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Abstract
Aggregation and deposition of α-synuclein (α-syn) in Lewy bodies within dopamine neurons of substantia nigra (SN) is the 
pathological hallmark of Parkinson’s disease (PD). These toxic α-syn aggregates are believed to propagate from neuron-to-
neuron and spread the α-syn pathology throughout the brain beyond dopamine neurons in a prion-like manner. Targeting 
propagation of such α-syn aggregates is of high interest but requires identifying pathways involving in this process. Evidence 
from previous Alzheimer’s disease reports suggests that EGFR may be involved in the prion-like propagation and seeding of 
amyloid-β. We show here that EGFR regulates the uptake of exogenous α-syn-PFFs and the levels of endogenous α-syn in 
cell cultures and a mouse model of α-syn propagation, respectively. Thus, we tested the therapeutic potentials of AZD3759, 
a highly selective BBB-penetrating EGFR inhibitor, in a preclinical mouse model of α-syn propagation. AZD3759 decreases 
activated EGFR levels in the brain and reduces phosphorylated α-synuclein (pSyn) pathology in brain sections, including 
striatum and SN. As AZD3759 is already in the clinic, this paper’s results suggest a possible repositioning of AZD3759 as 
a disease-modifying approach for PD.

Keywords α-Synuclein · Parkinson’s disease · Pre-formed fibrils · Propagation · EGFR-tyrosine-kinase inhibitor · 
AZD3759

Introduction

Aggregation and deposition of abnormal proteins in the form 
of amyloid structures within the brain are among the hall-
marks of neurodegenerative diseases. Alzheimer’s disease 

(AD) and Parkinson’s disease (PD) are examples of these 
disorders in which aggregates of amyloid-β (Aβ), tau, and 
α-synuclein (α-syn) are deposited within the brain [1–4]. 
These toxic fibrils have been characterized to act as patho-
gens and hijack cellular endocytosis pathways to enter cells 
(uptake). Inside the cells, they serve as a seed to promote 
aggregation of the endogenous monomeric form of these pro-
teins (seeding). This uptake and seeding process continues 
from cell-to-cell to transfer amyloid pathology throughout 
the brain in a prion-like manner (propagation) [4–18]. Target-
ing the cell-to-cell propagation pathway (a cascade of uptake 
and seeding) is a therapeutic approach in neurodegenerative 
diseases to stop or delay pathology development in the brain 
[4, 19, 20]. In the case of PD, which is the focus of this 
paper, several receptors and pathways have been identified to 
involve in the α-syn-pre-formed-fibrils (α-syn-PFFs) uptake 
and propagation [21–24]. However, there are some limita-
tions in therapeutic development targeting these reported 
mechanisms. For example, some of these pathways such as 
heparan sulfate proteoglycans (HSPGs) [23] and tunneling 

†Omid Tavassoly and Esther del Cid Pellitero contributed equally 
to this work.

 * Omid Tavassoly 
 otavasso@sfu.ca; omid.tavassoly@gmail.com

 * Edward A. Fon 
 ted.fon@mcgill.ca

1 Department of Chemistry, Simon Fraser University, 
Burnaby, BC, Canada

2 McGill Parkinson Program and Neurodegenerative Diseases 
Group, Montreal Neurological Institute, McGill University, 
Montréal, QC, Canada

3 Early Drug Discovery Unit, Montreal Neurological Institute, 
McGill University, Montréal, QC, Canada

/ Published online: 12 March 2021

Neurotherapeutics (2021) 18:979–997

http://orcid.org/0000-0001-7604-3494
http://crossmark.crossref.org/dialog/?doi=10.1007/s13311-021-01017-6&domain=pdf


1 3

nanotubes [21, 22] might be difficult to target therapeuti-
cally, and others only partially mediate the α-syn uptake and 
propagation, such as lymphocyte-activation gene-3 (Lag-3) 
[24]. The latter suggests redundancy, and other unknown 
mechanisms also mediate the uptake of α-syn-PFFs. Thus, 
identifying new pathway(s) that control uptake and propaga-
tion of α-syn-PFFs is of high interest for developing future 
disease-modifying therapeutics in PD.

A novel target candidate that has predominantly been 
studied in AD pathology is EGFR [25–29]. Interestingly, 
there are polymorphisms in the EGFR gene that are associ-
ated with the risk of both AD and PD [25, 30]. To empha-
size the importance of the role of EGFR in neurodegenera-
tion, we have recently reviewed the potentials of targeting 
EGFR in the treatment of neurodegenerative diseases [31]. 
Briefly, EGFR is a tyrosine kinase receptor involved in cel-
lular differentiation and proliferation. The inactive receptor 
exists as a transmembrane monomer and upon binding to 
its extracellular ligands, such as epidermal growth factor 
(EGF) or heparin-binding-EGF-like growth factor (HB-
EGF), homodimerizes and undergoes autophosphorylation 
in its intracellular domain and subsequently internalizes into 
early endosomes. Activated EGFR triggers the activation of 
downstream pathways by induction of sequential phospho-
rylation cascades [31–35]. While mutations and amplifica-
tion of EGFR are mainly associated with the uncontrolled 
proliferation of cancer cells, it is also involved in the pathol-
ogy of diseases such as pathogen infection and neurode-
generative diseases [26, 27, 29, 31–37]. Some viral patho-
gens exploit the EGFR-mediated endocytosis to enter and 
infect cells [32–35, 38], and it has been shown that targeting 
EGFR activation by its specific tyrosine kinase inhibitors 
reduces viral cellular entry and infectivity [34, 35]. It has 
also been reported that mutant huntingtin (polyQ-htt) aggre-
gates [39], premelanosome protein (PMEL) fibrils [40], 
and Aβ-PFFs [37] also bind to EGFR in cell cultures. The 
binding of ligands to EGFR results in activation of receptor 
tyrosine kinase activity and its autophosphorylation, which 
subsequently triggers endocytosis of receptor and ligand. 
Therefore, direct or indirect hijacking of EGFR-mediated 
endocytosis is a plausible mechanism of viral or amyloid 
pathogen entry into cells, suggesting targeting EGFR activa-
tion (phosphorylation) using available EGFR-tyrosine kinase 
inhibitors (EGFR-TKIs) could serve as a novel therapeutic 
strategy to control endocytosis of pathogens and amyloids 
[31–35, 38]. However, cancer therapy with these drugs is 
associated with resistance to the therapy due to autophagy 
activation [31, 41–45]. In the absence of EGFR-TKIs, EGFR 
inhibits autophagy [31, 46]. Thus, induction of autophagy 
by EGFR-TKIs is an adverse effect in cancer therapy, which 
promotes cancer cells survival [31, 41–45, 47–49], whereas 
in neurodegenerative diseases, it is beneficial to promote 
degradation and clearance of abnormal proteins such as 

amyloid structures [26, 31]. In fact, this feature of EGFR-
TKI therapy has been used to improve Aβ pathologies and 
memory loss associated with Aβ overexpression in both 
mice and fly models of AD [26, 27, 29, 37].

Here, we evaluated the beneficial effect of AZD3759, an 
EGFR-TKI with high BBB penetration [31, 50–54] in PD. 
We conducted a proof-of-concept study using a propagation 
mouse model of α-syn to explore the AZD3759 effect in 
targeting α-syn seeding and propagation. We showed that 
AZD3759 reduces α-syn-PFFs uptake in vitro and phospho-
rylated α-synuclein (pSyn) pathology in vivo. Furthermore, 
like other EGFR-TKIs [41–46], AZD3759 also activates 
autophagy in the brain of mice in this study, suggesting a 
possible mode of action that, together with the reduction in 
α-syn-PFFs uptake, ameliorate seeding and propagation of 
pSyn pathology in the brain. This study brings the opportu-
nity to use AZD3759, which is currently in phase I clinical 
trials for cancer [31, 50–55], as a new therapy for PD.

Methods

Materials

Recombinant human wild-type α-syn was purchased from 
AlexoTech (Umea, Sweden). Recombinant mouse wild-
type α-syn was generated using a GST-tagged plasmid. 
AZD3759 was synthesized, as described previously [53]. 
Alexa Fluor 647 NHS Ester, Cell Dissociation Buffer 
(enzyme-free), Pierce™ IP lysis buffer, Hoechst 33342, 
cell culture media (EMEM, Opti-MEM™, and Neu-
robasal™ Plus Medium), B-27™ Plus Supplement, and 
GlutaMAX™ Supplement were purchased from Thermo 
Fisher Scientific. Methylcellulose (viscosity 4000 cP), 
phosphatase inhibitor cocktail 2, phosphatase inhibi-
tor cocktail 3, protease inhibitor cocktail, recombinant 
epidermal growth factor (EGF), anti-p62/SQSTM1 anti-
body, gefitinib, and HB-EGF were purchased from Sigma 
(Sigma-Aldrich, St. Louis, MO, USA). CellTiter-Blue® 
Cell Viability Assay was purchased from Promega (Pro-
mega Corporation, Madison, WI, USA). EGFR siRNA 
oligo duplex and universal scrambled negative control 
(nontarget, NT) siRNA oligo duplex, as well as siRNA 
transfection reagent (siTran), were purchased from Ori-
Gene (OriGene Technologies, Rockville, MD, USA). 
PathScan® Phospho-EGF Receptor Sandwich ELISA 
Kit was purchased from Cell Signaling Technology, Inc. 
(Danvers, MA, USA). Corning™ BioCoat™ Poly-D-
Lysine 48-well Plates and Corning® 96-well Half Area 
High Content Imaging Film Bottom Microplate (#4680) 
were purchased from Corning Incorporated (Corning, NY, 
USA). Human neuroblastoma (SK-N-SH) cells were pur-
chased from ATCC (American Type Culture Collection, 
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Manassas, VA, USA). Primary mouse cortical neurons 
were purchased from Thermo Fisher Scientific. Purified 
mouse anti-α-synuclein antibody (clone 42/α-synuclein) 
was purchased from BD Biosciences (San Jose, CA, 
USA). EGFR antibody (A-10), p-EGFR antibody (11C2), 
and anti-actin antibody (C-2) were purchased from Santa 
Cruz Biotechnology, Inc. (Dallas, TX, USA). Microtubule-
associated proteins 1A/1B light chain 3B (LC3B) antibody 
was purchased from Novus Biologicals (Littleton, CO, 
USA). PrimePCR™ SYBR® Green Assay, Snca, Mouse 
was purchased from BioRad (Hercules, California, Catalog 
No. 10025636).

Fibrillation and Labeling of α‑syn

For cell culture studies, human α-syn-PFFs were gener-
ated and labeled with amino-reactive Alexa Fluor 647 NHS 
Ester as described previously by Tavassoly et al. [56, 57]. 
Aliquots (500 μl of 5 mg/ml in PBS) of recombinant α-syn 
monomers were shaken at 1000 rpm in a ThermoMixer at 
37°C for 10 days. The generated fibrils were sonicated for 
30 s at 10% power (0.5 s on, 0.5 s off). The resulted oligom-
ers (α-syn-PFFs) were labeled with amino-reactive Alexa 
Fluor 647 NHS Ester as follows. Alexa Fluor 647 dye was 
dissolved in DMSO (10 mg/ml), and 100 μl of the resulting 
solution was added to the generated α-syn-PFFs samples 
(500 μl of 5 mg/ml concentration). Afterward, 60 μl (10%, 
%V/V) of freshly prepared 1 M sodium bicarbonate buffer 
(pH 8.3) was added to the sample (final volume of 660 μl) 
followed by 2 h incubation at room temperature. Then, the 
labeled-α-syn-PFFs were purified by dialysis in excess PBS 
buffer for 12 h.

For animal studies, mouse α-syn-PFFs were generated 
based on the Volpicelli-Daley et al. protocol [7]. Recombi-
nant α-syn-monomers (5 mg/ml in PBS) were incubated in a 
ThermoMixer (1000 rpm, 37°C) for 5 days, and fibrils were 
sonicated at high power (10 cycles, 30 s or 60 s) in 10°C 
water circulation. α-Syn-PFFs were stored at − 80°C and 
kept at room temperature during the intracerebral injections.

Quantitative Reverse‑transcriptase PCR

Frozen brain samples were used for this experiment. First 
brains were homogenized, and RNA was extracted using 
TRIzol Reagent. Concentrations of extracted RNA were 
measured using a NanoDrop™ One Microvolume UV–Vis 
Spectrophotometer (Thermo Scientific™, Waltham, MA), 
and concentrations were adjusted to 50 ng/µl. Then, 500 ng 
RNA was used to synthesize cDNA using High Capacity 
Reverse Transcription Kit (Life Technologies). Afterward, 
2 µl cDNA was used to perform Real-time PCR with SYBR 
Green FastMix (Quanta Biosciences, Gaithersburg, MD) 

in a QuantStudio™ 3 Real-Time PCR System (Life Tech-
nologies, Carlsbad, CA). Gene expression was normalized 
by total RNA input and expressed as a relative quantity. 
PrimePCR™ SYBR® Green Assay, Snca, Mouse (BioRad, 
Catalog #: 10025636) was used as primers for the PCR 
reactions.

Electron Microscopy

Mouse α-syn-PFFs were characterized using a negative 
staining protocol and analyzed using an electron microscope. 
Mouse α-syn-PFFs were pipetted on a 200 mesh copper 
carbon grid (3520C-FA, SPI Supplies) and fixed with 4% 
PFA for 1 min, followed by staining with 2% acetate uranyl 
(22400-2, EMS) for 1 min. Mouse α-syn-PFFs were visual-
ized using a transmission electron microscope (FEI Tecnai 
12 Bio Twin 120 kV TEM or Tecnai G2 Spirit Twin 120 kV 
TEM) coupled to a camera (AMT XR80C CCD Camera or 
Gatan Ultrascan 4000 4 k × 4 k CCD Camera model 895, 
respectively). The α-syn-PFFs length was measured using 
ImageJ1.5 software, and their distribution was plotted using 
MATLAB 2017b software.

Power Analysis

Previous studies demonstrated that 8-week chronic treat-
ment (n = 8/group) of subcutaneous xenograft, leptome-
ningeal metastasis (LM), and brain metastasis (BM) lung 
cancer mice models with AZD3759 by oral gavage at a 
dose of 15 mg/kg/day resulted in significantly superior 
antitumor activity (100% of animals remained tumor-free) 
versus mice receiving vehicle with a standard deviation 
of ~ 5% as measured using two-way ANOVA (P < 0.0001) 
[52]. Moreover, a single dose of AZD3759 at 15 mg/kg 
caused an 89% reduction in p-EGFR levels in leptome-
ningeal tumor cells 1 h post-treatment in all tested mice 
(n = 5 mice) [52]. Further, it has been previously demon-
strated that control and double transgenic mice with the 
expression of two mutated AD-linked transgenes (amy-
loid precursor protein (APP)/presenilin-1(PS1)) (n = 4 per 
group) manifest a ~ 90% reduction in p-EGFR in the brain 
after 18-day treatment with a less CNS-penetrant EGFR 
inhibitor (gefitinib) (P = 0.05) using a Student t-test [37]. 
It also has been shown that intrastriatal PFFs inoculation 
of wild-type mice (n = 5) at 2 months of age resulted in 
an increase in pSyn-immunoreactive inclusions with an 
effect size of 25% versus PBS-injected control mice with 
a standard deviation of ~ 5% as measured using a paired 
t-test (P < 0.001). This increase is detectable as early as 
30 days post-injection (dpi) [13]. Furthermore, intrastriatal 
mouse-α-syn-PFFs-inoculation of wild-type mice (n = 5) 
at 2 months of age causes an increase in the proportion 
of substantia nigra (SN) dopaminergic neurons (DA) 
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containing pSyn-positive inclusions with an effect size of 
28% versus human-α-syn-PFFs-injected mice with a stand-
ard deviation of ~ 5% as measured using two-way ANOVA 
(Tukey’s HSD method) (P < 0.001) [5]. This increase was 
detected at 30 dpi and increased over time (α-syn-PFFs-
induced inclusions peak in the SN at 2 months following 
intrastriatal injection) [5, 13, 58, 59]. Guided by previous 
studies (see above) using α-syn-PFFs-inoculated wild-
type mice [13, 58, 59], AD mice models [26, 27, 37], and 
reports using AZD3759 [52, 53], we found using G*Power 
software [60, 61] that at least 6 mice are needed in each 
group (P = 0.05, power = 80%) to detect a minimum sta-
tistically significant difference of at least 30% (SD = 5%) 
between the 6 study groups. This allowed a 10% dropout 
rate and assumed using one-way ANOVA in the following 
endpoints; (a) decrease in p-EGFR level and (b) reduction 
in the level of pSyn. Therefore, our study was well pow-
ered to observe a range of treatment effects and test the 
proposed hypotheses.

Stereotaxic Injection

Male C57/B6C3F1 mice (15–20 g, 4 weeks old; Jackson 
laboratory, [B6C3F1/J, Stock No. 100010]) were housed 
and maintained on a 12/12 h light/dark cycle at 22°C ambi-
ent temperature and with unlimited access to food and 
water. Housing and procedures were performed according 
to the Canadian Council on Animal Care and were approved 
by the McGill University Animal Care Committee.

Stereotaxic injection of PBS or α-syn-PFFs performed at 7 or 
8 weeks of age. Mice were anesthetized with 2% isoflurane, and 
a dose of 20 mg/kg carprofen and 250 mg/ml bupivacaine were 
administered subcutaneously before the craniotomy. Mouse 
α-syn-PFFs (total protein concentration of 12.5 µg per brain) 
[62–64] or phosphate-buffered saline (PBS) were microinjected 
unilaterally (0.25 µl during 10 min using a 5 µl Hamilton syringe 
with a 33 gauge needle) in the right dorsal striatum (+ 0.2 mm 
relative to bregma, + 2.0 mm lateral from midline, and 2.6 mm 
ventral from dorsal skull surface using the bregma as a reference 
point) based on previously described methods [12].

Chronic Pharmacodynamic Study

We expected that sustained inhibition of EGFR is needed to 
block PD progression in this mouse model. To test this idea, 
we used male wild-type mice (C57BL6/C3H) (n = 20) inocu-
lated with α-syn-PFFs (n = 10) or PBS (n = 10) by injection 
into the striatum (see above) and dosed half (n = 5) of each 
group with AZD3759 (15 mg/kg/day) over 21 days. Briefly, 
mice at 6 weeks of age received placebo (1% methylcellu-
lose, n = 10) or AZD3759 (15 mg/kg/day, n = 10) using a 
gavage needle (FNS-20-1.5.2, Kent Scientific Corporation) 

for 7 days. Then, at 7 weeks of age, they received an intracer-
ebral (i.c.) injection of PBS or mouse-α-syn-PFFs (Fig. S1e, f, 
n = 10). After 5 days of recovering, AZD3759, or placebo, was 
re-administrated to mice for an additional 14 days (Fig. 3a). 
Afterward, mice were anesthetized with 5% isoflurane, fol-
lowed by 7%  CO2. Then, brains were removed from the cra-
nium and quickly froze in liquid nitrogen (flash-freezing). 
Brains were stored at − 80°C until they were analyzed by 
immunoblotting and quantitative reverse-transcriptase PCR.

Proof‑of‑concept Study

The study was blinded to drug treatment. For this study, 
we used 49 male wild-type mice (C57BL6/C3H F1). In this 
model, a single unilateral injection of PFFs into the stria-
tum induces neurochemical and pathological features of 
synucleinopathy within 1–6 months [13, 58, 59]. In terms 
of pathology, pSyn-positive Lewy body (LB)-like inclusions 
are detected as early as 30 dpi at the site of injection in 
the striatum and spread to other areas such as the neocor-
tex and olfactory mitral neurons ipsilateral to the injection 
site. Furthermore, pSyn pathology in substantia nigra (SN) 
developed as pale cytoplasmic accumulations as early as 
30 dpi [13, 58, 59]. Thus, this model fitted well with our 
planned dosing period (~ 60 dpi), adopted from mice cancer 
therapy using AZD3759 [52]. Therefore, any therapeutic 
effect of AZD3759 to reduce α-syn seeding and propagation 
(pSyn pathology) should be detectable in our study. Mice 
at 6 weeks of age were administrated with placebo (n = 16) 
or AZD 3759 [0.64 mg/kg/day (n = 16) or 8.6 mg/kg/day 
(n = 17)] using a gavage needle for 15 days. At 8 weeks of 
age, they received an i.c. injection of PBS or mouse-α-syn-
PFFs (60 s sonication, n = 7–9 per group) (Fig. S1g, h). After 
10 days of recovering, mice were re-administrated with pla-
cebo or AZD3759 (0.64 mg/kg/day or 8.6 mg/kg/day) for an 
additional 60 days (Fig. 4a). Then, mice were anesthetized 
with 2% isoflurane and were perfused intracardially with 
10% formalin. The brains were removed and post-fixed with 
10% formalin for 24 h at 4°C. Coronal sections containing 
the striatum and substantia nigra were cut with a paraffin 
microtome at 5 µm thickness and processed for immunohis-
tochemistry and immunofluorescent.

Immunohistochemistry

For pSyn immunohistochemistry, tissue sections were incu-
bated in citrate buffer (pH: 6.0) for 10 min, rinsed with Tris 
buffered saline containing 0.1% Tween-20 (TBST), and incu-
bated in 3% oxidase peroxidase for 15 min. Subsequently, the 
sections were blocked with 10% normal goat serum in TBST 
for 30 min at room temperature and incubated with anti-
phospho-S129-α-synuclein antibody (Abcam: P-syn/81A-
ab184674, 1:500) overnight at 4°C. Afterward, the sections 
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were incubated in secondary antibody, goat anti-mouse-HRP 
(1:500) for 30 min. The peroxidase reaction product was vis-
ualized as a brown precipitate by incubating the tissue with 
the DAB substrate kit (8059, Cell Signal Technology).

Sections were incubated in hematoxylin to stain the nuclei 
of the cells. Immunohistochemistry of sections was exam-
ined by a bright-field microscope (Olympus DP-21SAL cou-
pled to a digital camera DP21/DP26).

Immunofluorescence of Brain Sections

Tissue sections were incubated in citrate buffer (pH: 6.0) for 
10 min, rinsed with TBST, and incubated in 3% oxidase per-
oxidase for 15 min. The sections were blocked with 10% nor-
mal donkey serum in TBST for 30 min at room temperature 
and incubated with anti-phosphorylated pS129 α-synuclein 
antibody (Abcam: ab184674, 1:500) and anti-tyrosine 
hydroxylase antibody (Millipore: ab152, 1:500) overnight 
at 4°C. The sections were incubated in secondary antibody, 
donkey anti-mouse 488 nm (Thermo Fisher: A21202, 1:500), 
and goat anti-rabbit 555 nm (Thermo Fisher: A-21429, 
1:500) for 2 h at room temperature. Coronal sections were 
examined using a Zeiss Axio Oberver Z1 microscope.

AZD3759 Formulation

AZD3759 was formulated as a suspension in 1% methyl-
cellulose based on mice average weight, administrated dose 
(placebo or 0.64 mg/kg/day or 8.6 mg/kg/day), and volume 
of oral gavage per day per mouse (250 μl). Some methylcel-
lulose powder (20 g) was first autoclaved for this formulation. 
For 100 ml of suspension, formulation performed as follows. 
The required amount (mg) of AZD3759 was transferred in 
a conical centrifuge tube (50 ml). Then, 45 ml of water was 
added to the tube containing AZD3759, followed by sonica-
tion at 50% power for 1 min (30 s on/30 s off). Then, the tube 
was kept in the fridge for at least 2 h. Next, 45 ml of boiled 
water was poured in a clean and autoclaved Erlenmeyer flask 
(125 ml) containing a magnetic spinner bar. Autoclaved 
methylcellulose (1 g) was added to the flask agitated by the 
magnetic spinner bar. Agitation continued until the tempera-
ture reached 56°C. Then, the cold AZD3759 mixture was 
added to the flask. Agitation continued for 20 min, and then, 
the final volume was adjusted to 100 ml by adding cold water. 
Afterward, the suspension was sonicated at 50% power for 
1 min (30 s on/30 s off). To remove bubbles, the suspension 
was kept at − 20°C for 2 min.

Cellular Uptake Assays

Cellular uptake assay for Alexa Fluor 647-labeled-α-syn-
PFFs was performed as described previously [56]. SK-N-SH 
cells were maintained in EMEM, supplemented with 10% 

FBS (Gibco, Thermo Fisher Scientific) and 100 μg/ml peni-
cillin/streptomycin. Cells were seeded at 5 ×  103 cells per 
well in a 96-well plate (Corning 4680, Corning, NY, USA) 
and were incubated at 37°C with 5%  CO2 overnight. Cells 
were starved for 2 h and then were treated with different 
concentrations of HB-EGF or EGF (0.3125 μg/ml, 0.625 μg/
ml, 1.25 μg/ml, 2.5 μg/ml, 5 μg/ml, 10 μg/ml, 20 μg/ml) for 
20 min. Next, the media was aspirated and replaced with 
fresh media to remove unbound and excess ligands before 
Alexa Fluor 647-labeled-α-syn-PFFs treatment. After-
ward, Alexa Fluor 647-labeled-α-syn-PFFs (100 nM cor-
responding to monomer concentration before fibrillation) 
were added as required to a subset of wells. Then, after 
6 h incubation with α-syn-PFFs, cells were washed with 
trypsin (0.01% trypsin in media) [56] followed by washing 
with PBS (three times) to remove extracellular and excess 
fluorescent-labeled-α-syn-PFFs. Finally, cells were fixed 
with 4% paraformaldehyde (PFA) for quantitative uptake 
assays using high-content fluorescence microscopy. Addi-
tionally, 1 h before fixation, Hoechst 33342 (1: 50,000 ratio; 
Thermo Fisher Scientific, H3570) was added to each well 
to stain nuclear.

Neuronal Culture and α‑syn‑PFFs Uptake Assay

This assay was performed as described previously by 
Tavassoly et al. [56]. Primary mouse cortical neurons were 
maintained in complete Neurobasal™ Plus Medium sup-
plemented with B-27™ Plus Supplement (20 mL/L) and 
GlutaMAXTM Supplement (2.5 mL/L). Cells were plated 
at 5 ×  103 cells per well in a 96-well plate (Corning 4680) 
coated with poly-L-lysine and incubated at 37°C with 5% 
 CO2. Twenty-four hours after initial incubation, half of the 
medium from each well were removed and replaced with 
freshly prepared complete medium. This media replacement 
was repeated every third day for 21 days. At this time, neu-
rons were treated with AZD3759 (0.63 nM or 8.4 nM) or 
gefitinib (8.4 nM) or vehicle alone. After 4 h incubation with 
EGFR inhibitor, neurons were then treated with Alexa Fluor 
647-labeled-α-syn-PFFs (100 nM) and were then incubated 
at 37°C for 6 h. Hoechst 33342 (1: 50,000 ratio; Thermo 
Fisher Scientific, H3570) was added to each well 1 h before 
washing/fixing the cells. After washing, cells were fixed with 
4% PFA to perform quantitative uptake assays using high-
content fluorescence microscopy.

Neuronal Inhibition of EGFR Phosphorylation By 
AZD3759

This assay was described for cancer cells by Zheng et al. 
[53]. We adjusted the original protocol to be used for mice 
primary neurons. Briefly, primary mouse cortical neurons 
were maintained in complete Neurobasal™ Plus Medium 
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supplemented with B-27™ Plus Supplement (20 mL/L) and 
GlutaMAXTM Supplement (2.5 mL/L). Cells were plated 
at 0.5 ×  105 live cells per well in a poly-D-lysine-coated 
48-well plate and incubated at 37°C with 5%  CO2. Twenty-
four hours after initial incubation, half of the medium from 
each well was aspirated and replaced with fresh medium. 
This media replacement was repeated every third day for 
21 days. For the ELISA experiments, cells were starved 
(incubation with Neurobasal™ Plus Medium with no sup-
plement) for 2 h and then exposed to AZD3759 at concen-
trations ranging from 10 to 1.19209 ×  10–6 mM. After 4 h 
of incubation, cells were stimulated with EGF (100 ng/ml) 
for 20 min. Then, the media were aspirated, and 110 μL of 
Pierce IP lysis buffer, including phosphatase inhibitor cock-
tail 2 and 3 (1:100 ratio dilution of each cocktail) as well as 
protease inhibitor cocktail (1:100 dilution), were added to 
each well. After 1 h incubation, an ELISA Kit (Cell Signal-
ling Phospho-EGF Receptor Sandwich ELISA Kit) was used 
to measure the level of p-EGFR inhibition in the resulted cell 
lysates using a plate reader by recording the absorbance at 
450 nm. IC values  (IC20 and  IC50) were measured by fitting 
data in OriginPro 8.0.

Cell Viability Assay

Cell viability was evaluated with a fluorimetric test using 
CellTiter-Blue® Cell Viability Assay (Promega), according 
to the manufacturer’s instructions. Briefly, mouse primary 
neurons were seeded at 5 ×  103 in black 96-well flat-bottom 
plates pre-coated with poly-L-Lysine and were maintained 
for 21 days (see above). AZD3759 was added in a range of 
0.47–30 μM. After 3 h and 23 h incubation with AZD3759, 
CellTiter-Blue® Reagent (20 μl) was added to each well and 
incubated for an additional 1 h. Fluorescence (560Ex/590Em) 
was determined using a SPARK® Multimode Microplate 
Reader (Tecan™).

Automated Microscopy Analysis

A high-content imaging system (ImageXpress Micro XLS; 
Molecular Devices, San Jose, CA, USA) was used to image 
cells automatically as described previously [56, 57]. Imag-
ing involved selection of nonoverlapping fields (12 differ-
ent fields) per well to be imaged automatically. Analysis 
of recorded images was performed using the MetaXpress 
(Molecular Devices). This software quantified the num-
ber, area, and intensity of uptaken α-syn-PFFs in recorded 
images. Then, to obtain uptake level per cell, intensity sig-
nals were normalized to the number of cells. Next, mean 
intensities for each treatment were normalized to the level 
of α-syn-PFFs uptake in cells with no treatment (control). 
The data points are presented as mean ± SD. The results rep-
resent three independent biological repeats.

Quantification of Marker Signals in Mice Sections

Coronal sections of the striatum and substantia nigra pro-
cessed for immunohistochemistry or immunofluorescence 
were analyzed using Fiji-ImageJ 1.53 software. Macros 
for Fiji-ImageJ were written in Jython, using basic ImageJ 
functions [65], to preprocess batches of coronal sections 
by masking non-tissue areas, labelling the images and 
to detect the total area of profiles labeled. For immu-
nohistochemistry, color deconvolution was performed to 
separate hematoxylin and DAB staining, and the total area 
of DAB staining was determined as well as the total area 
of the tissue section. Data are expressed as total staining 
area/total tissue area. The percentage of  pSyn+ cells was 
normalized to the average of  pSyn+ cells of the Placebo-
α-syn-PFFs group [(number of  pSyn+ cells/average of 
 pSyn+ cells of the Placebo-α-syn-PFFs group) × 100]. 
For immunofluorescence, channels from each image 
were separated. For each channel, a set threshold was 
applied and total signal intensity and area were measured. 
Masks were created and superimposed to obtain percent-
ages of colocalized signal areas between channels. Data 
are expressed as percentages of colocalized areas. The 
analysis macro is available on Github https ://githu b.com/
neuro eddu/HistQ . The percentage of  TH+ cells was nor-
malized to the average of  TH+ cells of the Placebo-PBS 
group [(number of  TH+ cells/ average of  TH+ cells of the 
Placebo-PBS group) × 100].

Knock‑down Experiments

siRNA transfections were performed as described previ-
ously [56]. SK-N-SH cells were seeded at 3.5 ×  105 in tissue 
culture dishes (100 mm) containing 10 ml of transfection 
media. Opti-MEM supplemented with 10% FBS and 1% 
penicillin/streptomycin was used for siRNA transfections. 
Transfection media was composed of: 12 nM siRNA oligo 
duplex (EGFR siRNA or NT siRNA) and 0.2% transfection 
reagent (siTran) in complete Opti-MEM. Cells were incu-
bated at 37°C for 48 h, followed by another transfection. 
Cells were incubated for additional 48 h after the second 
transfection. Then, cells were detached using cell dissocia-
tion buffer (enzyme-free) and transferred into 96-well plates 
(Corning 4680) for quantitative uptake assay using high-
content fluorescence microscopy (see above) or lysed for 
immunoblotting.

Gel Electrophoresis and Immunoblotting

Cell and brain lysates were prepared in a buffer containing 
50 mM Tris–HCl (pH, 8), 274 mM NaCl, 5 mM KCl, 2 mM 
EDTA, 2 mM EGTA, one complete-mini protease inhibi-
tor tablet (Roche) per 50 ml, 5 mM sodium pyrophosphate, 
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30 mM β-glycerophosphate, 30 mM sodium fluoride, and 
1 mM phenylmethylsulfonyl fluoride (PMSF). For immuno-
blotting, cell lysates (40 μg) or whole-brain lysates (25 μg) 
were loaded and electrophoresed on a gradient SDS–poly-
acrylamide gel (4–15%, BioRad), followed by transferring 
onto a nitrocellulose membrane (pore size 0.45 µm). For 
α-syn and pSyn immunoblotting, the membrane was incu-
bated in diluted PFA (0.4% in PBS) for 30 min at room tem-
perature before blocking with milk [66]. The membrane was 
then blocked for 1 h with 5% skim milk (BioRad) in PBS 
containing 0.1% Tween-20 (PBS-T) at room temperature 
followed by overnight incubation with a primary antibody 
in PBS-T containing 1% skim milk at 4°C. As primary anti-
body, mouse monoclonal anti-α-synuclein antibody (clone 
42/α-synuclein), anti-phosphorylated-α-synuclein (phospho 
S129) antibody [EP1536Y] (ab51253, Abcam), anti-EGFR 
antibody (A-10), anti-p62/SQSTM1 antibody, anti-LC3B anti-
body, anti-p-EGFR antibody (11C2), and anti-actin antibody 
(C-2) were used at a dilution of 1:1000. The membrane was 
then washed (three times, 5 min each) with PBS-T containing 
1% skim milk. Afterward, the membrane was incubated with 
a fluorescent-labeled secondary anti-mouse IgG antibody (at 
a dilution of 1:20,000) in PBS-T containing 1% skim milk at 
room temperature for 1 h. After washing with PBS-T (three 
times, 10 min each), an LI-COR Odyssey® Infrared Imaging 
System was used to detect immunoreactive protein bands on 
the membrane.

CD Spectroscopy and ThT Fluorescence Analysis 
of Human α‑synuclein

Circular dichroism (CD) spectra were recorded as previ-
ously described by Tavassoly et al. [56, 57, 67–69]. Dilu-
tions of human α-syn monomers and fibrils (5 μM) were 
prepared in sodium phosphate buffer (10 mM, pH 7.4). 
Aliquots of samples were transferred to a cell (0.2-cm path 
length), and the CD spectra of samples were collected over 
a range of 190–260 nm on an Applied Photophysics CHI-
RASCAN PLUS CD Spectrophotometer equipped with a 
Quantum Northwest TC125 temperature controller at 22°C. 
A blank measurement of buffer was collected to correct the 
recorded data. The results are expressed as mean residue 
ellipticity in deg  cm2  dmol−1. For the ThT fluorescence 
study, aliquots of α-syn samples were collected at different 
time points (0 h, 8 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h, 
and 168 h) during the fibrillation process. A reading sample 
was prepared for each time point containing α-syn (50 μM) 
and ThT (40 μM) in PBS. Final volumes of 150 μl of each 
sample were transferred in a 96-well plate. The excitation 
wavelength was set to 450 nm, and emission was recorded 
at 480 nm using a SPARK® Multimode Microplate Reader 
(Tecan™). Blank measurements of buffer and ThT solution 
were collected to correct the recorded data [57].

Atomic Force Microscopy

A Bruker atomic force microscope (Dimension Icon) was 
used to image the morphology of human α-syn fibrils before 
and after fibrillation [56]. Briefly, 150 μl of diluted fibrils 
(50 μM in PBS) was added onto the surface of a mica disc 
(SPI Chem Mica, Grade V-4) and left for 15 min at room 
temperature. Then, fibril solution was aspirated from the 
mica, and the mica was rinsed with water. The slow flow of 
 N2 gas was used to dry the surface of mica. Afterward, the 
mica surface was scanned using “ScanAsyst in Air” mode 
by a Standard Tapping Mode AFM Probe (Nanosensors, 
PPP-NCHR).

Statistical Analysis

All data are reported as “mean ± SD.” The Student’s t-test 
was used for statistical comparisons between control (no 
treatment in cell cultures or placebo in the animal study) and 
treated conditions (treated cells or drug administrated mouse 
group). A one-way ANOVA analysis with Tukey’s HSD 
post hoc tests was used to determine statistical significance 
changes within groups and multiple comparisons between 
study groups. GraphPad Prism 7 was used for all statistical 
analysis and graphs preparation. P < 0.05 was considered 
statistically significant. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 
and ****P ≤ 0.0001.

Results

EGFR Inhibition in Cells Reduces α‑syn‑PFFs Uptake

To address the role of EGFR in PD pathology, we first stud-
ied the role of EGFR in the cellular uptake of α-syn-PFFs as 
a possible mechanism for targeting EGFR in PD. Therefore, 
human α-syn-PFFs were generated and characterized using 
atomic force microscopy (AFM), circular dichroism (CD) 
spectroscopy, and thioflavin T (ThT) assay (Fig. S1). AFM 
images showed the morphology of intact fibrils (Fig. S1a) 
as typical long fibril structures. Sonication of these fibrils 
caused the breaking of intact structures and resulted in 
the formation of smaller fibrils (α-syn-PFFs) (Fig. S1b). 
Furthermore, both CD spectroscopy (Fig. S1c) and ThT 
assay (Fig. S1d) confirmed the formation of β-sheet struc-
tures after fibrillation. Then, α-syn-PFFs were labeled with 
Alexa Fluor 647 and were used in all subsequent α-syn-
PFFs uptake assays. We determined α-syn-PFFs uptake in 
a human neuroblastoma cell line (SK-N-SH) and primary 
mouse cortical neurons using an uptake assay characterized 
in our recently published paper [56]. Briefly, we treated 
cells with 100 nM of Alexa Fluor 647-labeled α-syn-PFFs 
(corresponding to protein concentration before fibrillation) 
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and measured the fluorescent internalized after 6 h by high-
content fluorescence microscopy [56]. To test if EGFR is 
involved in the uptake of α-syn-PFFs, we used siRNA to 
knockdown EGFR in SK-N-SH cells (Fig. 1a–e). Immu-
noblot analysis of cell lysates showed that knockdown of  
EGFR reduced both total and phosphorylated EGFR 
(Fig. 1a, b). We found siRNA-driven knockdown of EGFR 
resulted in a 64% reduction in the level of α-syn-PFFs 
uptake (Fig. 1c–e). To further test if EGFR is involved in 
α-syn-PFFs uptake, we incubated starved SK-N-SH cells 
with different concentrations of high-affinity EGFR ligands, 
HB-EGF or EGF, for 20 min followed by washing with PBS 
to remove excess unbound ligands and then treatment with 
fresh media containing α-syn-PFFs (100 nM). After 6 h 
incubation, the level of α-syn-PFFs uptake was measured 
by high-content imaging (Fig. 1f–i). These results showed 
that HB-EGF and EGF antagonize α-syn-PFFs uptake in a 
concentration-dependent manner  (IC50 ~ 1 μg/ml and 0.7 μg/
ml, respectively) and suggest that α-syn-PFFs compete with 
EGFR ligands to bind to the receptor and activate the recep-
tor. Thus, this activation was evaluated in mice primary neu-
rons by incubation of starved cells with α-syn-PFFs at two 
time points (10 min and 30 min) and measuring the level 
of EGFR activation by immunobloting (Fig. S4). Results 
showed EGFR activation over time by α-syn-PFFs. Next, we 

tested if targeting EGFR activation in neurons by AZD3759 
also reduces the cellular entry of α-syn-PFFs in primary 
mouse cortical neurons. As this inhibitor, AZD3759, was 
developed for brain cancer therapy, all pharmacokinetics 
and pharmacodynamics (PK and PD) properties have been 
characterized in cancer-related cell lines and animal mod-
els with mutated EGFR or amplified wild-type EGFR [52, 
53]. Thus, we measured  IC20 and  IC50 (drug concentration 
causing 20% and 50% inhibition of p-EGFR, respectively) 
and  LD50 (drug concentration causing 50% cell viability) of 
AZD3759 in mouse primary cortical neurons. We obtained 
 IC20 and  IC50 values as 0.63 nM and 8.4 nM, respectively, 
and  LD50 of 5 μM and 4.7 μM after 4-h and 24 h incubation 
times, respectively (Fig. 2a, b). These values were similar 
to the range of reported value for  IC50 in cancer cells but 
lower than the reported  LD50 values [44, 45], suggesting 
that AZD3759 may be suitable to attenuate α-syn-PFFs 
uptake in neurons and in vivo. Therefore, we treated mouse 
cortical neurons with AZD3759 (0.63 nM and 8.4 nM) for 
4 h, followed by α-syn-PFFs (100 nM) treatment. After 6 h 
incubation with α-syn-PFFs, cells were washed, fixed, and 
imaged by high-content fluorescence microscopy. Images of 
neurons at the end of the experiment before fixation showed 
typical healthy neurons even in the presence of AZD3759 
(Fig. 2d–f). Quantification of high-content cellular analysis 
of α-syn-PFFs uptake showed a 33% and 48% reduction in 
the level of α-syn-PFFs uptake in the presence of 0.63 nM 
and 8.4 nM of AZD3759, respectively (Fig. 2c, g–i), indi-
cating that inhibition of EGFR activation reduces the uptake 
of α-syn-PFFs uptake in neurons. Furthermore, to validate 
that activation and autophosphorylation of EGFR by its 
tyrosine kinase activity mediates endocytosis of α-syn-
PFFs, another EGFR-TKI (gefitinib) was used in the same 
uptake assay (see above) (Fig. S6). Results showed that 
similar to AZD3759, inhibition of EGFR tyrosine kinase 
activity and phosphorylation by gefitinib (8.4 nM) resulted 
in a reduction in the level of α-syn-PFF uptake comparable 
to the inhibitory effect of AZD3759 (8.4 nM).

EGFR inhibition in a mouse model of α‑syn 
propagation ameliorates pSyn pathology

Next, we performed a short-term pharmacodynamics 
study to test whether AZD3759 reduces EGFR activation 
in vivo using a well-characterized wild-type mouse α-syn-
propagation model (C57BL6/C3H F1 mice inoculated 
with mouse-α-syn-PFFs (average fibril length: 50.71 nm)) 
[13, 58, 59]. AZD3759 or placebo (1% methylcellulose) 
was administrated by oral gavage to 10 mice (5 wild-type 
mice injected with PBS and 5 wild-type mice injected 
with α-syn-PFFs) at 15 mg/kg/day as indicated in Fig. 3a. 
Immunoblotting of brain lysates from these animals 
revealed that AZD3759 reduced the levels of p-EGFR as 

Fig. 1  Effect of EGFR knockdown and ligand (HB-EGF and EGF) 
treatment on α-syn-PFFs uptake. a Immunoblot analysis and quantifi-
cation of EGFR protein levels in SK-N-SH cell lysates after knocking 
down EGFR using specific siRNA oligo duplex showing the efficacy 
of knockdown as compared to cells treated with a nontarget (NT) 
siRNA oligo duplex as control (n = 3). b Immunoblot analyses of 
p-EGFR levels and quantification after knocking down EGFR using 
siRNA compared to cells treated with a NT siRNA oligo duplex 
as control (n = 3). c Quantification of high-content cellular analy-
sis showing the effects of targeted siRNA knockdown of EGFR on 
uptake of α-syn-PFFs (100 nM, 6 h incubation) compared to an NT 
siRNA oligo duplex as control. d, e High-content cellular analysis 
images representing the results shown in c (n = 3). In each single rep-
licate, 12 different automatically preassigned nonoverlapping fields 
in each well (eight wells for each condition) were imaged. Images 
from these fields for each condition were selected as representative 
images. DAPI channel (nucleus) and Cy5 channel (α-syn-PFFs) are 
represented in blue and red, respectively. The scale bar represents 
10  μm (**P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001). The results 
in a–e represent three independent biological repeats (n = 3). Error 
bars represent mean ± SD. The Student’s t-test was used for statisti-
cal comparisons between control (NT-siRNA) and EGFR siRNA. f 
SK-N-SH cells were treated with different concentrations of HB-EGF 
or EGF (0  μg/ml, 0.3125  μg/ml, 0.625  μg/ml, 1.25  μg/ml, 2.5  μg/
ml, 5 μg/ml, 10 μg/ml, 20 μg/ml) for 20 min and then incubated with 
α-syn-PFFs (100  nM) for 6  h. The level of α-syn-PFFs uptake was 
measured by high-content cellular analysis.  IC50 values of HB-EGF 
and EGF to antagonize α-syn-PFFs uptake were measured as 1 μg/ml 
and 0.7 μg/ml, respectively. g–i Representative high-content cellular 
analysis images of untreated cells (g) and cells treated with HB-EGF 
(20 μg/ml) (h) and EGF (20 μg/ml) (i). DAPI channel (nucleus) and 
Cy5 channel (Alexa Fluor 647-labeled α-syn-PFFs) are represented in 
blue and red, respectively. The scale bar represents 10 μm

◂
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Fig. 2  AZD3759 activity in mouse cortical neurons. a The dose–
response curve shows the relationship between AZD3759 concen-
tration and EGFR phosphorylation inhibition in primary mouse cor-
tical neurons. Cells were serum-starved for 2 h and then exposed to 
AZD3759 at concentrations ranging from 10 to 1.19209 ×  10–6 mM. 
After 4  h of incubation, cells were stimulated with EGF (100  ng/
ml) for 20 min. p-EGFR levels of cell lysates were measured using 
ELISA.  IC20 and  IC50 (AZD3759 concentrations causing 20% and 
50% inhibition of p-EGFR, respectively) values for AZD3759 
were measured as 0.63 nM and 8.4 nM, respectively. b Viability of 
mouse primary cortical neurons treated with AZD3759 for 4  h and 
24  h. Viability was assessed with CellTiter Blue (Promega).  LD50 
(AZD3759 concentration causing 50% viability) was measured as 
5 μM and 4.7 μM after 4-h and 24-h incubation times, respectively. 
c Quantification of high-content cellular analysis of α-syn-PFFs 
uptake in primary mouse cortical neurons. Neurons grown in cul-
ture for 21  days were treated with two concentrations of AZD3759 
corresponding to its measured  IC20 and  IC50 values (0.63  nM 

and 8.4  nM, respectively) and incubated for 4  h followed by add-
ing α-syn-PFFs (100 nM). After 6 h incubation, cells were washed, 
fixed, and stained with Hoechst 33342 (experiments were repeated 
three times, n = 3; three independent biological repeats). d–f Images 
showing mouse cortical neurons cultured for 21 days, treated for 4 h 
with either AZD3759 (0.63 nM (e) or 8.4 nM (f)) or vehicle (d). g–i 
High-content cellular analysis images representing the results shown 
in c (n = 3). In each single replicate, 12 different automatically preas-
signed nonoverlapping fields in each well (eight wells for each condi-
tion) were imaged. Images from these fields for each condition were 
selected as representative images. DAPI channel (nucleus) and Cy5 
channel (Alexa Fluor 647-labeled α-syn-PFFs) are represented in blue 
and red, respectively. The scale bar represents 10 μm. Error bars rep-
resent mean ± SD. One-way ANOVA followed by Tukey’s HSD post 
hoc test was used for statistical comparisons between control (NT) 
and AZD3759 (0.63  nM and 8.4  nM) treatments (F(2,6) = 57.58, 
***P ≤ 0.001)
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compared with untreated animals in both PBS- and PFF-
injected mice (Fig. 3b–m). Furthermore, we also found that 
EGFR inhibition decreases the level of α-syn (Fig. 3d, h, 
l, m) and pSyn (Fig. S3d, h, m, n). Moreover, no statisti-
cally significant difference was detected for the level of 
pSyn/α-syn ratio (Fig. S3p, r). A similar reduction in the 
level of pathogenic Aβ was reported in a mouse model of 
AD treated with an EGFR inhibitor through induction of 
autophagy [26]. Thus, we also tested this mode of action 
using autophagy induction markers (LC3 and p62) [70]. 
Similar to all other EGFR-TKIs [31, 41, 43–46], AZD3759 
also activates autophagy by increasing in the level LC3-
II/LC3-I and reduction in the level of p62 (Fig. S3b, c, 
f, g, i-l, o, q). To confirm this mode of action is due to 
protein degradation, we measured change in the level of 
SCNA mRNA in this study using quantitative real-time-
PCR, and the results showed no significant change in the 
level of SNCA mRNA between mice treated and untreated 
with AZD3759 (Fig. S3a, e). Next, we performed a proof-
of-concept study to test whether AZD3759 can reduce the 
appearance of pSyn in this same model. The average fibril 

length injected to striatum for this study was 30.30 nm. 
For our proof-of-concept study, neuronal  IC20 and  IC50 
concentrations were converted into in vivo doses [71–76] 
using reported pharmacokinetics values for AZD3759 in 
animal models to maintain these concentrations in the brain 
during dosing intervals [53]. The experimental design and 
dosing regimens for this study are summarized in Fig. 4a 
and Table 1. Upon completion of dosing, mice were eutha-
nized, and brains were collected for immunohistochemical 
studies using a specific antibody for pSyn pathology at 
early stages of seeded pathology upon uptake at the site of 
injection (striatum) and propagation of pathology to SN. 
We focused on the site of injection (right dorsal striatum) 
to measure the inhibitory effect on uptake of recombinant 
α-syn-PFFs by neurons in this area and early seeding of 
endogenous α-syn aggregation. We also studied pathology 
development in ipsilateral substantia nigra to measure the 
inhibitory effect of EGFR inhibition on subsequent uptake 
and seeding (propagation). First, we found that intrastriatal 
injection of α-syn-PFFs resulted in a significant increase in 
pSyn pathology at the site of injection in the right dorsal 

Fig. 3  Chronic pharmacodynamic study of AZD3759 in mice. a 
Schematic illustration of the experimental design showing the time-
lines for pre-treatment (7  days), intracerebral (i.c.) inoculation with 
PBS (n = 10) or mouse-α-syn-PFFs (average fibril length 50.71 nm) 
(n = 10), recovery (5  days), and posttreatment (15  days). Half of 
the mice (n = 5) from each group were administrated with placebo 
(1% methylcellulose) or AZD3759 (15  mg/kg/day). b–m Monitor-
ing levels of brain p-EGFR, EGFR, and α-syn using immunoblot. 
b–e, j, l In PBS-injected mice (n = 10), administration of AZD3759 

(15  mg/kg/day) (n = 5) resulted in statistical significant reductions 
in p-EGFR (normalized to actin), activated EGFR (p-EGFR/EGFR) 
as well as α-syn. f–i, k, m In PFF-injected mice (n = 10), adminis-
tration of AZD3759 (15 mg/kg/day) (n = 5) resulted in statistical sig-
nificant reductions in p-EGFR (normalized to actin), activated EGFR 
(p-EGFR/EGFR) as well as α-syn. Error bars represent mean ± SD. 
The Student’s ttest was used for statistical comparisons between the 
control (placebo) and the AZD3759 administrated group (*P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001)
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striatum as compared with PBS-injected wild-type mice 
(***P < 0.0001) (Fig. 4b, c, f, i, l). Moreover, the level of 
pSyn pathology is significantly reduced in PFF-injected 
mice treated with both doses of AZD3759 compared to the 
non-treated group (*P < 0.05) (Fig. 4b, i–n). In the ipsi-
lateral substantia nigra compacta of α-syn-PFFs injected 
mice, we could observe a reduction in pSyn pathol-
ogy (level of pSyn and %  pSyn+ cells) at the low dose 
(0.64 mg/kg/day) of AZD3759 in comparison to the α-syn-
PFFs-injected group which received Placebo (**P < 0.01, 
*P < 0.05 respectively) (Fig. 5a, b, i–n). On average, mice 
injected with α-syn-PFFs and treated with  0.64 mg/kg/
day of AZD3759 had 33% less  pSyn+ cells in the midbrain 
compared to mice injected with α-syn-PFFs treated with 
Placebo (Fig. 5b). Coronal sections were also processed 

for dual immunofluorescence of pSyn and TH, a marker of 
dopaminergic neurons (Fig. S2). In α-syn-PFFs injected 
mice, while AZD3759 therapy showed a trend towards 
reducing the level of TH-labeled cells localizing with 
pSyn, this did not reach statistical significance (Fig. S2a, 
c-z). Despite in our study (60 dpi) [13, 64], it is unlikely 
that TH cells undergo degeneration, we also counted the 
number of  TH+ cells in the SN using the same method 
that was used to count  pSyn+ cells (Fig. S2b). The results 
showed no change in the number of  TH+ cells within 
treated and un-treated groups, suggesting that AZD3759 
is not toxic for dopaminergic neurons and the reduction 
in the level of pSyn pathology is due to a reduction in the 
level of seeding and propagation of α-syn, not cell death.

We also performed immunohistochemical staining for 
EGFR and p-EGFR (Fig. S5). The EGFR-immunoreactive 
signal was localized in the soma and some primary den-
dritic branches near the subventricular area of the dor-
sal striatum and the dorsal striatum (Fig. S5d–f, j–l, p–r, 
v–x). p-EGFR- immunolabeled signal was observed in 
the somas of the subventricular area of the dorsal stria-
tum (Fig. S5g–i, m–o, s–u, y–z’). As we discussed in 
our recently published review, activated EGFR (p-EGFR/
EGFR) is an informative pathology associated marker in 
cancer as well as AD [31]. This marker represents the 
level of p-EGFR normalized with the total level of EGFR 
and represents a fraction of the total EGFR, which is acti-
vated. The therapeutic effect of EGFR inhibition must tar-
get the level of activated EGFR [31]. Thus, we measured 
the change in the level of activated EGFR in our model 
(Fig. S5c). Results showed that change in the level of 
activated EGFR within study groups is statistically sig-
nificant (F(5,42) = 3.115, *P = 0.0176) (Fig. S5c). Fur-
thermore, injection of α-syn-PPFs increased the level of 
activated EGFR as compared to PBS-injected mice, and 
administration of AZD3759 reduced the level of activated 
EGFR at both doses, but post hoc multiple comparisons 
showed statistically significant reduction for 8.6 mg/kg/
day dose (**P < 0.01) (Fig. S5c).

Fig. 4  AZD3759 decreases α-syn seeding and propagation in wild-
type mice at the level of the right dorsal striatum. a Schematic illus-
tration of the experimental design showing the timelines for pretreat-
ment (15 days), intracerebral (i.c.) inoculation with PBS (n = 22) or 
mouse-α-syn-PFFs (average fibril length 30.30  nm) (n = 24), recov-
ery (10  days), and posttreatment (60  days). PBS- and α-syn-PFFs-
injected mice were divided into three subgroups and administrated 
with placebo (1% methylcellulose), AZD3759 (0.64  mg/kg/day), 
and AZD3759 (8.6 mg/kg/day). b Histogram showing the total phos-
phorylated pS129 α-synuclein (pSyn) level at dorsal striatum nor-
malized to the corresponding area. Statistical significance in b was 
determined by one-way ANOVA, followed by Tukey’s HSD post hoc 
test (F(5,40) = 6.126, ***P = 0.0003). c-n pSyn immunostaining of 
coronal sections at the level of the right dorsal striatum (intracerebral 
injection site) in C57/B6C3F1 mice intracerebral injected with PBS 
(c–e) or α-syn-PFFs (i–k) and treated with placebo (1% methylcel-
lulose) (n = 8 for PBS-injected group and n = 7 for the α-syn-PFFs-
injected group), 0.64 mg/kg AZD 3759 (n = 7 for PBS-injected group 
and n = 8 for the α-syn-PFFs-injected group), and 8.6  mg/kg AZD 
3759 (n = 7 for PBS and n = 9 for PFFs). f–h, l–n Images with high 
magnification expanded from selected boxes in c–e and i–k images, 
respectively, showing pSyn, identified by the brown peroxidase 
immunoreaction products. No α-syn pathology was detected in the 
PBS-injected group. In the α-syn-PFFs-injection group, the admin-
istration of AZD3759 caused significant decreases of pSyn staining 
at both doses (0.64 and 8.6 mg/kg/day) (*P ≤ 0.05). Error bars repre-
sent mean ± SD. Scale bars in c–e, i–k and f–h, l–n are 100 μm and 
20 μm, respectively. LV lateral ventricle, str striatum

◂

Table 1  Proof-of-concept 
study groups, including doses 
and corresponding in vitro 
concentrations

PBS phosphate-buffered saline, α-syn-PFFs α-synuclein-pre-formed-fibrils

Mice type Intrastriatal inoculated Group AZD3759 
dose (mg/kg/
day)

Corresponding 
in vitro concentrations

Wild type (C57BL6/C3H F1) PBS A Placebo 0
B 0.64 IC20 = 0.63 nM
C 8.6 IC50 = 8.4 nM

Mouse-α-syn-PFFs D Placebo 0
E 0.64 IC20 = 0.63 nM
F 8.6 IC50 = 8.4 nM
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Discussion

Several observations have stimulated our interest in the 
potential of targeting EGFR using small molecule inhibi-
tors for therapeutic benefit in PD. First, several reports have 
shown that EGFR is a potential target for developing drugs 
for treating neurodegenerative diseases [25–27, 29, 36, 37]. 
For example, EGFR inhibitors are protective in SOD1 [36] 
and Aβ [26, 27, 37] mice models. The main mechanism 

behind the neuroprotective effect of EGFR inhibition in AD 
is reducing endogenous Aβ through autophagy induction, 
leading to the reduction of amyloid formation in the brain 
[26]. Furthermore, it has been shown that fibrils of Aβ [37], 
huntingtin (polyQ-htt) aggregates [39], and premelano-
some protein (PMEL) fibrils [40] bind to cellular EGFR, 
which propose that EGFR might be involved in the cellular 
uptake of these oligomers or other similar pathogenic pro-
teins such as α-syn fibrils. Second, the first selective EGFR 
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inhibitor, AZD3759, which efficiently penetrates the BBB, 
was recently described [52, 53], and it has been shown that 
this inhibitor has no apparent toxicity even after long-term 
dosing over months [50–55]. In this regard, it is notable that 
AZD3759 has successfully passed phase I clinical trial and 
even recently entered phase II clinical trials [50, 51, 54, 55].

EGFR is one of the main targets in cancer therapy due 
to mutations or amplification of the EGFR gene in can-
cerous cells, which cause uncontrolled cell proliferation 
and tumor growth. The goal of EGFR-TKI therapy in can-
cer patients is to reduce or stop the growth and number 
of tumor cells. Thus, several known and approved EGFR 
inhibitors are available in the clinic for cancer therapy. Most 
of these inhibitors target mutant constitutively active forms 
of EGFR with favorable  IC50 values (nM range) to reduce 
p-EGFR levels. These inhibitors at doses corresponding to 
 IC50 values are toxic to cells to stop the proliferation of 
cancer cells (therapeutic effect) as well as non-cancer cells 
(side effect) [31]. There is a correlation between activity 
 (IC50) and cytotoxicity  (LD50) of these inhibitors, which 
capable them of controlling cellular proliferation, to reduce 
the size of tumors, and prevent downstream outcomes such 
as spread and metastasis of tumors to other organs [31]. 
These effects are not desirable in neurodegenerative dis-
eases, but there may be a rationale for targeting the wild-
type EGFR. Indeed, it has been shown that in both PD and 
AD postmortem brain samples from aged patients and ani-
mal models, the level of total EGFR is reduced, whereas the 
level of activated EGFR (p-EGFR/EGFR) is increased [27, 
37, 77]. It has been shown that knocking down EGFR or 

treatment with an EGFR inhibitor (compound 65) prevents 
neuronal degeneration due to EGFR activation by ROS in 
neurons [78, 79].

Besides neuronal degeneration [78, 79], other out-
comes of EGFR activation are increase in the level of 
EGFR-mediated endocytosis of fibrils [37] and inhibi-
tion of autophagy [31, 44, 46], which potentially can 
cause more fibrils uptake and downstream seeding of 
endogenous α-syn monomers. Thus, inhibition of EGFR 
kinase activity is a potential neuroprotective strategy 
to reduce seeding, propagation, and neurodegeneration 
through both reduction of fibrils uptake and an increase 
in autophagy. Therefore, this motivated us to test the 
neuroprotective potential of EGFR-TKI therapy in a cell 
culture and a mouse model of α-syn propagation. Our 
preliminary cell culture studies showed that reduction 
in the level of EGFR, as well as treatment of cells with 
high-affinity EGFR ligands (HB-EGF and EGF), reduce 
the level of α-syn-PFFs uptake in cells (Fig. 1). Further-
more, treatment of cells with α-syn-PFFs activates EGFR 
over time (Fig. S4). Based on these results and consid-
ering the potential effect of EGFR inhibition in target-
ing the propagation of pathogenic proteins, we tested for 
the first time the neuroprotective effect of AZD3759, 
a BBB-penetrating EGFR inhibitor in a mice model of 
α-syn propagation. This model provided the possibility to 
evaluate the inhibitory effect of AZD3759 on both uptake 
of α-syn-PFFs as well as the reduction in the level of 
endogenous α-syn, which has the potential to decrease 
subsequent seeding and propagation of α-syn pathology. 
Comparing our study with previous reports on treating 
mice models of AD and ALS with EGFR inhibitor [26, 
36, 37], we used a well-characterized BBB-penetrating 
EGFR inhibitor in this study [52, 53]. Moreover, we have 
selected concentrations corresponding to neuronal  IC20 
and  IC50, which were non-toxic in neurons in short-term 
(4 h) and long-term (24 h) incubation times (Fig. 2). At 
these concentrations, AZD3759 reduces the level of neu-
ronal α-syn-PFFs uptake (Fig. 2). Furthermore, AZD3759 
reduces the levels of p-EGFR, activated EGFR (p-EGFR/
EGFR), and endogenous α-syn (Fig. 3) as well as pSyn 
(Fig.  S3). Moreover, like other EGFR-TKIs [41–45, 
47–49], AZD3759 activates autophagy (Fig. S3). Reduc-
tion in the level of endogenous α-syn was not due to a 
reduction of SNCA mRNA expression (Fig. S3), which 
suggest that autophagy induction might involve in the 
degradation of α-syn proteins. We also observed a signifi-
cant reduction of pSyn pathology in the striatum of mice 
treated with AZD3759 at both doses corresponding to 
neuronal  IC20 and  IC50 (Fig. 4) but only saw a reduction in 
the ipsilateral substantia nigra at the lower dose (Fig. 5). 
While having no good explanation for the lack of effect of 
the higher dose, it is possible that in non-cancer cases, the 

Fig. 5  AZD3759 decreases α-syn propagation in wild-type mice at 
the level of right substantia nigra. a Histogram showing the total level 
of pSyn normalized to ipsilateral midbrain area. Statistical signifi-
cance in a was determined by one-way ANOVA, followed by Tukey’s 
HSD post hoc test (F(5,40) = 15.48, ****P < 0.0001). b Histogram 
showing the % of  pSyn+ cells ([number of  pSyn+ cells/average of 
 pSyn+ cells of the Placebo- α-syn-PFFs group)] × 100) at the level of 
the midbrain. Statistical significance in b was determined by one-way 
ANOVA, followed by Tukey’s HSD post hoc test (F(5,39) = 15.76, 
****P < 0.0001). c–n pSyn immunostaining of coronal sections 
at the level of the substantia nigra in C57/B6C3F1 mice intracer-
ebral injected with PBS (c–e) or α-syn-PFFs (average fibril length 
30.30 nm) (i–k) and treated with 1% methylcellulose (Placebo, n = 8), 
0.64 mg/kg/day of AZD3759 (n = 6 for PBS-injected mice and n = 8 
for α-syn-PFFs-injected mice) and 8.6 mg/kg/day of AZD3759 (n = 7 
for PBS-injected group and n = 9 for the α-syn-PFFs-injected group). 
f–h, l–n High-magnification images expanded from selected boxes 
in c–e and i–k images, respectively, showing pSyn, identified by the 
brown peroxidase immunoreaction products. α-Syn pathology was 
absent in the PBS-injected group. In the α-syn-PFFs-injected group, 
significant decreases in the level of pSyn staining (**P ≤ 0.01) as well 
as %  pSyn+ cells (*P ≤ 0.05) were observed in the group adminis-
trated with 0.64 mg/kg/day of AZD3759 in comparison with the Pla-
cebo α-syn-PFFs group.  pSyn+ cells are pointed with a white arrow. 
Error bars represent mean ± SD. Scale bars in c–e, i–k and f–h, l–n 
are 200 μm and 20 μm, respectively. ml medial lemniscus, SNc sub-
stantia nigra compacta, SNr substantia nigra reticulate

◂
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levels and activity of EGFR are lower than cancer cells 
[31]. In this context, lower concentrations of EGFR-TKI 
might be sufficient to inhibit EGFR tyrosine kinase activ-
ity to a level that can ameliorate α-syn induced pathol-
ogy in SN. Another explanation might be the induction 
of autophagy, which causes resistance in cancer therapy 
[41, 43–46] but is neuroprotective in neurodegenerative 
diseases [26, 31] because it reduces the level of endog-
enous pathogenic and aggregation forming proteins such 
as amyloid-β [26, 31]. The level of resistance or induc-
tion of autophagy depends on the administrative dose. 
Lower doses induce more autophagy induction and resist-
ance compared to higher doses; [80–83] that is why in 
cancer therapy, high doses of EGFR inhibitors are co-
administrated with autophagy inhibitors to avoid resist-
ance and induction of autophagy [42, 47–49]. We have 
shown that AZD3759 activates autophagy in the brain of 
mice (Fig. S3). In the case of AZD3759 in our study, the 
reason that why the lower dose is more effective in reduc-
ing pSyn pathology might be because it induces more 
autophagy efflux than the higher dose. This might lead 
to more degradation of endogenous α-syn, which caused 
less seeding.

Regarding the mechanisms of action of AZD3759, 
our results suggest that beneficial effect of AZD3759 

in this PD mice model is a combination of reduction in 
α-syn-PFFs uptake (Fig. 2) and decrease in endogenous 
α-syn (Fig. 3) through induction of autophagy (Fig. S3) 
not reduction of SCNA mRNA expression (Fig. S3). The 
combination of the decrease in both α-syn-PFFs uptake 
and endogenous α-syn leads to a single mode-of-action 
which is reduction in the propagation-seeding process 
(Fig. 6).

In all previous EGFR-TKI studies in neurodegen-
erative diseases, classical EGFR inhibitors with low or 
unknown levels of BBB penetration were used to evalu-
ate the beneficial effect of EGFR inhibition in neurode-
generative diseases [31]. Therefore, the PK/PD of drugs 
in the brain was insufficient to conclude their efficacy 
[31, 36, 37]. In this work, we showed for the first time 
that EGFR inhibition using a well-characterized BBB-
EGFR-TKI leads to a decrease in pSyn pathology in a 
well-established mouse model of α-syn propagation. 
Accordingly, this work represents a potential advance in 
developing a therapeutic disease-modifying intervention 
for PD, possibly by repositioning AZD3759. It will be 
important to confirm these findings in other mice mod-
els of PD as well as transgenic mice expressing human 
EGFR and/or α-syn considering AZD3759 administration 
for longer term.

Fig. 6  AZD3759 mode-of-
action: inhibition of EGFR 
activation by the administration 
of a BBB-inhibitor (AZD3759) 
ameliorates α-syn pathology 
(pSyn) in a PD mouse model 
generated by injection of α-syn-
PFFs into the striatum. The 
beneficial effect of AZD3759 
therapy involves the reduction 
in the seeding at the site of 
injection as well as propagation 
to substantia nigra. Brain sec-
tions are  adopted from Allen 
Institute (© 2011 Allen Institute 
for Brain Science. Allen Mouse 
Brain Atlas. Available from 
http://atlas .brain -map.org/)
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