluate the contribution of CCND1 in a-syn mediated control
of cellular proliferation. We first observed that slope (% of
control) reflecting cell proliferation rate was higher in D1-/CP
than in D1-/CT cells (Fig. S4B) confirming that cyclin D1
exacerbates cell proliferation. Interestingly, a-syn overexpres-
sion in both cells (see expressions in Fig. S4B,C) indicated that
a-syn was unable to reduce cellular proliferation in the absence
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a-Syn stands downstream of p53 in the control of GBM cell
proliferation

a-syn can control p53 levels in a neuronal context [7] and p53 itself
can control cyclin D1 transcription [28]. This questions if a-syn controls
CCND1 upstream or downstream p53. If a-syn occurs upstream to
p53, p53 deficiency should abolish a-syn-mediated control of GBM
cells proliferation. To address this question, we took advantage of a
GBM cell model (8MG) in which p53 is transcriptionally inactive. Figure
S5A, B clearly demonstrates that a-syn still downregulates prolifera-
tion (Fig. S54A) and induces the expression of the effector caspase 3
(Fig. S5B) in 8MG cells. Moreover, in agreement with our data, a-syn
lowers cyclin D1 protein expression (Fig. S5C), promoter transactiva-
tion (Figure S5D) and mRNA levels (Fig. S5E). Overall, this data
indicates that a-syn decreases cell proliferation independently of p53
and downstream to it, at least in part via the control of cyclin D1
transcription.

SPRINGER NATURE
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Fig. 3 a-Synuclein down-regulates GBM cells proliferation via the regulation of cyclin D1. A Stable lentiviral overexpression of a-syn (A,
upper) in U87 cells and influence on proliferation assessed by impedance-based approach (N=12, impaired t test). Actin expression is
provided as a control of protein load. Histogram illustrates the slopes of the proliferation curves expressed as percent of Fuw (EV) control cells
slope and correspond to the means + SEM of 4 independent experiments performed in triplicates. ****, P < 0.0001. B Impact of a-syn in U87
cell cycle dynamics by FACS analysis as described in methods. Data are expressed as percent of EV control cells taken and are the
means + SEM of 2 independent experiments performed in triplicates. ****, P <0.0001 and ns, non-statistically significant. C-F Caspase 3
activity, cyclin D1 (CCND1) protein expression (C), promoter activation (D) and mRNA levels (E) (measured as described in “Methods”) in EV-
and a-syn-infected U87 cells (N=15 impaired t test). Data are expressed as percent of EV control cells (taken as 100%) and are the
means + SEM of 5 independent experiments performed in triplicates. **, P < 0.01; ****, P < 0.0001. Impact of EV or a-syn on the proliferation of
3T3 cells either depleted of cyclin D1 (D1-/CT EV and D1-/CT a-syn) (G, N =9, unpaired t test) or rescued for cyclin D1 (D1-/CP EV and D1-/CP a-
syn) (H, N =4, Mann-Whitney test). Quantification analyses of the slopes of the curves in G and H correspond to the means + SEM of 2-3
independent experiments performed in triplicates (G) or duplicates (H). *, P < 0.05; ns, non-statistically significant.

Evaluation of the therapeutic potential of a-syn in GBM cells could affect a-syn-expression. Panels 4G, H first confirm that TMZ
In order to evaluate the potential of a-syn as a therapeutic agent increases a-syn protein (Fig. 4G) and SNCA mRNA (Fig. 4H) levels.
in glioma-related malignancies, we examined the potential of a- Of importance, the specific inhibitor of XBP1 activity toyocamycin

syn to act in concert with TMZ, a first-choice drug used to treat (TO) reduces a-syn protein and mRNA expressions (Fig. 4G, H see
GBM. Figure 4A confirms that a-syn decreases GBM proliferation, TO lanes) and fully blocks TMZ-mediated a-syn up-regulation (Fig.
and importantly, enhances the antiproliferative effect of TMZ. 4G, H, compare TMZ vs TMZ/TO lanes). Figure 4l confirms the
Interestingly, the potentiation of a-syn antiproliferative effect is transcriptional effect of TMZ on XBPT mRNA regulation (Fig. 4F)
likely due to TMZ-mediated upregulation of SNCA transcription. and demonstrates that TO treatment reduces XBPT mRNA levels
Thus, TMZ increases a-syn protein (Fig. 4B) and mRNA levels (Fig. (Fig. 41, compare CT vs TO lanes), and prevents the TMZ-mediated
4Q). In agreement with our data in Fig. 3, TMZ also decreases increase in XBP1T mRNA expression (Fig. 4l, compare TMZ vs TMZ/
CCND1 protein (Fig. 4D) and mRNA levels (Fig. 4E). TMZ induces ER TO lanes). Two independent lines of evidence indicate that XBP1S
stress [29] and a-syn has been linked to the UPR response [30]. likely controls SNCA transcription directly. First the overexpression
Thus, we examined whether this cellular process could account for of the XBP1S constructs triggers an increase of a-syn protein (Fig.
TMZ-mediated control of a-syn. We first explored the impact of 4J) and promoter activity (Fig. 4K) in U87 cells; second, mutational
TMZ in the regulation of a master transcription factor mediator of analysis approach shows that the deletion of one of the XBP1
the UPR response, XBP1. Figure 4F-I shows that TMZ increased response element located at —1006/—1003 region (see A3 region
XBP1T mRNA levels (Fig. 4F). Thus, we assessed whether in Fig. 4L upper panel) but not more 3’ responsive elements (see
pharmacological blockade of spliced and active XBP1 (XBP1S) A2 and A1 in Fig. 4L and expression of proteins Fig. S6) identified

SPRINGER NATURE Cell Death and Disease (2025)16:188
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Fig. 4 Temozolomide up-regulates a-syn and potentiates its anti-proliferative phenotype via XBP1S-mediated ER stress induction. A
N =6, One-way ANOVA, Sidak’s multiple comparison post-test, additive effects of temozolomide treatment (TMZ, 100 uM, 48 h) and a-syn
stable expression on U87 cells proliferation. The bars represent means + SEM of 3 independent experiments done in duplicates. *, P < 0.05; **,
P <0.01. U87 control cells were treated with Temozolomide (TMZ, 100 uM, 48 h) or vehicle (CT) then a-syn protein (B, N = 15, Mann-Whitney
test), SNCA mRNA (C, N = 15, unpaired t test), cyclin D1 (CCND1) protein (D, N = 12, unpaired t test), CCNDT mRNA (E, N = 12, unpaired t test)
and XBP1S mRNA (F, N =12, impaired t test) expressions were assessed as described in “Materials and Methods” Values are expressed as
percent of vehicle-treated control cells (CT) taken as 100 and represent the means =+ SEM of 4-5 independent experiments performed in
triplicates. ****, P < 0.0001. a-syn protein (G, N =9, Mann Whitney test), SNCA mRNA (H, N =9, Mann-Whitney test) and XBP7S mRNA (I, N=09,
One-way ANOVA, Sidak’s multiple comparison test) expressions were analyzed in U87 control cells treated with either temozolomide (TMZ,
100 pM, 48 h), toyocamycin (TO, 1 uM, 24 h) both TMZ and TO or with the appropriate vehicle (CT). Upper panel in G shows a representative
immunoblot of a-syn and tubulin (tub, protein load control) protein expressions. Values in (G-1) are expressed as percent of vehicle-treated
control (CT) cells (taken as 100) and are the means + SEM of 3 independent experiments performed in triplicates. ***, P <0.001; ***¥,
P < 0.0001. a-syn protein expression (J, N =8, unpaired t test) and promoter activity (K, N = 18, unpaired t test) in U87 transiently transfected
with XBP1S (XBP1) or an empty vector (EV). Values are expressed as percent of EV-transfected control (EV) cells (taken as 100) and are
means = SEM of 4 (J) or 6 (K) independent experiments performed in duplicates/triplicates, respectively. **, P < 0.01; **** P < 0.0001. L Upper
panel represents the 5’ untranslated region of human SNCA transcript variant 1 (NM_000345) with the position (+ 1 given to the start position
for translation) of three potential XBP1S binding sites referred as 3, 2 and 1 that are deleted (A3, A2, A1) in the lower panel. Gray boxes
indicate the position of the first (ex 1) and second (ex 2) exons. The lower panel provides the quantification of the human SNCA promoter
activity in U87 cells co-transfected with either EV or XBP1S expressing vector and wild-type (WT) or deleted (A3, A2, A1) SNCA promoter
(N = 15, Kruskal-Wallis test, Dunn’s multiple comparison test). Values are expressed as percent of wild-type SNCA promoter activity (taken as
100) and are the means = SEM of five independent experiments performed in triplicates. **, P <0.001; ns, non-statistically significant.

in silico [31] significantly reduces XBP1-mediated SNCA promoter a-synuclein reverses TMZ-associated resistance of GBM cells

transactivation (Fig. 4L). As a-syn mimics and even potentiates TMZ-induced protection

Finally, to assess the possible synergistic effects of pharmaco- against proliferation (see Fig. 4), we examined whether a-syn
logical ER stress inducers and TMZ, we have treated U87-sensitive could overcome TMZ-associated resistance developed after long-
cells with thapsigargin (TP), an irreversible inhibitor of Ca2+ - term treatments. We took advantage of control TMZ-sensitive

ATPase (SERCA), alone or in combination with TMZ. Data shown (U87S) and TMZ-resistant (U87R) GBM models developed by one
Fig. S7 shows that, as expected, TMZ alone triggers an increase of of us [32]. At first, we examined their TMZ-response in terms of
a-syn (Fig. S7A,B) and a decrease of cyclin D1 levels (Fig. S7C,D). proliferation, Fig. 5A shows that U87R proliferate faster than U87S
The combination of TMZ and TP treatments does not amplify the cells in basal conditions (compare U87R vs U87S in Fig. 5A. As
impact of TMZ, suggesting that the combination of TMZ with expected, although, U87S proliferation was significantly reduced
the genetic modulation of either XBP1 or a-syn likely remains the by TMZ, this agent did not modify U87R proliferation (Fig. 5A,
most pertinent therapeutic track. compare U87S + vs U87R -+). Second, we have evaluated the
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Fig. 5 a-synuclein reverses TMZ-associated resistance of GBM cells. A Analysis of cellular proliferation in TMZ-sensitive parent U87 (U87S)
and in TMZ-resistant U87 cells (U87R). A N =8, One-way ANOVA, Dunnet’s multiple comparison test). Proliferation of U87S and U87R cells
treated with vehicle or with TMZ (100 uM) was assessed as described in “Materials and Methods” Values represent means of the slope
values + SEM of 2 independent experiments performed in quadruplicates and are expressed as percent of control vehicle-treated U87S (TMZ:
U87S) taken as 100%. ****, P < 0.0001; ns, non-statistically significant. B-F Protein and mRNA expressions of MGMT (B-D) and a-syn (B,EF) in
U87S and U87R cells. Actin expression serves as a loading control and is used for normalization. Protein expressions (C, E, N = 12, unpaired t
test) are expressed as percent of corresponding U87S cells (taken as 100) and represent the means + SEM of at four independent experiments
performed in triplicates. MGMT (D, N = 15, Mann-Whitney test) and SNCA (F, N = 12, unpaired t test) mRNA levels are expressed as percent of
U87S cells (taken as 100) and represent the means + SEM of at 4-5 independent experiments performed in triplicates. ****, P < 0.0001. mXBP1
promoter activity (G) and XBP1S mRNA expression (H) in U87S and U87R cells. mXbp1s promoter activity (G, N = 6, unpaired t test) is expressed
as percent of U87S cells (taken as 100) and represent the means + SEM of at least 2 independent experiments performed in triplicates. **,
P <0.01. Xbp1s (H, N = 12, unpaired t test) mRNA levels are expressed as percent of U87S cells (taken as 100) and represent the means + SEM of
at least 3 to 4 independent experiments performed in triplicates. ****, P <0.0001. Impact of a-syn complementation on MGMT protein
expression (I, J) and proliferation (K) in U87R cells. | a-syn, MGMT and actin (protein charge load control) protein levels. J MGMT expression
(N =9, Mann-Whitney test) is expressed as percent of EV-transfected cells (taken as 100), and represent the means + SEM of at least 3
independent determinations in triplicates. ***, P < 0.001. K Proliferation rate (slope) of control or a-syn-expressing U87R cells treated (+) or not
(<) with TMZ (100 pM, 48 h, N = 8, One-way ANOVA, Sidak’s multiple comparison test). Values are expressed as percent of vehicle-treated EV-
U87R cells (taken as 100) and represent the means +SEM of 2 independent experiments performed in quadruplicate. *, P <0.05; ***¥,
P <0.0001.

expression of MGMT, an enzyme, the increased expression of

Impact of a-synuclein in tumor progression in vivo
which has been associated with TMZ resistance. As expected,

Finally, to assess the therapeutic impact of a-synuclein treatment

U87R cells display drastically higher MGMT protein (Fig. 5B, C) and
mRNA levels (Fig. 5D). Interestingly, besides this well-known TMZ-
resistance marker, a-syn protein (Fig. 5E) and mRNA (Fig. 5F)
levels were also reduced in U87R cells in agreement with the
reduction of XBP1 promoter activity (Fig. 5G) and mRNA levels
(Fig. 5H) Of note, U87R rescue of a-syn deficiency decreased
MGMT levels (Fig. 5I, J) and decreased proliferation rates in basal
and TMZ conditions (Fig. 5K). Overall, this data indicates that a-
syn has the potential to reverse TMZ-induced resistance in GBM
cells.

SPRINGER NATURE

in vivo, we allografted a murine model of GBM (GL261)
overexpressing either a control (EV) or an a-syn vector in wild-
type immunocompetent mice (Fig. 6A). First, we confirmed that
these cells show decreased proliferation in a-syn overexpressing
conditions (Fig. 6B). Importantly, the injection of GL261 a-syn
overexpressing cells reduces tumors size (Fig. 6C representative
image and Fig. 6D quantification analysis of the tumoral volume),
indicating that a-syn indeed slowed down tumor progression
in vivo. Of importance, this was accompanied by a significant
reduction of CCND1 (Fig. 6E, F) and of MGMT (Fig. 6E, G)

Cell Death and Disease (2025)16:188
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Fig.6 a-Syn induces tumor suppression and reduces cyclin D1 and MGMT expressions, in vivo. A, B Characterization of GL261 murine cells
transduced with an empty Fuw (EV) or a-syn expressing vector. A Representative Western blot illustrating the stable overexpression of a-syn in
transduced GL-261 murine cells. B Left panel shows the representative proliferation curves of GL261 cells overexpressing empty vector (EV)
(gray curve) or a-syn (black curve). Value in the right panel corresponding to slopes quantification analysis (N =8, unpaired t test) are
expressed as percent of that obtained for EV-transduced GL261 cells (taken as 100) and represent the means = SEM of 2 independent
determinations in quadruplicates. ****, P < 0.0001. C, D Analysis of tumor volume in mice brain injected with GL261 GBM cells transduced with
the empty Fuw (EV) or a-syn-expressing viruses. C lllustration of Hematoxylin and Eosin staining of 30 pm brain sections (Scale bar = 3 mm).
D Quantification of tumor volume in brains injected with GL261 cells transduced with Fuw (EV) or a-syn viruses (N =9, unpaired t test). ¥,
P < 0.05. Cyclin D1 (E, F) and MGMT (E, G) expressions in mice brains of Fuw (EV) or a-syn-injected GL261 cells. Representative immunoblots (E)
and quantitative analysis (F, G, (N =9, Mann-Whitney test)) of cyclin D1, MGMT and tubulin (tub, protein load control) in the core (TM) of
tumors samples. values are expressed as percent of EV-injected mice brain expressions (taken as 100) and represent the means + SEM of 2-3
independent experiments. ¥, P < 0.05; ns, non-statistically significant.

expressions in the core of mice brain tumors (TM) thereby progression as it has been proposed for y-synuclein, which is now
corroborating, in an integrated context, data obtained in vitro. recognized as a cancer progression biomarker in breast cancer

and is generally associated with poor prognosis [35]. Importantly,

the analysis of a-syn expression in multiple databases corrobo-
DISCUSSION rates our experimental data and indicates that a-syn is more
a-syn belongs to a family of highly homologous small proteins expressed in low grade gliomas and samples harboring mutations
mainly expressed in the brain, the physiological function of which in the IDH gene and a 1p/19q codeletion, than in GBM. The

remains largely unknown. Interestingly, a number of theoretical common feature comes from the SNCA expression in all IDH-,y;
grounds support the possible link between a-syn and cancer. gliomas, expressing early stages oligodendrocyte lineage genes
Thus, multiple studies indicated that the protein levels of several and are stalled in oligodendrocyte differentiation [36] and

members of the synuclein family are affected in various types of specifically in the OPC-like subpopulation of GBM. The oligoden-
cancers. This was particularly well documented for y-synuclein drocyte signature evidenced here strongly suggests that higher a-
that is highly expressed in various types of cancer from central syn expression is linked to a better prognosis in gliomas [37].
and peripheral origins, particularly at late stages of high grade Further, studies will be necessary to definitively establish its
gliomas [33]. Reports on the alteration of a-syn expression in prognostic role in gliomas and other cancers since its regulation
cancers are less numerous but it has been reported that a-syn is could vary according to the tumor type. For example, a-syn is

abnormally expressed in cancers including ovarian, breast, color- highly expressed in melanoma cells [38].
ectal and skin tumors [11-13]. We have previously shown that p53 and a-syn could regulate
Our study shows that the levels of a-syn are reduced in each other in a neuronal context [7, 17]. It was therefore tempting

oligodendrogliomas and glioblastoma. This reduction occurs at to speculate that the decrease of a-syn levels in human biopsy
early stages and appears grade-dependent (Fig. 1F). Our data is samples (Fig. 1E, F) could be accounted for by the loss of p53
supported by the work of Fung et al. who analyzed synucleins-like transcriptional function. In line with this statement, it is important
immunoreactivity by immunohistochemistry in astrocytomas and to emphasize that p53 expression/activity is commonly affected in
oligodendrogliomas [34]. Their qualitative study revealed a-syn- gliomas [21]. Thus, the study of p53 targets may lead to the

like expression in all types of tumors without examining the development of alternative therapeutic strategies that would
correlation of a-syn levels to tumor grades. Our in-depth bypass the fact that p53 reactivation therapeutic strategies could
quantitative study filled this important gap and indicates that a- trigger numerous deleterious side-effects linked to its large

syn could be envisioned as an early marker of glioma setting and spectrum of physiological targets.

Cell Death and Disease (2025)16:188 SPRINGER NATURE



E. Duplan et al.

10

We show here that defective p53 activity is associated with a
decrease in a-syn protein, promoter activity and mRNA levels in
multiple GBM cellular models. We show that p53 activates a-syn
transcription in a glial tumor context ex-vivo and in vivo and that
activity-deficient p53 mutant failed to display this regulation in
mice brain. It is worth noting that p53 inactivation by mutations is
a key mechanism of glioma genesis [39, 40]. Overall, this strongly
suggests that the down-regulation of a-syn observed in human
biopsies is indeed linked to p53 transcriptional loss of function.

This study unravels that the physiological interplay between a-
syn and p53 is not restricted to neurons and its disruption in glial
cells may be at the origin of brain tumors. Corroborating this
hypothesis, we demonstrate that a-syn harbors tumor suppressor
properties and can decrease tumor progression. Thus, as
demonstrated in Fig. 3, a-syn overexpression in U87 GBM cells
decreases cell proliferation and increases caspase-3 activity, two
key parameters involved in the process of cell transformation. This
a-syn-associated tumor suppressor phenotype and decreased
expression in human glioma biopsies flags-up a-syn as a novel
early glioma biomarker but also opens a new brain tumors
therapeutic track.

It is interesting to note that other PD-causative gene products
have been recognized as important glioma-associated tumor
suppressors. Thus, parkin, a PD causative gene also capable of
functionally interacting with p53 [8, 17] has been identified as a
tumor suppressor in GBM [10, 20, 41].

We were able to decrypt the mechanisms by which a-syn could
modulates cell proliferation in GBM. a-syn reduced cyclin D1
protein and mRNA levels as well as its promoter transactivation
(Fig. 3). Cyclin D1 is a key modulator of cell cycle dynamics
involved in cancer [42]. It is noticeable that a-syn-mediated
transcriptional regulation of cyclin D1 is compatible with the
reported nuclear localization of a-syn [43] and its ability to directly
[44] or indirectly control gene expression [45, 46]. Importantly, it
should be noted that several works have demonstrated that the
levels of cyclin D1 are increased in human glioma biopsies [47, 48]
that could well be a consequence of the reduction of a-syn
protein levels. Interestingly, a-syn downregulates cyclin D1 levels
in GBM cells in contrast to neuronal cells suggesting a cell type
regulation [27]. Additionally, we demonstrate that the control of
cell proliferation by a-syn is dependent of cyclin D1 since cyclin
D1-depletion in U87 cells abolishes a-syn-mediated reduction of
cell proliferation, a phenotype restored in cells in which cyclin D1
expression was restored. Considering that cyclin D1 is transcrip-
tionally regulated by TP53 [26], it was important to establish if a-
syn acted downstream or upstream to p53 in the control cell
proliferation and cyclin D1. We show that overexpression of a-syn
in a GBM cell model that harbor transcriptionally inactive p53
(8MG, Fig. S4) can decrease cell proliferation via a down regulation
of cyclin D1 indicating that a-syn functions downstream to p53 in
the control of cell proliferation. This information is quite important
if one considers that a therapeutic strategy aimed at increasing of
a-syn expression and thereby restore its tumor suppressor
function would potentially be successful whatever the muta-
tional/functional status of p53.

TMZ is a first-choice therapeutic drug used in clinics, but its
main drawback is that GBM may become resistant TMZ-associated
therapy explaining the frequent relapse of this uncurable type of
cancer. Thus, we examined whether targeting a-syn could
interfere with TMZ and whether a-syn could overcome TMZ-
associated resistance (Fig. 4). We show first that a-syn potentiates
TMZ-associated antiproliferative effect. This was emphasized by
the ability of TMZ to increase a-syn protein and mRNA expression.
As expected from our demonstration of an a-syn-mediated
reduction of cyclin D1, TMZ also reduced cyclin D1 protein and
mRNA levels.

Interestingly, several studies evidence the contribution of ER-
stress activation and an enhanced unfolded protein response

SPRINGER NATURE

(UPR) in gliomagenesis [49]. The latter process could account for
either an adaptative survival response, under mild stress, or a pro-
apoptotic response, when the capacity of the ER to deal with
stress is exceeded [50]. XBP1 is a transcription factor and master
regulator of the UPR. The involvement of XBP1S-mediated ER-
stress response in both TMZ-induced response and control of a-
syn was demonstrated by five lines of independent evidences.
First, toyocamycin (TO), a selective blocker of IRE1a-induced XBP1
MRNA cleavage lowers a-syn protein and mRNA levels; second, TO
abolishes TMZ-induced control of a-syn; Third, TMZ triggers an
increase of XBP1T mRNA levels, a phenotype abolished by TO;
Fourth, XBP1 increases a-syn and mRNA levels; Fifth, we identified
three XBP1-responsive elements on the a-syn 5'UTR region and
the deletion of one of them fully prevents XBP1-mediated control
of a-syn. The fact that both a-syn accumulation and TMZ have
been linked to ER stress activation strongly suggests that the
potentiation of TMZ effect by a-syn may be linked to a bypass of
the adaptative UPR response. Corroborating an impact of a-syn in
the reversal of a pharmacological resistance to TMZ, we show that
a-syn overexpression in U87 resistant cells trigger a down-
regulation of MGMT, a key prognostic marker of GBM response
to TMZ, and that it restores TMZ ability to reduce GBM cells
proliferation.

Finally, we validated the therapeutic potential of a-syn in vivo.
Thus, we showed that the injection of GBM cells overexpressing a-
syn drastically lowers the tumor volume and reduces cyclin D1
levels in vivo model. Of importance, in vivo administration of a-syn
also lowers MGMT, thus corroborating the protective role of a-syn
against tumor development.

Overall, our work identifies a-syn as a tumor suppressor in
glioblastomas and demonstrates its therapeutic impact in vitro
and in vivo. This finding may open new alternatives for GBM
treatment and the bypassing of TMZ resistance. Finally, the
potential of a-syn as a regulator of glioma proliferation in a p53-
deficient context allows opening up the opportunity for new
treatments whatever the functional p53 status and glial cellular
origin of the tumor.

DATA AVAILABILITY

All data are available in the main text or the supplementary materials. Human and
mouse glioblastoma transfer is restricted due to materials transfer agreements
(MTAs). The data may be available upon reasonable request.

REFERENCES

1. Becker C, Brobert GP, Johansson S, Jick SS, Meier CR. Cancer risk in association
with Parkinson disease: a population-based study. Parkinsonism Relat Disord.
2010;16:186-90.

2. Vanacore N, Spila-Alegiani S, Raschetti R, Meco G. Mortality cancer risk in par-
kinsonian patients: a population-based study. Neurology. 1999;52:395-8.

3. Alves da Costa C, Checler F. Apoptosis in Parkinson'’s disease: is p53 the missing
link between genetic and sporadic Parkinsonism? Cell Signal. 2011;23:963-8.

4. Checler F, Alves da Costa C. p53 in neurodegenerative diseases and brain cancers.
Pharm Ther. 2014;142:99-113.

5. West AB, Dawson VL, Dawson TM. To die or grow: Parkinson’s disease and cancer.
Trends Neurosci. 2005;28:348-52.

6. Plun-Favreau Hin, Lewis P, Hardy J, Martins L, Wood N. Cancer and neurode-
generation: between the devil and the deep blue sea. PLoS Genet.
2010;6:e1001257.

7. Alves Da Costa C, Paitel E, Vincent B, Checler F. Alpha-synuclein lowers p53-
dependent apoptotic response of neuronal cells. Abolishment by
6-hydroxydopamine and implication for Parkinson’s disease. J Biol Chem.
2002;277:50980-4.

8. da Costa C, Sunyach C, Giaime E, West A, Corti O, Brice A, et al. Transcriptional
repression of p53 by parkin and impairment by mutations associated with
autosomal recessive juvenile Parkinson’s disease. Nat Cell Biol.
2009;11:1370-5.

9. Duplan E, Giaime E, Viotti J, SA@valle J, Corti O, Brice A, et al. ER-stress-associated
functional link between Parkin and DJ-1 via a transcriptional cascade involving

Cell Death and Disease (2025)16:188



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

the tumor suppressor p53 and the spliced X-box binding protein XBP-1. J Cell Sci.
2013;126:2124-33.

. Viotti J, Duplan E, Caillava C, Condat J, Goiran T, Giordano C, et al. Glioma tumor

grade correlates with parkin depletion in mutant p53-linked tumors and results
from loss of function of p53 transcriptional activity. Oncogene. 2014;33:1764-75.

. Ye Q, Wang TF, Peng YF, Xie J, Feng B, Qiu MY, et al. Expression of alpha-, beta-

and gamma-synuclein in colorectal cancer, and potential clinical significance in
progression of the disease. Oncol Rep. 2010;23:429-36.

. Bruening W, Giasson BI, Klein-Szanto AJ, Lee VM, Trojanowski JQ, Godwin AK.

Synucleins are expressed in the majority of breast and ovarian carcinomas and in
preneoplastic lesions of the ovary. Cancer. 2000;88:2154-63.

. Matsuo Y, Kamitani T. Parkinson’s disease-related protein, alpha-synuclein, in

malignant melanoma. PLoS One. 2010;5:e10481.

. Alves da Costa C. Recent advances on alpha-synuclein cell biology: functions and

dysfunctions. Curr Mol Med. 2003;3:17-24.

. Dev KK, Hofele K, Barbieri S, Buchman VL, van der Putten H. Part II: alpha-

synuclein and its molecular pathophysiological role in neurodegenerative dis-
ease. Neuropharmacology. 2003;45:14-44.

. Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert M. a-Synuclein in

filamentous inclusions of Lewy bodies from Parkinson’s disease and dementia
with Lewy bodies. Proc Natl Acad Sci USA. 1998;95:6469-73.

. Duplan E, Giordano C, Checler F, Alves da Costa C. Direct alpha-synuclein pro-

moter transactivation by the tumor suppressor p53. Mol Neurodegener.
2016;11:13.

. Albanese C, Johnson J, Watanabe G, Eklund N, Vu D, Arnold A, et al. Transforming

p21ras mutants and c-Ets-2 activate the cyclin D1 promoter through distin-
guishable regions. J Biol Chem. 1995;270:23589-97.

. Alves da Costa C, Ancolio K, Checler F. Wild-type but not Parkinson’s disease-

related Ala53Thr-a-synuclein protect neuronal cells from apoptotic stimuli. J Biol
Chem. 2000;275:24065-9.

Rouland L, Duplan E, Ramos Dos Santos L, Bernardin A, Katula KS, Manfioletti G,
et al. Therapeutic potential of parkin as a tumor suppressor via transcriptional
control of cyclins in glioblastoma cell and animal models. Theranostics.
2021;11:10047-63.

Zhang Y, Dube C, Gibert M, Jr,, Cruickshanks N, Wang B, Coughlan M, et al. The
p53 Pathway in Glioblastoma. Cancers (Basel). 2018;10:297.

Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, et al. Integrated
genomic analysis identifies clinically relevant subtypes of glioblastoma char-
acterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell.
2010;17:98-110.

Neftel C, Laffy J, Filbin MG, Hara T, Shore ME, Rahme GJ, et al. An integrative
model of cellular states, plasticity, and genetics for glioblastoma. Cell.
2019;178:835-49.e21.

Ohgaki H, Kleihues P. Genetic pathways to primary and secondary glioblastoma.
Am J Pathol. 2007;170:1445-53.

Kato H, Kato S, Kumabe T, Sonoda Y, Yoshimoto T, Han SY, et al. Functional evaluation
of p53 and PTEN gene mutations in gliomas. Clin Cancer Res. 2000;6:3937-43.
Engeland K. Cell cycle regulation: p53-p21-RB signaling. Cell Death Differ.
2022;29:946-60.

Jia X, Chen Q, Yao C, Asakawa T, Zhang Y. alpha-synuclein regulates Cyclin D1 to
promote abnormal initiation of the cell cycle and induce apoptosis in dopamine
neurons. Biomed Pharmacother. 2024;173:116444.

D’Amico M, Wu K, Fu M, Rao M, Albanese C, Russell RG, et al. The inhibitor of
cyclin-dependent kinase 4a/alternative reading frame (INK4a/ARF) locus encoded
proteins p16INK4a and p19ARF repress cyclin D1 transcription through distinct
cis elements. Cancer Res. 2004;64:4122-30.

Weatherbee JL, Kraus JL, Ross AH. ER stress in temozolomide-treated glio-
blastomas interferes with DNA repair and induces apoptosis. Oncotarget.
2016;7:43820-34.

Bellucci A, Navarria L, Zaltieri M, Falarti E, Bodei S, Sigala S, et al. Induction of the
unfolded protein response by alpha-synuclein in experimental models of Par-
kinson’s disease. J Neurochem. 2011;116:588-605.

Minniti J, Checler F, Duplan E, Alves da Costa C TFinder: a Python web tool for
predicting Transcription Factor Binding Sites. 2023. A updater.

Kohsaka S, Wang L, Yachi K, Mahabir R, Narita T, Itoh T, et al. STAT3 inhibition
overcomes temozolomide resistance in glioblastoma by downregulating MGMT
expression. Mol Cancer Ther. 2012;11:1289-99.

Ahmad M, Attoub S, Singh MN, Martin FL, El-Agnaf OM. Gamma-synuclein and
the progression of cancer. FASEB J. 2007;21:3419-30.

Fung KM, Rorke LB, Giasson B, Lee VM, Trojanowski JQ. Expression of alpha-, beta-
, and gamma-synuclein in glial tumors and medulloblastomas. Acta Neuropathol.
2003;106:167-75.

Wu K, Huang S, Zhu M, Lu Y, Chen J, Wang Y, et al. Expression of synuclein
gamma indicates poor prognosis of triple-negative breast cancer. Med Oncol.
2013;30:612.

Cell Death and Disease (2025)16:188

E. Duplan et al.

36. Wei Y, Li G, Feng J, Wu F, Zhao Z, Bao Z, et al. Stalled oligodendrocyte differ-
entiation in IDH-mutant gliomas. Genome Med. 2023;15:24.

37. Jiang S, Zanazzi GJ, Hassanpour S. Predicting prognosis and IDH mutation status
for patients with lower-grade gliomas using whole slide images. Sci Rep.
2021;11:16849.

38. Gajendran N, Rajasekaran S, Witt SN. Knocking out alpha-synuclein in melanoma
cells downregulates L1CAM and decreases motility. Sci Rep. 2023;13:9243.

39. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative
analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci
Signal. 2013;6:pl1.

40. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer
genomics portal: an open platform for exploring multidimensional cancer
genomics data. Cancer Discov. 2012;2:401-4.

41. Veeriah S, Taylor B, Meng S, Fang F, Yilmaz E, Vivanco |, et al. Somatic mutations
of the Parkinson’s disease-associated gene PARK2 in glioblastoma and other
human malignancies. Nat Genet. 2010;42:77-82.

42. Gao X, Leone GW, Wang H. Cyclin D-CDK4/6 functions in cancer. Adv Cancer Res.
2020;148:147-69.

43. Ma KL, Song LK, Yuan YH, Zhang Y, Han N, Gao K, et al. The nuclear accumulation
of alpha-synuclein is mediated by importin alpha and promotes neurotoxicity by
accelerating the cell cycle. Neuropharmacology. 2014;82:132-42.

44. Siddiqui A, Chinta S, Mallajosyula J, Rajagopolan S, Hanson |, Rane A, et al.
Selective binding of nuclear alpha-synuclein to the PGC1alpha promoter under
conditions of oxidative stress may contribute to losses in mitochondrial function:
implications for Parkinson’s disease. Free Radic Biol Med. 2012;53:993-1003.

45. Crews L, Mizuno H, Desplats P, Rockenstein E, Adame A, Patrick C, et al. Alpha-
synuclein alters Notch-1 expression and neurogenesis in mouse embryonic stem
cells and in the hippocampus of transgenic mice. J Neurosci. 2008;28:4250-60.

46. Winner B, Rockenstein E, Lie DC, Aigner R, Mante M, Bogdahn U, et al. Mutant
alpha-synuclein exacerbates age-related decrease of neurogenesis. Neurobiol
Aging. 2008;29:913-25.

47. Cavalla P, Dutto A, Piva R, Richiardi P, Grosso R, Schiffer D. Cyclin D1 expression in
gliomas. Acta Neuropathol. 1998;95:131-5.

48. Zhang X, Zhao M, Huang AY, Fei Z, Zhang W, Wang XL. The effect of cyclin D
expression on cell proliferation in human gliomas. J Clin Neurosci. 2005;12:166-8.

49. Markouli M, Strepkos D, Papavassiliou AG, Piperi C. Targeting of endoplasmic
reticulum (ER) stress in gliomas. Pharm Res. 2020;157:104823.

50. Yadav RK, Chae SW, Kim HR, Chae HJ. Endoplasmic reticulum stress and cancer. J
Cancer Prev. 2014;19:75-88.

ACKNOWLEDGEMENTS

We thank Drs. M. Oren, B. Vogelstein, for providing valuable p53 constructs, cellular
and animal models. Dr. Ling QI is warmly thanked for providing mXbp1s promoter-
luciferase construct and Dr. Monika Hegi for the LN15 cell line. This work was
supported by “Conseil Général des Alpes Maritimes” and the Foundation Claude
Pompidou. This work has been developed and supported through the LABEX
(excellence laboratory, program investment for the future) DISTALZ (Development of
Innovative Strategies for a Transdisciplinary approach to ALZheimer's disease). TG
was supported by the “Ligue Nationale Contre le Cancer”. R.G.P was supported in part
by 1R43HL164131, W81XWH-22-BCRP and the Breast Cancer Research Program
(W81XWH1810605, W81XWH-22, Breakthrough Awards).

AUTHOR CONTRIBUTIONS

Conceptualization: CAC, ED; Investigation: ED, AB, TG, CM, LM, NL, Al; Tools
generation:, MC, RP, ST, JH; Funding acquisition: CAC, FC; Project administration: CAC;
Supervision CAC; Writing-original draft: CAC; Writing review and editing: all authors.

COMPETING INTERESTS
The authors declare no conflict of interest. RGP discloses ownership interests in
Shenandoah Pharmaceuticals, EcoGenome, StromaGenesis, LightSeed, ioROC.

ETHICS APPROVAL AND CONSENT TO PARTIPATE

This study was conducted in compliance with the principles of the Declaration of
Helsinki. Informed consent was obtained from all the subjects. A written informed
consent from all patients and a validation by a local ethical committee (obtained
from the Centre de Recherche de l'Institut du Cerveau et de la Moelle Epiniére,
Groupe Hospitalier Pitié-Salpétriere? Paris, France) were obtained for this study
allowing molecular, genetic and translational research studies on cancer tissue
samples. Animal experimental procedures were carried out in accordance with the
Directive 2010/63/EU directive 2010/63/EU of the European parliament and of the

SPRINGER NATURE

11



E. Duplan et al.

12

council of 22 September 2010 after approval of the use of animals for experimental
purposes by the local French Ethics.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-025-07509-z.

Correspondence and requests for materials should be addressed to Eric Duplan or
Cristine Alves da Costa.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

SPRINGER NATURE

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Cell Death and Disease (2025)16:188


https://doi.org/10.1038/s41419-025-07509-z
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	α-synuclein expression in glioblastoma restores tumor suppressor function and rescues temozolomide drug resistance
	Introduction
	Materials and methods
	In silico SNCA expression analysis in gliomas from available public databases
	Cellular models and pharmacological treatments
	Plasmid constructs
	Caspase-3 activity measurements
	Proliferation assays
	Luciferase-based reporter assays
	Protein analysis by Western-blot
	RNA extraction, reverse transcription and real-time PCR analysis
	Allografts studies and in vivo transfection
	Tumor volume analysis
	Patient&#x02019;s biopsies cohort
	SNCA genomic BAC ARRAY-CGH and TP53 mutation analysis

	Results
	α-synuclein expression varies according to IDH mutational status and 1p/19q deletion in gliomas
	α-synuclein expression is reduced in tumor patients&#x02019; biopsies
	Reduction of α-synuclein expression in GBM is due to p53 loss of function
	Cancer-linked p53 hot spot mutations abolish p53-dependent transcriptional regulation of α-synuclein, ex-vivo and in vivo
	α-synuclein triggers a tumor suppressor-like phenotype in GBM cells
	α-Synuclein mediates decreased cell proliferation in GBM cells via the transcriptional regulation of cyclin D1
	α-Syn stands downstream of p53 in the control of GBM cell proliferation
	Evaluation of the therapeutic potential of α-syn in GBM cells
	α-synuclein reverses TMZ-associated resistance of GBM cells
	Impact of α-synuclein in tumor progression in vivo

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval and consent to partipate
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




