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Midbrain organoids with an SNCA gene
triplication model key features of
synucleinopathy

Nguyen-Vi Mohamed,1 Julien Sirois,1 Janani Ramamurthy,1 Meghna Mathur,1

Paula Lépine,1 Eric Deneault,1 Gilles Maussion,1 Michael Nicouleau,1 Carol X.-Q. Chen,1

Narges Abdian,1 Vincent Soubannier,1 Eddie Cai,1 Harris Nami,1 Rhalena A. Thomas,1

Dingke Wen,2 Mahdieh Tabatabaei,1,3 Lenore K. Beitel,1 Karamjit Singh Dolt,4

Jason Karamchandani,1,3 Jo Anne Stratton,5 Tilo Kunath,4 Edward A. Fon1 and
Thomas M. Durcan1

SNCA, the first gene associated with Parkinson’s disease, encodes the a-synuclein protein, the predominant component within

pathological inclusions termed Lewy bodies. The presence of Lewy bodies is one of the classical hallmarks found in the brain of

patients with Parkinson’s disease, and Lewy bodies have also been observed in patients with other synucleinopathies. However, the

study of a-synuclein pathology in cells has relied largely on two-dimensional culture models, which typically lack the cellular diver-

sity and complex spatial environment found in the brain. Here, to address this gap, we use three-dimensional midbrain organoids,

differentiated from human-induced pluripotent stem cells derived from patients carrying a triplication of the SNCA gene and from

CRISPR/Cas9 corrected isogenic control iPSCs. These human midbrain organoids recapitulate key features of a-synuclein path-

ology observed in the brains of patients with synucleinopathies. In particular, we find that SNCA triplication human midbrain

organoids express elevated levels of a-synuclein and exhibit an age-dependent increase in a-synuclein aggregation, manifested by

the presence of both oligomeric and phosphorylated forms of a-synuclein. These phosphorylated a-synuclein aggregates were found

in both neurons and glial cells and their time-dependent accumulation correlated with a selective reduction in dopaminergic neuron

numbers. Thus, human midbrain organoids from patients carrying SNCA gene multiplication can reliably model key pathological

features of Parkinson’s disease and provide a powerful system to study the pathogenesis of synucleinopathies.
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Keywords: human midbrain organoids; iPSCs; a-synuclein; Parkinson’s disease

Abbreviations: 2D ¼ two-dimensional; 3D ¼ three-dimensional; Calb1 ¼ calbindin 1; CNVs ¼ copy number variations; COMT

¼ catechol-O-methyltransferase; DDC ¼ dopa decarboxylase; DLB ¼Dementia with Lewy bodies; DN ¼ dopaminergic neuron;

EN1 ¼ engrailed homeobox 1; GCIs ¼ glia cytoplasmic inclusions; hMOs ¼human midbrain organoids; iPSC ¼ induced pluripo-

tent stem cell; LBs ¼Lewy bodies; LMX1B ¼LIM homeobox transcription factor 1-beta; LNs ¼Lewy neurites; LRRK2

¼ leucine-rich repeat kinase 2; MSA ¼multiple systems atrophy; Nurr1 ¼ nuclear receptor related 1 protein; pS129Syn ¼ a-syn

phosphorylated at serine S129; SN ¼ substantia nigra; Syn-PLA ¼ synuclein proximity ligation assay; TH ¼ tyrosine hydroxylase;

a-syn ¼ a-synuclein

Introduction
Parkinson’s disease is the second most prevalent neurode-

generative disorder, affecting more than 10 million people

worldwide.1 Genetic factors contribute to the complex

pathogenesis of Parkinson’s disease with �5% of all

patients suffering from a monogenic form of Parkinson’s

disease. SNCA, the first gene associated with familial

Parkinson’s disease, encodes the protein a-synuclein (a-

syn).2 Missense mutations in the SNCA gene cause a rare,

autosomal dominant inherited form of Parkinson’s dis-

ease.3–8 Moreover, copy number variations (CNVs) in the

SNCA gene were also identified in patients with

Parkinson’s disease.9,10 Indeed, the clinical phenotype of

SNCA duplications resembles typical late-onset sporadic

Parkinson’s disease whereas SNCA triplications lead to a

more widespread neurodegeneration with early-onset par-

kinsonism and dementia.9,11–14 This implies that there is a

direct relationship between SNCA gene dosage and disease

severity.9,15 Beyond these rare genetically determined

forms, the abnormal accumulation of a-syn in the brain is

a classical pathological hallmark for a group of related

neurodegenerative disorders, collectively referred to as syn-

ucleinopathies. These include the vast majority of patients

with sporadic Parkinson’s disease, as well as those with

Dementia with Lewy Bodies (DLB) and Multiple System

Atrophy (MSA).

A cardinal feature of synucleinopathies is the pathologic-

al misfolding and aggregation of a-syn, and its accumula-

tion within inclusion bodies in the brain, termed Lewy

bodies (LBs), Lewy neurites (LNs) and Glia Cytoplasmic

Inclusions (GCIs). A significant proportion of a-syn in

these inclusions is phosphorylated at serine 129

(pS129Syn), a post-translational modification that has been

detected in newly formed a-syn aggregates.16 The precur-

sor to these phosphorylated aggregates is oligomeric a-syn,

another important feature of a-syn pathology that is com-

monly observed in post-mortem Parkinson’s disease brains.

Oligomeric forms are believed to represent the initial seeds

following misfolding of native a-syn, which can then
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induce further templating and aggregation of a-syn into

phosphorylated aggregates.17,18 These oligomers are

believed to play a neurotoxic role by inducing mitochon-

drial and proteasomal defects, endoplasmic reticulum

stress, inflammatory responses, and synaptic, autophagic

and lysosomal dysfunction.19 Thus, while both oligomeric

and phosphorylated a-syn aggregates have been shown to

occur in synucleinopathies, how they form, and their pre-

cise effects have remained elusive.

To date, the majority of studies examining a-syn patho-

physiology have relied on two-dimensional (2D) cell cul-

ture systems and rodent models.20,21 With the advent of

human induced pluripotent stem cells (iPSCs) and three-

dimensional (3D) brain organoids, it is now possible to

use patient-derived models to more faithfully reconstitute

human brain-region specific features of the disease

in vitro. One such region is the midbrain which contains

the substantia nigra (SN), the area most affected in

Parkinson’s disease and where the majority of dopamin-

ergic neurons (DNs) are lost. Single-cell sequencing ana-

lysis of the SN demonstrated a high complexity of cell

types, including neurons, astrocytes and oligodendrocytes

and showed that the common genetic risk for Parkinson’s

disease is associated with DN-specific gene expression.22

Recent protocols to generate human midbrain organoids

(hMOs) from iPSCs have made it possible to generate 3D

human tissue in vitro that more closely resembles the na-

tive environment and cellular diversity, including DNs,

found in vivo in the SN.23 Neurons within hMOs form

interconnected networks, are organized in multiple layers,

and exhibit a number of functional properties normally

displayed by neurons, that include synapse formation and

spontaneous electrophysiological activity.24 Thus, hMOs

provides a human model in a dish with the potential to

capture the 3D architecture, cellular diversity and con-

nectivity found in the midbrain in vivo. In contrast to

in vivo rodent models, human iPSC-derived organoids

also have the advantage of being generated from patients

and are thus more likely to faithfully recapitulate disease

features.25–27

To investigate whether key features of synucleinopathies

could be detected in a brain organoid model, we gener-

ated hMOs from an iPSC line derived from a patient

with an SNCA gene triplication (SNCA Tri). These were

compared to hMOs generated from isogenic control

iPSCs derived from the same line, but in which the

SNCA gene copy-number had been corrected to wild-

type, through CRISPR/Cas9 genome editing. Using a

combination of molecular, biochemical, immunocyto-

chemical and flow cytometry approaches, we report an

age-dependent increase in A-syn levels and aggregation,

including oligomeric- and S129-phosphorylated a-syn, in

the SNCA Tri but not the control hMOs. Interestingly,

pS129Syn was detected in both neurons and glial cells

and correlated with a reduction in the number of DN

over time, coinciding with broader neuronal loss and,

conversely, an increase in the number of glial cells.

Taken together, our findings support the idea that hMOs

from patients with SNCA CNVs can model key patho-

logical features of synucleinopathies and provide a novel

platform to investigate the mechanism of a-syn pathogen-

esis in Parkinson’s disease.

Materials and methods

Cell-line information and ethical
approvals

The use of iPSCs in this research is approved by the

McGill University Health Centre Research Ethics Board

(DURCAN_IPSC/2019–5374). SNCA lines (originally

named AST23, AST23-2KO, AST23-4KO) were provided

and generated by Dr Tilo Kunath from The University of

Edinburgh according to methodology described in Chen

et al.28 The healthy individual line in Supplementary Fig.

4 is named the NCRM-1 cell-line (NIH CRM, http://

nimhstemcells.org/crm.html) while the SNCA Tri (b) line

is named ND34391*H (Coriell, https://www.coriell.org/0/

PDF/NINDS/ipsc/ND34391_CofA.pdf).

Maintenance of iPSCs and hMO
differentiation

For generation of hMOs, iPSCs were used only after a min-

imum of two passages following being thawed and were

not passaged more than ten times. Details on iPSC passag-

ing are found in our QC workflow for iPSC maintenance.29

hMOs were generated according to the published method.30

Briefly, 10 000 cells from a single-cell suspension of iPSCs

were seeded in each well of a 96-well ultra-low attachment

plate, containing neuronal induction media [DMEM/F12:

Neurobasal (1:1), 1:100 N2 supplement (Gibco), 1:50 B27

without vitamin A (Invitrogen), 1% GlutaMAX (Gibco),

1% minimum essential media-nonessential amino acid

(Invitrogen), and 0.1% b-mercaptoethanol (Gibco) supple-

mented with 1lg/ml heparin (Sigma-Aldrich), 10lM

SB431542 (Selleck Chemicals), 200 ng/ml Noggin

(PeproTech), 0.8lM CHIR99021 (Selleck Chemicals), and

10 lM ROCK inhibitor Y27632 (Tocris Bioscience)]. Plates

were then centrifuged for 10 min at 1200 rpm to aggregate

the cells. After 48 h, embryoid bodies (EBs) formed and the

medium was replaced with fresh neuronal induction media

without ROCK inhibitor. After 2 days, the medium was

replaced with midbrain patterning medium [neuronal induc-

tion media formulation with the addition of 100 ng/ml

SHH-C25II (PeproTech) and 100 ng/ml FGF8 (PeproTech)],

driving the EBs toward the midbrain fate. EBs were then

embedded, 3 days later, in MatrigelV
R

reduced growth factor

and incubated for 24 h in tissue induction medium [contain-

ing neurobasal medium, 1:100 N2 supplement, 1:50 B27

without vitamin A, 1% GlutaMAX, 1% minimum essential

media-nonessential amino acid, and 0.1% b-mercaptoetha-

nol supplemented with 2.5lg/ml insulin (Millipore Sigma),
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200 ng/ml laminin (Millipore Sigma), 100 ng/ml SHH-C25II,

and 100 ng/ml FGF8]. Finally, the following day, embedded

hMOs were transferred into a six-well ultra-low attachment

plate filled with final differentiation medium [containing

neurobasal medium, 1:100 N2 supplement, 1:50 B27 with-

out vitamin A, 1% GlutaMAX, 1% minimum essential

media-nonessential amino acid, 0.1% b-mercaptoethanol,

10 ng/ml BDNF (PeproTech), 10 ng/ml GDNF (PeproTech),

100lM ascorbic acid (Millipore Sigma), and 125lM db-

cAMP (Millipore Sigma)] and cultured on an orbital shaker

until required for experiments.30 The medium was replaced

3 times per week. For quality control purposes, myco-

plasma tests were run monthly on iPSC cells and hMOs to

ensure the absence of contamination.

RNA isolation, cDNA synthesis and
qPCR

RNA was purified from iPSCs and hMOs using a

NucleoSpin RNA kit (Takara) according to the manufac-

turer’s instructions. cDNA was generated using iScript

Reverse Transcription Supermix (BioRad). Quantitative

real-time PCR was performed on QuantStudio 3 Real-

Time PCR System (Applied Biosystems) using the primers

listed in Supplementary Table 2. This enabled a total re-

action volume of 10 ml, including 5 ml of fast advanced

master mix (Thermofisher Scientific), 1 ml 20� Taqman

assay (IDT), 1 ml of cDNA and 3ml of RNAse free water.

Relative gene expression levels were analysed using the

Comparative CT Method (DDCT method). The results

were normalized to the GAPDH expression. The relative

quantification (RQ) was estimated according to the DDCt

methods.31

Sanger sequencing of SNCA regions
in iPSC lines

DNA was extracted from iPSC cultures using the Genomic

DNA Mini Kit—Blood/Cultured Cell—(Genaid). The PCR

reaction contained 1� Q5 Reaction Buffer (NEB), a deter-

gent-free buffer containing 2.0 mM Mgþþ at final 1� con-

centration, 200mM dNTPs, 0.5mM of each primer, 0.2 U/ml

of Q5 High-Fidelity DNA Polymerase (NEB) and 50–

100 ng of DNA. Deletions were amplified from genomic

DNA at 61�C and 63�C, while the SNCA coding region

(without intron) was amplified at 65�C from cDNA. The

amplification cycle was 2 min of denaturation at 96�C, fol-

lowed by 35 cycles of 30 s at 96�C, 30 s at 61�C for the

112 bp deletion, 63�C for 231 bp and 24 bp deletions or

65�C for SNCA cDNA, then 1 min at 72�C, with a final

extension of 2 min at 72�C. PCR products were purified

using ExoSAP-IT PCR product cleanup reagent

(ThermoFisher). DNA sequencing reactions were performed

using the BigDye v3.1 cycle sequencing kit (ThermoFisher),

using 0.3 mM of the corresponding single sequencing pri-

mer and 50 ng of purified DNA product. Sequencing

reactions were placed on a thermocycler programmed

for denaturation at 96�C for 2 min, followed by 25

cycles at 96�C for 20 s, 50�C for 10 s, and 60�C for

4 min. Sequencing reactions were purified using a

BigDye XTerminator Purification kit (Thermo-Fisher).

Sequencing was carried out on an Applied Biosystems

SeqStudio Genetic Analyzer (ThermoFisher).

Determination of SNCA copy
number

The quantification of SNCA copy number was achieved

using a combination of the Bio-Rad droplet digital

PCR (ddPCR) QX200TM system and a TaqManVR assay

which includes two sets of PCR primers and two DNA

probes fused with different fluorophores (FAM and

HEX). Locked Nucleic Acid (LNAVR ) DNA probes were

used and designed according to the manufacturer’s

protocol (IDT). One primer/probe set was specific to

the SNCA gene and the other primer/probe set was

specific to an internal autosomal control gene CDH2.

Near-confluent iPSCs cultured in a six-well plate for-

mat were washed with PBS and treated with AccutaseVR

for 10 min at 37�C. Genomic DNA was extracted using

the DNeasy extraction kit according to the manufac-

turer’s protocol (Qiagen). To prepare a typical ddPCR

master mix for one 8-well strip, we mixed 90 ml of

‘ddPCR Supermix for Probes (no dUTP)’ (Bio-rad),

75 ml H2O, 1.6 ml of each primer (stock 100 mM) and

0.5 ml of each probe (stock 100 mM). 19 ml of this mas-

ter mix was distributed per well in an eight-well PCR

tube strip. Two microliters of the DNA extract was

added into each corresponding well. The ddPCR drop-

let generation, reading and quantification were per-

formed according to the manufacturer’s protocol, and

the ratio of SNCA alleles versus CDH2 alleles

calculated.

Genomic stability testing

iPSC lines were sent to WiCell to be karyotyped accord-

ing to WiCell’s sample preparation recommendations. For

testing of hotspot mutations within the genome of the

iPSCs used, genomic DNA was extracted with the

Genomic DNA Mini Kit (Blood/Cultured Cell) (Geneaid).

Genomic stability was then tested with the hPSC Genetic

Analysis Kit (Stemcell, 07550) according to our earlier

studies.29

Fixation and immunofluorescence
staining of hMO cryosections

hMOs were fixed and cryosectioned according to our

published methods.30 For staining, 14 lm cryosections

were rehydrated in PBS for 15 min and surrounded with

a hydrophobic barrier drawn with a barrier pen. The sec-

tions were then incubated with a blocking solution (5%

normal donkey serum, 0.05% BSA, 0.2% Triton X-100
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in PBS) for 1 h at RT in a humidified chamber. The sec-

tions were subsequently incubated overnight at 4�C with

primary antibodies diluted in blocking solution

(Supplementary Table 1). The following day, cryosections

were washed three times in PBS (15 min each) and then

incubated in secondary antibodies diluted in a blocking

solution for one hour at RT (Supplementary Table 1).

Sections were next washed three times in PBS for 15 min

each, incubated with Hoechst (1/5000 in PBS) for 10 min,

and finally washed once in PBS for 10 min. Finally, sec-

tions were mounted (Aqua-Poly/Mount, Polysciences),

and the images were acquired with a Leica TCS SP8 con-

focal microscope.

Preparation of hMO cell lysates for
immunoblotting

hMOs were washed with PBS and lysed through a syringe

(BD #329420) in RIPA buffer [50 mM Tris HCl pH 7.5,

150 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxy-

cholate (SDC), 1% sodium dodecyl sulphate (SDS), 1 mM

dithiothreitol (DTT), 50 mM NaF, 5 mM Na3VO4] contain-

ing a protease inhibitor cocktail (Complete EDTA-free from

Roche Diagnostics, Indianapolis, IN) and a phosphatase in-

hibitor cocktail (2�PhosSTOP from Roche Diagnostics).

Proteins were quantified using the Bio-Rad DC Protein

assay (Bio-Rad). The lysates were mixed with 4� Laemmli

buffer and boiled for 5 min. Equal amounts of proteins

were loaded for each sample and electrophoresed on a

10% polyacrylamide gel. Following SDS-PAGE separation,

proteins were transferred onto nitrocellulose membranes. To

increase the sensitivity of a-syn detection, membranes were

fixed for 30 min at RT in 4% paraformaldehyde and 0.1%

glutaraldehyde.32 Next, membranes were incubated in a 5%

milk solution diluted in Tris-buffered saline containing

0.2% TweenVR 20 (TBST) for 1 h. Membranes were incu-

bated with primary antibodies overnight at 4�C

(Supplementary Table 1), then washed in 0.2% TBST and

incubated with peroxidase-conjugated secondary antibodies

for 1 h at RT. Membranes were again washed and revealed

by chemiluminescence (Amersham Pharmacia Biotech,

Quebec, Quebec, Canada). Image acquisition and densitom-

etry were performed with a ChemiDocTM MP System.

Fontana Masson staining and
colorimetric extraction

hMOs were fixed with 4% PFA for 1 h at RT, then for-

malin fixed, dehydrated and paraffin infused using a tis-

sue processor (HistoCore PEARL, Leica). The hMOs

were then embedded in paraffin blocks before being sec-

tioned using a microtome (RM2235, Leica). Fontana

Masson staining was performed using an Abcam kit

(#ab150669), following the manufacturer’s instructions

on 4 lm paraffin sections of hMOs. Entire hMOs were

then imaged with the ZEISS Stemi 508 stereomicroscope

combined with the ZEISS Axiocam ERc 5 s camera.

Images of sections were acquired with a clinical

Olympus BX46 microscope and an Olympus DP27 digit-

al colour camera. Black dots from Fontana Masson

stainings pictures were extracted using colorimetric se-

lection from GIMP software (version 2.8.22) and quanti-

fied by ImageJ (version 2.0.0-rc-69/1.52i) following the

method described.33

Synuclein proximity ligation assay
(Syn-PLA) on paraffin sections

The study involving substantia nigra sections from human

subjects was approved by the C-BIG Biorepository

Review Ethics Board (REB #IRB00010120). Fixed hMOs

were processed and paraffin embedded. Blocks were then

cut into 4 lm sections using a microtome, dewaxed and

rehydrated as described in Bengoa-Vergniory et al.19

Briefly, Syn-PLA involves four steps: antigen retrieval and

recognition, ligation, amplification, and detection. For the

antigen retrieval step, sections were microwaved in

10 mM of sodium citrate buffer pH6, washed in TBS

with 0.1% Triton X-100, and blocked 1 h in 1 M gly-

cine, 10% normal goat serum, and TBS with 0.1%

Triton X-100. Sections were then incubated overnight at

4�C with antibodies targeting a-syn and pS129Syn

(Supplementary Table 1) for the antigen recognition step.

The next day, after three washes in TBS with 0.1%

Triton X-100, sections were incubated in secondary anti-

bodies for 1 h at RT and subsequently washed three

times in TBS with 0.05% TweenVR 20.

For the ligation, PLA probes and diluent materials were

obtained from Sigma-Aldrich kits (#DUO92009,

#DUO92010 and #DUO92007). Sections were blocked in

a PLA blocking solution, and then incubated in PLA

probes combined with an A-syn antibody overnight at

4�C according to Roberts et al.34 After three washes, sec-

tions were incubated in a ligation solution for 1 h at

37�C. Next, sections were incubated in amplification and

detection solution for 2.5 h at 37�C. Sections were finally

washed four times in TBS and stained with Hoechst

(diluted 1/5000 in TBS) for 10 min, before being

mounted with an aqua-mounting media. Sections were

then visualized under Leica TCS SP8 microscope, with

consistent gain and laser settings across conditions.

Immunofluorescence quantification
of hMOs

The intensity of immunofluorescence signals and the area

of staining for each antibody were quantified using an in-

house developed Organoid Quantification (OrgQ) macro

script (https://github.com/neuroeddu/OrgQ) that used the

ParticleAnalyzer function within ImageJ. The script, writ-

ten in Python, used greyscale channel images and the

merged image taken from the confocal microscope as

inputs. A mask outlining the organoid from the merged

image was first created to account for the organoid area
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by using an automatically chosen threshold. This mask

was next applied to channel inputs, so the quantification

of the organoid area remained consistent within each

channel. The script next loops through each image within

a folder (each channel) for which a given threshold was

chosen per image (or were pre-set from a csv file) to

count all the particles based on the intensity. This ana-

lysis yielded the total number of particles for each chan-

nel quantified. At the same time, it also measured the

area of each particle within each channel to quantify the

sum of particulate areas for a specific channel, as well as

to measure the total area of the organoid. All quantified

data were outputted in a csv file.

Flow cytometry analysis of
dissociated hMOs

First, hMOs were harvested, washed with 1� D-PBS

(MultiCell) and treated with TrypLE Express (Thermo-

Fisher) three times (2� 10 min, 1� 5 min) at 37�C to cre-

ate a single-cell suspension. Between each incubation

period, hMOs were triturated with 1 ml pipet tips. The

TrypLE reaction was stopped by adding 1� D-PBS. The

single-cell suspension was next filtered through a 30 mm

mesh (Miltenyi Biotec) and cells pelleted by centrifugation

at 300 g for 5 min. Pelleted cells were resuspended in 1�
D-PBS and viability staining with Fixable Live/Dead

Aqua (Invitrogen) was performed for 30 min at RT (pro-

tected from light). Cells were then washed with 1� D-

PBS and centrifuged at 300 g for 5 min. The cell pellet

was next resuspended in FACS Buffer (5% FBS, 0.1%

NaN3 in D-PBS) containing an Fc receptor blocking solu-

tion, Human TruStain FcXTM (Biolegend). Protected from

light, extracellular antigen stainings were performed. The

optimal concentration (determined by titration) of extra-

cellular antibodies (Supplementary Table 1) was added to

the cells suspended in FACS Buffer. These cells were

incubated for 30 min at RT and protected from light. For

intracellular staining (pS129Syn, a-syn, TH), the single-

cell suspension was fixed with a FIX & PERM Cell

Fixation & Cell Permeabilization Kit (Thermo-Fisher)

according to the manufacturer’s protocol. After fixation,

cells were washed with FACS Buffer and centrifuged at

350 g for 5 min. The optimal concentration (determined

by titration) of pS129Syn antibody (Supplementary Table

1) was added to the cells in PERM Buffer. The intracellu-

lar staining was performed for 20 min at RT and pro-

tected from light. The cells were washed twice with

FACS Buffer and centrifuged at 350 g for 5 min. After

this step, cells were resuspended in FACS buffer and

were then ready for flow cytometry analysis. For flow

cytometry settings and parameters, voltages were set

according to optimal PMT sensitivity using the peak 2

(Spherotech) voltration technique described previously by

Maeker and Trotter.35 Compensation control was per-

formed with Ultracomp beads (Thermo Fisher) using opti-

mal antibody concentrations determined by titration. All

data were acquired on the Attune NxT (Thermo-Fisher).

Finally, all data generated were analysed with FlowJo

(Version 10.6) (Becton-Dickinson Biosciences). For

pS129Syn and a-syn signals, after gating out debris and

dead cells, we reduced the probability of false positives

(i.e. type I errors) by gating three standard deviations

above the mean, using the SNCA KO line as a negative

control, in order to reduce the size of the population.

Single-cell RNA sequencing of
dissociated hMOs

For samples and library preparation, three hMOs for

each genotype were pooled, dissociated to create a single-

cell suspension then live labelled and sorted out, as

described in flow cytometry methods. Cells were loading

in the 10X Chromium system using 30 amplification and

targeting 6000 cells per lane. Libraries were prepared as

recommended by 10� Genomics and Illumina sequencing

was performed at 30 000 reads per cell. Sequencing data

were analysed using the Seurat R framework.36 Single,

healthy cells were filtered by selecting >500 and <10 000

unique RNA transcript and less than 20% mitochondrial

RNA content. The genotypes were aligned using the

Seurat’s integrate function and then variable genes were

selected, PCA and UMAP embedding followed by cluster-

ing with Louvain network detection at a range of resolu-

tions. Clusters were annotated using a combination of

automated annotation (scCATCH,37 ClustifyR38 and

SingleR39) and Seurat’s FindMarkers function, the top20

markers were selected for each cluster and cross refer-

enced to expression databases manually.40,41 Clusters

were annotated from 14 clusters; some groups of neurons

were merged. Expression values extraction and data visu-

alizations were also performed using Seurat. For details

see R notebook and scripts (https://github.com/neuroeddu/

MidbrainOrganoid_scRNAseq Accessed 30 September

2021).

Statistical analysis

Statistical analysis was performed using GraphPad Prism

8.4.1 software. All statistical tests were selected according

to the normal distribution of data tested. Statistical sig-

nificance was evaluated with a two-tailed unpaired t-test

or a two-tailed Mann–Whitney test when two conditions

were compared. A one-way analysis of variance

(ANOVA) test followed by a Tukey’s multiple compari-

son test or a Kruskal–Wallis test followed by a Dunn’s

multiple comparisons test was performed for more than

two groups comparison. The statistical analyses were per-

formed using Prism 6.0c software.

Data availability

The data that support the findings of the study are avail-

able from the corresponding author upon reasonable
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request. Single-cell RNA sequencing data are available at

https://github.com/neuroeddu/MidbrainOrganoid_scRNAseq

Accessed 30 September 2021.

Results

Generation of midbrain organoids
from patient-derived iPSCs with an
SNCA triplication

As one of the genetic defects associated with the develop-

ment of Parkinson’s disease, the SNCA triplication pro-

motes elevated expression of a-syn, ultimately resulting in

an increase in a-syn aggregation and an accompanying

loss of DNs. To determine whether we could replicate

the effects of this CNV event in a human model in a

dish, in this study, we differentiated hMOs from iPSCs

reprogrammed from a patient carrying a triplication in

the SNCA gene (SNCA Tri). As our control, we differen-

tiated hMOs from iPSCs derived from the same patient

line, but in which the SNCA allele copy number had

been corrected to a wild-type state by deleting two of the

four copies of the SNCA gene (Isog Ctl), using CRISPR/

Cas9 genome editing. As an additional control, we differ-

entiated hMOs from iPSCs derived from the same patient

line in which all four SNCA alleles had been deleted

(SNCA KO). To assess the quality of our three iPSC

lines, we stained them for cell surface and pluripotency

markers. All colonies expressed high levels of the glyco-

protein antigen TRA1-60R, the glycolipid antigen SSEA-

4, the transcription factor OCT3-4, and the transcription

factor NANOG. Pluripotency markers were homoge-

neously observed in nearly all cells, which reflects the un-

differentiated state of the iPSC cultures used as starting

material for hMO generation (Supplementary Fig. 1A and

Table 1). Karyotype analysis showed no clonal abnormal-

ities for any of the three lines (Supplementary Fig. 1B).

Genomic stability was assessed by monitoring copy num-

bers in critical hotspot regions that are often commonly

mutated during reprogramming or extensive cell passag-

ing.29 In these regions, we did not observe any of the re-

current abnormalities that have been reported42–44

(Supplementary Fig. 1C). At the DNA level, we also con-

firmed the number of SNCA alleles in each cell-line

through digital droplet PCR (Supplementary Fig. 1D and

Table 2). As expected, we detected twice the copy num-

ber of the SNCA alleles relative to a control gene

(CDH2) in SNCA Tri, compared to the Isog Ctl iPSCs,

with no copies of the SNCA alleles in the SNCA KO

iPSCs. Sequencing of the Isog Ctl line identified the break

points of the three CRISPR/Cas9-induced deletions within

the SNCA locus (Supplementary Fig. 1E and Table 2). As

only two of these are predicted to disrupt the a-syn pro-

tein-coding sequence (the third being a small 24 bp dele-

tion within an intron), the findings confirm the desired

correction from four to two functional copies of the

SNCA gene in the Isog Ctl line.

Following our previously published methods,30 we

derived hMOs from the SNCA iPSC lines using classical

midbrain patterning factors26,45–51 (Fig. 1A). Across

batches, we observed that SNCA Tri hMOs were slightly

smaller than Isog Ctl at 60 days (2.8 6 0.06 mm versus

3.1 6 0.06 mm mean diameter) (Fig. 1B). This difference

was more pronounced at 100 days (2.4 6 0.03 mm versus

3.1 6 0.06 mm mean diameter) (Fig. 1B). It has been

reported that, upon exogenous treatment with dopamine,

hMOs accumulate neuromelanin granules, a by-product

of dopamine synthesis.26,30,52 Thus, we treated 35-day

old hMOs for 10 days with 100 lm of dopamine fol-

lowed by Fontana Masson staining of hMOs sections.

We observed a similar increase in neuromelanin granules

in SNCA Tri and Isog Ctl hMOs treated with 100 lm

dopamine (Fig. 1C). Interestingly, we also noted spontan-

eous (without exogenous dopamine treatment) neuromela-

nin granule accumulation in long-term 6-month old

hMOs cultures, as illustrated in Supplementary Fig. 1F.

To further confirm the midbrain identity of the hMOs,

we performed immunoblotting with 30-day old hMO

lysates to detect the expression of common midbrain

markers. Tyrosine hydroxylase (TH) is the rate-limiting

enzyme in dopamine biosynthesis and a marker of cate-

cholaminergic neurons. Immunoblots revealed lower TH

protein levels in SNCA Tri compared to Isog Ctl hMOs

lysates whereas there were no significant differences in

the levels of TUJ1, a pan-neuronal marker

(Supplementary Fig. 1G). To further confirm that the

organoids contained DNs, we stained cryosections from

50-day old hMOs for TH (Fig. 1D and Supplementary

Fig. 2A), MAP2 a neuronal marker as well as GABA a

midbrain marker for GABAergic neurons (Supplementary

Fig. 2B). Consistent with other published findings,26,27,30

we could detect the presence of DNs stained for TH

within the hMOs (Fig. 1D, E and Supplementary Fig.

2A). Quantification showed that the surface area of TH

staining represented approximately 45% of the total

MAP2 staining area, with no significant differences be-

tween Isog Ctl and SNCA Tri hMOs (Fig. 1E). In add-

ition to immunocytochemistry, we used quantitative PCR

(qPCR), to detect several transcripts known to be

expressed in midbrain DNs that included engrailed

homeobox 1 (EN1), nuclear receptor related 1 protein

(Nurr1), LIM homeobox transcription factor 1-beta

(LMX1B), calbindin 1 (Calb1), TH, catechol-O-methyl-

transferase (COMT) and dopa decarboxylase (DDC) in

50-day hMOs. As expected, their expression was absent

in the parental iPSCs, whereas transcript levels of the

housekeeping gene GAPDH were similar in both iPSCs

and hMOs (Fig. 1F and Supplementary Fig. 2C). In add-

ition to DNs, other cell types are also present within the

hMOs and to assess the diversity of the cellular popula-

tions, we stained for MAP2, found primarily in neurons,

and S100b, a marker for glia/astrocytes (Fig. 1G).

Midbrain organoids model synucleinopathy BRAIN COMMUNICATIONS 2021: Page 7 of 21 | 7

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/3/4/fcab223/6375443 by guest on 18 January 2022

https://github.com/neuroeddu/MidbrainOrganoid_scRNAseq
https://github.com/neuroeddu/MidbrainOrganoid_scRNAseq
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab223#supplementary-data


Figure 1 Generation of hMOs from SNCA lines. (A) Summary of patterning factors used to differentiate hMOs from iPSC lines. (B) SNCA

Tri hMOs were smaller than Isog Ctl hMOs at 60 days (n¼ 59, mean 6 SEM, unpaired t-test, two-tailed, **P-value¼ 0.0022) and at 100 days

(n¼ 101, mean 6 SEM, unpaired t-test, two-tailed, ****P-value< 0.0001). (C) Fontana Masson staining showed that 45-day old hMOs treated for

10 days with 100 lm dopamine accumulated neuromelanin granules (n¼ 12, mean 6 SEM, one-way ANOVA, Kruskal–Wallis test followed by

Dunn’s multiple comparisons test, **P-value¼ 0.0026, ****P-value< 0.0001). Scale bar¼ 200 lm. Black and white images correspond to a close-

up of the neuromelanin pigments extracted from the pictures above. (D) Cryosections of 45-day old SNCA Tri hMOs stained for neurons

(MAP2), dopaminergic neurons (TH) and nuclei (Hoechst). Scale bar¼ 1 mm. (E) Higher magnification of (D) white square (merged) showing

neurons (MAP2 in green) and dopaminergic neurons (TH in red). Scale bar¼ 250 lm (graph: n¼ 19, mean 6 SEM, unpaired t-test, two-tailed, ns,

P¼ 0.7152). (F) Real-time PCR depicting normalized expression level of midbrain RNA levels for EN1, Nurr1, LMX1B, Calb1, TH, COMT, DDC

at 50 days in Isog Ctl hMOs, normalized to endogenous GAPDH and actin controls (n¼ 3, the heatmap maps the mean). (G) Cryosections of

50-day old hMOs stained for neurons (MAP2), astrocytes (S100b) and nuclei (Hoechst). Scale bar¼ 1 mm. Quantification of MAP2 and S100b
staining normalized to nuclei staining (n¼ 6, mean 6 SEM, one-way ANOVA, followed by Tukey’s multiple comparisons test, ns, P> 0.05).
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Further double staining for GFAP and S100b53 confirmed

the presence of astrocytes in the hMOs (Supplementary

Fig. 2D). We observed similar stainings for both cell

types in sections from hMOs across all three genotypes

(Fig. 1G). The diversity of cell populations present in

these hMOs was also confirmed by single-cell RNA

sequencing (scRNAseq) of 165-day old SNCA Tri and

Isog Ctl hMOs. The two sequencing libraries were

aligned and clustered together to gain a global under-

standing of the cellular composition of the organoids.

Cluster markers were determined, and expression was

compared with single-cell sequencing adult54 and foetal

brain55 to identify clusters (Supplementary Fig. 3A and B

and Supplementary Data File 1). The organoids were

composed of an equal split between neurons and glial

cells with a small population of other cell types. The

neuronal population consists of dopaminergic, excitatory

(Glutamatergic neurons) and inhibitory neurons

(GABAergic neurons), both in early and late stages of

maturation as well as neural precursor cells. The dopa-

minergic neurons do not completely segregate into a sin-

gle cluster, as markers are expressed in all neuronal

clusters (Supplementary Fig. 3C). The glial population

consists of dividing radial glia, radial glia, astrocytes and

early oligodendrocytes (Supplementary Fig. 3A and B and

Supplementary Data File 1). The diversity of cell popula-

tions present was also confirmed in our earlier study by

scRNAseq in 47-day old hMOs.30 Taken together, our

findings indicate that hMOs from our patient and control

lines display neurochemical, gene and protein expression,

and cellular characteristics consistent with a midbrain

identity.

Elevated expression of a-syn in
SNCA triplication midbrain
organoids

Next, we sought to determine whether the increase in

SNCA copy number in the patient iPSC line led to ele-

vated synuclein transcription and translation. First, hMOs

were cultured for 50 days, and total RNA purified from

the hMOs, to quantify SNCA transcript levels by qPCR.

We observed an approximate 2.5-fold increase of SNCA

mRNA levels in SNCA Tri relative to Isog Ctl hMOs,

whereas SNCA RNA levels were undetectable in SNCA

KO hMOs (Fig. 2A, Supplementary Table 2). Consistent

with qPCR findings, a-syn protein levels, as measured by

immunoblotting, were significantly elevated in the SNCA

Tri versus Isog Ctl hMOs, whereas a-syn was undetect-

able in SNCA KO hMOs (Fig. 2B). Staining for a-syn

protein in cryosections of the 50-day old hMOs also

revealed a higher expression in SNCA Tri compared to

Isog Ctl hMOs (’2-fold change), whereas a-syn staining

was negligible in SNCA KO hMOs (Fig. 2C and D).

We next extended the maturation time of the hMOs

and repeated our analysis with 100-day old hMOs. After

100 days in culture, immunoblot analysis using two anti-

bodies recognizing distinct epitopes demonstrated that a-

syn was increased in the SNCA Tri versus Isog Ctl

hMOs (Fig. 3A), consistent with findings at 50 days

(Fig. 2). No signal was detected in the SNCA KO, further

confirming the specificity of the a-syn signal. Staining of

cryosections from the 100-day old hMOs also confirmed

that a-syn levels were elevated in the SNCA Tri relative

to Isog Ctl hMOs, with no discernible signal in SNCA

KO sections (Fig. 3B). While the majority of a-syn signal

was colocalized with MAP2þ (arrows, Fig. 3C), colocali-

zation of a-syn was also observed in S100bþ astrocytes

(triangles, Fig. 3C). Interestingly, in sections from SNCA

Tri hMOs, we observed an intense a-syn signal in astro-

cytes and neurons (stars, Fig. 3C), indicative of inclusions

or aggregates that could potentially be forming in both

cell types. Overall, our findings demonstrate an increase

in the expression of SNCA mRNA and a-syn protein in

hMOs from the SNCA triplication line relative to the

Isog Ctl and SNCA KO, detectable at 50 days and per-

sisting in 100-day old hMOs.

Oligomeric and phosphorylated
A-syn aggregates form over time in
SNCA triplication midbrain
organoids

Parkinson’s disease is associated not only with elevated

a-syn levels but also with its misfolding and aggrega-

tion. Both oligomeric and phosphorylated a-syn aggre-

gates have been reported to be present in LBs during

advanced stages of Parkinson’s disease,19 leading to

neuronal toxicity.56,57 First, to detect misfolded and

oligomeric forms of a-syn, we used an a-syn proximity

ligation assay (Syn-PLA)34 in which a signal is gener-

ated when two complementary PLA probes, recognizing

interacting a-syn molecules (i.e. oligomers), bind in

close proximity. The signal detected from each pair of

PLA probes is then amplified and visualized as an indi-

vidual fluorescent spot using confocal microscopy. This

approach was first validated in post-mortem SN sec-

tions from a patient with DLB. We observed that the

Syn-PLA signal colocalizes with a-syn and pS129Syn in

cytoplasmic spherical LBs (triangles, Fig. 4A), as well

as Lewy neurite structures (arrows, Fig. 4A). Similarly,

we observed a robust accumulation in the oligomeric

forms of a-syn in 100-day old SNCA Tri compared to

Isog Ctl hMOs (Fig. 4B and C), and only a very faint

background signal in SNCA KO hMOs. Consistent

with this finding, we observed a similar pattern for

Syn-PLA staining in hMOs derived from the SNCA

triplication line, reprogrammed from a different patient

with an SNCA triplication, compared to hMOs derived

from a healthy individual with normal SNCA copy

number (Supplementary Fig. 4A). Interestingly, the Syn-

PLA signal was consistently stronger than the
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pS129Syn signal in SNCA Tri hMOs, suggesting that

this approach is sensitive for detecting a-syn oligomers

and that they are an early manifestation of a-syn path-

ology, prior to the appearance of abundant pS129Syn-

positive inclusions (Fig. 4B). Indeed, whereas pS129Syn

was clearly increased in 100-day old SNCA Tri hMOs

lysates by immunoblotting (Fig. 5A), in cryosections,

only a small proportion of cells within these hMOs

Figure 2 Increased SNCA mRNA and A-syn protein level in SNCATri hMOs. (A) Real-time PCR depicting normalized expression level

of SNCA RNA level at 50 days compared to endogenous GAPDH control (n¼ 8, mean 6 SEM, one-way ANOVA, followed by Tukey’s multiple

comparison test, ****P-value < 0.0001, ***P-value¼ 0.0002). (B) Western blot analysis of a-syn normalized to actin in 50-day old hMOs.

Quantification by densitometry (arbitrary units) (n¼ 8, mean 6 SEM, one-way ANOVA, followed by Tukey’s multiple comparisons test, ****P-

value < 0.0001). The corresponding uncropped blots are shown in the Supplementary material. (C) Cryosections of 50-day old hMOs stained

for a-syn (a-syn), and nuclei (Hoechst). Scale bar¼ 1 mm. (D) Higher a-syn (a-syn) magnification of white squares in (C), a-syn in red and nuclei

(Hoechst) in blue. Quantification of a-syn staining normalized to nuclei staining (n¼ 6, mean 6 SEM, one-way ANOVA, followed by Tukey’s

multiple comparisons test, ****P-value < 0.0001, *P-value¼ 0.0214 SNCA Tri versus Isog Ctl, *P-value¼ 0.0331 Isog Ctl versus SNCA KO). Scale

bar¼ 50 lm.
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Figure 3 Increased A-syn protein level in 100-day old hMOs. (A) Western blot analysis of a-syn normalized to actin in 100-day old

hMOs. Quantification by densitometry (arbitrary units) (n¼ 8, mean 6 SEM, one-way ANOVA, followed by Tukey’s multiple comparisons

test, a-syn bd ****P-value < 0.0001, ***P-value¼ 0.0004, a-syn abcam ****P-value < 0.0001). The corresponding uncropped blots are shown

in the Supplementary material. (B) Cryosections of 100-day old hMOs stained for a-syn (a-syn) and nuclei (Hoechst). Quantification of A-syn

staining normalized to nuclei staining (n¼ 7, mean 6 SEM, one-way ANOVA, followed by Tukey’s multiple comparisons test, ****P-value

< 0.0001, **P-value < 0.0097). Scale bar¼ 250 lm. (C) Cryosections of 100-day old hMOs stained for a-syn (a-syn), neurons (MAP2),

astrocytes (S100b), and nuclei (Hoechst). Scale bar¼ 100 lm.
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were pS129Syn positive (Fig. 5B). Consistent with this

finding, using paraffin-embedded sections, we observed

only small, distinct populations of cells that were posi-

tive for pS129Syn staining in the hMOs derived from

the second SNCA triplication line, compared to hMOs

derived from our non-Parkinson’s disease control line

(Supplementary Fig. 4B and C). Whereas pS129Syn oc-

casionally colocalized with GFAPþ astrocytes (triangle,

Figure 4 Oligomeric A-syn forms detected in 100-day old hMOs. (A) Syn-PLA on positive control paraffin sections, SN of patient with

DLB, showing oligomeric a-syn forms (Syn-PLA), a-syn (a-syn), and pS129Syn in LNs (arrow) and LBs (triangles). (B) Syn-PLA on paraffin

sections showed the highest quantity of a-syn oligomers (Syn-PLA), a-syn (A-syn) and pS129Syn signal in SNCA Tri hMOs. Scale bar¼ 40 lm.

(C) Quantification of Syn-PLA signal normalized to nuclei staining (n¼ 9, mean 6 SEM, Kruskal–Wallis test, followed by Dunn’s multiple

comparisons test, *P-value¼ 0.0282, **P-value¼ 0.0015).
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Fig. 5C), the majority of pS129Syn colocalized with

neurons (MAP2þGFAP�) (arrows, Fig. 5C). Thus,

SNCA Tri hMOs display features of a-syn pathology,

including both oligomeric and phosphorylated forms of

a-syn.

Levels of phosphorylated a-syn
aggregates increase with
maturation of the hMOs

As hMOs are composed of multiple cell types,23,26,27,58

they offer a unique model to explore the contribution of

different cell populations on the ability of a-syn to aggre-

gate. Our earlier findings with PLA and imaging of hMO

cryosections showed aggregates were detected in both neu-

rons and glia, albeit to varying degrees. To extend these

findings further, we next performed single-cell flow cytome-

try analysis to assess a-syn quantity and localization. After

dissociation of 100-day old hMOs into single-cell suspen-

sions, we performed cell surface staining for neuronal and

glial cells as well as internal staining for a-syn

and pS129Syn, to both quantify the levels of phosphory-

lated a-syn aggregates, and to measure the levels of

these aggregates within both neuronal and glial cells

(Fig. 6A, Supplementary Table 1). Consistent with the

results depicted in Fig. 5, we observed an enrichment of

pS129Syn levels in the 100-day old SNCA Tri hMOs (’4-

fold more in viable dissociated SNCA Tri cells) compared

to the Isog Ctl hMOs, with cells from SNCA KO hMOs

used as our negative control in the gating strategy (Fig. 6B

and C). This was in the same range as the ’4.2-fold in-

crease in staining previously observed in the cryosections

(Fig. 5B). Similar to the cryosections, pS129Syn signal was

detected in less than 1% of dissociated SNCA Tri cells after

100 days (Fig. 6C). To investigate whether a-syn and

pS129Syn accumulate further over time, the same analysis

Figure 5 Endogenous pS129Syn observed in 100-day old hMOs. (A) Western blot analysis of pS129Syn normalized to actin in 100-day

old hMOs. Quantification by densitometry (arbitrary units) (n¼ 16, mean 6 SEM, one-way ANOVA, followed by Tukey’s multiple comparisons

test, *P-value¼ 0.0256, **P-value¼ 0.0018). The corresponding uncropped blots are shown in the Supplementary material. (B) Cryosections of

100-day old hMOs stained for pS129Syn and nuclei (Hoechst). Quantification of pS129Syn staining normalized to nuclei staining (n¼ 8,

mean 6 SEM, unpaired t-test, two-tailed, *P-value¼ 0.0269). Scale bar¼ 250 lm. (C) Cryosections of 100-day old hMOs stained for pS129Syn,

neurons (MAP2) and astrocytes (GFAP). Scale bar¼ 50 lm.
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was performed on hMOs that were matured for 170 days

in culture (Fig. 7A–C, Supplementary Table 1). Consistent

with findings by immunoblotting and immunostaining at

earlier time points (Figs 2 and 3), we observed a significant-

ly higher proportion of viable cells dissociated from SNCA

Tri hMOs that express a-syn (’11.1%) compared to those

dissociated from Isog Ctl hMOs (’5.5%) (Fig. 7A histo-

gram, Supplementary Fig. 5A and Table 1). As expected

from previous results, we also found a significant difference

in the percentage of cells expressing pS129Syn in SNCA Tri

hMOs relative to the Isog Ctl hMOs (’0.74% versus

’0.5%). Remarkably, we still observed that less than 1%

Figure 6 pS129Syn detection in SNCATri hMOs. (A) Flow cytometry sample processing schematic. Three organoids per genotype were

incubated into enzymatic solution at 37�C, then manually dissociated with a pipet. Single-cell suspensions were obtained after the filtration of

dissociated tissues. The single-cell suspensions were labelled for cell viability and antibodies against internal and external epitopes, before signals

were read by the flow cytometer. (B) Gating strategy for the removal of cellular debris, doublet discrimination and cell viability. (C) Proportion

of total cells carrying pS129Syn in single-cell dissociated hMOs (3 hMOs pooled per line) measured by flow cytometry.
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of SNCA Tri cells were positive for pS129Syn (Fig. 7B),

however, the amount of pS129Syn detected was almost

double compared to the 100-day time point (’0.74% ver-

sus ’0.43%). As an additional control, we also verified

that all cells which were pS129Syn positive were also a-syn

positive in both genetic backgrounds (Fig. 7C).

Findings from immunohistochemistry imply that the

pS129Syn signal mostly colocalizes in neurons relative to

Figure 7 pS129Syn accumulation in SNCATri hMOs. (A) Quantification of percentage of cells carrying a-syn in dissociated 170-day old

hMOs (n¼ 5, 3 hMOs pooled per n, 15 organoids total, mean 6 SEM, unpaired t-test, two-tailed, *P-value¼ 0.0162). The histogram represents

5n while the dot-plot represents 1n representative. (B) Quantification of percentage of cells carrying pS129Syn in dissociated 170-day old hMOs

(n¼ 6, 3 hMOs pooled per n, 18 organoids in total, unpaired t-test, two-tailed, *P-value¼ 0.0371). (C) Control showing that all pS129Syn cells

were also a-syn positive.
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glial cells. Thus, we next investigated in which cell-type

the pS129Syn signal was present after 100 days in culture,

a time point when pS129 was just beginning to accumu-

late. We used a combination of surface markers59,60 that

included CD56 (NCAM-1, a neural cell adhesion mol-

ecule) and CD24 (a heat stable antigen receptor, necta-

drin). Based on the literature, neurons were classified as

CD56þCD24þ/CD56þCD24�/CD56�CD24þ and glial cells

as CD56�CD24�.59,60 The breakdown of the specific

marker combinations is indicated in Supplementary Fig.

5B. Quantification showed that, 75% of the pS129Syn sig-

nal was localized in neurons identified as CD56þCD24þ,

CD56þCD24� and CD56�CD24þ, whereas 25% was

localized in CD56�CD24� glia. For simplicity, in Fig. 8A,

we pooled and collectively depicted the neuronal popula-

tions as CD56þCD24þ and the glial population as

CD56�CD24�. In SNCA Tri hMOs (green), we observed

more pS129Syn in neurons than glial cells, whilst its pres-

ence in both cell populations in Isog Ctl was comparable

to the background signal observed in SNCA KO hMOs

(red and blue). Overall, our findings revealed that phos-

phorylated a-syn aggregates appear in both neurons and

glial cells, albeit to varying degrees, with the levels increas-

ing with maturation of the hMOs.

An increase in a-syn aggregates
correlates with a reduction in
dopaminergic neuron numbers

As synucleinopathies are characterized by the degener-

ation of vulnerable cell populations in the brain, we next

investigated whether we could detect cell loss in hMOs

and whether this correlated with the appearance of

pS129Syn aggregates. Using a similar strategy as above,

we quantified the levels of neuron (CD56þCD24þ,

CD56þCD24�, CD56�CD24þ) and glia populations

(CD56�CD24�) by flow cytometry in 100-day hMOs. We

detected similar proportion of neurons and glia in SNCA

Tri and Isog Ctl hMOs (Supplementary Fig. 5C and D).

Using CD49fþ as an astrocyte marker,61 we noted a ten-

dency for astrocyte enrichment in SNCA Tri hMOs, but

this did not reach significance in our analysis

(Supplementary Fig. 5E). In contrast, after 170 days in cul-

ture, we observed a significant decrease in the proportion

of neurons and an increase in glial cells in SNCA Tri

hMOs compared to Isog Ctl (Supplementary Fig. 5F),

implying that as neuronal numbers start decreasing,

increased levels of gliosis may be occurring. This was fur-

ther supported by our observations of a significant reduc-

tion in the number of TH-positive neurons in 100-day old

SNCA Tri hMOs compared to Isog Ctl (Fig. 8B). We

must however point out that there was no decrease in the

overall number of total neurons at 100 days (Supplementary

Fig. 5C) which may suggest that DN are selectively vulner-

able, and when lost are replaced by other neuronal sub-

types. These results were also confirmed by scRNAseq on

165-day old hMOs. As expected, the expression of TH was

higher in neural precursors and DA neurons (Neurons-DA)

in Isog Ctl hMOs; while the expression of SNCA was

higher in SNCA Tri hMOs in DA neurons as well as astro-

cytes and radial glia (Fig. 8C), confirming our earlier find-

ings with whole hMOs (Fig. 2A).

Taken together, hMOs with a Parkinson’s disease-asso-

ciated triplication in the SNCA gene display increased

levels of a-syn and a-syn aggregation, coinciding with a

reduction in TH-positive neurons over time. Overall, our

findings demonstrate that hMO can model key patho-

logical features present in patients with Parkinson’s dis-

ease and other synucleinopathies.

Discussion
In this paper, we report for the first time an analysis of

a-syn pathology in human midbrain organoids (hMOs)

derived from a patient with Parkinson’s disease carrying

an SNCA gene triplication. We observed that hMOs car-

rying this CNV exhibited pathological hallmarks of synu-

cleinopathies and Parkinson’s disease that included the

presence of oligomeric and phosphorylated a-syn aggre-

gates after 100 days in culture. We further showed that

these phosphorylated aggregates were localized in both

neuronal and glial populations. Finally, we observed a

loss of neurons, including DNs, which coincided with an

accumulation of glial cells in the SNCA triplication

hMOs.

Synucleinopathies are a diverse group of neurodegenera-

tive disorders that share a common pathology, consisting

of inclusions containing insoluble a-syn within neurons

and glia. Missense mutations and multiplications of the

SNCA locus have been reported in cases of familial

Parkinson’s disease, and in particular, CNVs have been

identified in families with early-onset, autosomal dominant

forms of Parkinson’s disease. Interestingly the role of

SNCA levels has also been investigated in idiopathic spor-

adic Parkinson’s disease, where elevated levels of SNCA-

mRNA have been reported in midbrain tissue and in the

DNs of the SN, suggesting a general role for increased

SNCA levels in Parkinson’s disease.9,15 Consistent with

this idea, the role of elevated SNCA levels were demon-

strated in other synucleinopathies. For instance, analysis of

SNCA mRNA expression in the human temporal cortex in

patients with Parkinson’s disease and DLB revealed a cor-

relation between the number of a-syn-immunoreactive LBs

and the abundance of SNCA mRNA. Additionally, it was

shown that oligodendrocytes isolated from the brains of

patients with MSA expressed elevated levels of SNCA

mRNA.62,63 Pathophysiological features of Parkinson’s dis-

ease have also been observed in hMOs derived from

patients with mutations in other Parkinson’s disease genes.

For instance, Smits et al.58 generated hMOs from patients

with leucine-rich repeat kinase 2 (LRRK2) G2019S muta-

tions and observed a reduced number and complexity of
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Figure 8 Localization of pS129Syn and dopaminergic neuron loss. (A) Proportion of CD56þCD24þneurons and CD56�CD24� glial

cells carrying pS129Syn (3 hMOs pooled per line) as measured by flow cytometry. (B) Quantification by flow cytometry of percentage of DN

(TH-positive cells) in 100-day old hMOs (n¼ 3, 3 hMOs pooled per n, 9 organoids total, mean 6 SEM, unpaired t-test, two-tailed, **P-

value¼ 0.0057). (C) Heatmap showing the average gene expression for TH and SNCA for each cluster and each genotype. For each cluster the

left bar represents SNCA Tri hMOs (3 hMOs pooled) and the right bar represents Isog Ctl hMOs (3 hMOs pooled). The expression of TH is

clearly higher in neural precursors and DA neurons (Neurons-DA). The expression of SNCA is higher in SNCA Tri hMOs than the Isog Ctl in DA

neurons as well as astrocytes and radial glia.
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midbrain DN compared to hMOs derived from healthy

controls. Furthermore, Kim et al.64 examined the impact

of the LRRK2-G209S mutation on pS129Syn levels in

hMOs. These findings, in conjunction with the results we

presented in this paper, help validate hMOs as a relevant

model to study Parkinson’s disease and synucleinopathies.

However, further work is required to test the influence of

other a-syn mutations (A53T, A30P, etc.) on the develop-

ment of synuclein pathology. For instance, the A53T mu-

tation has been proposed to accelerate a-syn oligomer and

aggregate formation65 and therefore may also lead to an

earlier or more severe manifestation of synucleinopathy in

hMOs.

Complementary to the studies of synucleopathies in the

context of other Parkinson’s disease gene mutations, add-

itional work is required to further characterize the fea-

tures of the synucleopathy. In the SN of a patient with

DLB, we used Syn-PLA staining to show that oligomeric

a-syn colocalized with total a-syn and pS129Syn, in the

LBs and LNs structures. However, in hMOs this observa-

tion was less pronounced, most likely as at 100 days,

hMOs do not form characteristic LB-like structures. As a

result, conducting Syn-PLAs on older cultures will be im-

portant to determine whether LBs can develop within

hMOs at ages beyond 170 days. The observation that

pS129Syn was enriched in 170-day compared to 100-day

old hMOs, and that neurons were more significantly

reduced at later time point (170 days), also supports the

idea that older cultures will lead to more pronounced

Parkinson’s disease phenotypes. Thus, we hypothesize

that ageing hMOs for longer time periods, up to 12–

18 months, could potentially unveil additional features of

synucleinopathies.

To further confirm the pathological similarities between

hMOs and patients with Parkinson’s disease, using a

combination of immunostaining and flow cytometry, we

localized phosphorylated a-syn to neuronal and glial pop-

ulations. While a-syn is abundant in brain, localizing

mostly at the presynaptic terminals of neurons, the ques-

tion of whether it is also expressed in glial cells remains

controversial.66 Thus, it remains unclear whether our de-

tection of a-syn and pS129Syn in glial cells is the result

of endogenous expression or uptake of a-syn released

from nearby neurons, which would be consistent with the

prion-like spreading and propagation model of synuclei-

nopathies. This latter model is consistent with pathologic-

al studies in post-mortem Parkinson’s disease brain tissue,

in which a-syn positive inclusions have been found in

both astrocytes and neurons.67 In this scenario, it has

been suggested that the a-syn oligomers, which are

formed in neurons, are subsequently released and taken

up by astrocytes.67,68 It is believed that the normal func-

tion of astrocytes is to take up a-syn for the purposes of

removal and degradation, and to maintain a healthy en-

vironment for neuronal function.69 High concentrations

of extracellular a-syn have been shown to induce inflam-

matory and stress responses in astrocytes,69 resulting in

dysregulation of astrocyte function and eventual apop-

tosis.70–72 Intriguingly, we found a tendency towards a

higher CD49fþ astrocytic population in SNCA Tri

hMOs. However, further work on the inflammatory re-

sponse and gliosis in SNCA Tri hMOs is required. It is

also important to note that certain cell populations such

as microglia, which are derived from mesoderm, are ab-

sent from hMOs. Exploring the contribution microglia to

A-syn pathology in hMOs, possibly by using co-culture

approaches, should be the focus of future work.

It is interesting to note that we observed reduced TH

expression levels in SNCA Tri hMOs at early culture

stages (30 days) (Supplementary Fig. 1G). SNCA Tri

hMOs were also smaller in size, suggesting that the

SNCA triplication impacts early developmental stages in

hMOs. Similar observations were reported previously in

2D iPSC-derived neural progenitor lines (2D NPCs)

where it was shown that the overexpression of a-syn

impaired the differentiation of neuronal progenitor cells.73

This could be a result of the neurodevelopmental impact

of SNCA triplication which has been reported by other

groups in iPSC-derived models.73 However, it is quite im-

portant to note that we didn’t detect differences in DN

numbers at 50 days. Importantly, 100-day old SNCA Tri

hMOs were smaller in size than at 60 days

(2.8 6 0.06 mm versus 2.4 6 0.03 mm, Fig. 1B), while the

Isog Ctl hMOs remained similar in size over time

(3.1 6 0.06 mm mean diameter). This observation implies

that a neurodegenerative event is occurring in the SNCA
Tri background. This was confirmed by flow cytometry

with the selective loss of TH-positive DNs at 100 days in

the SNCA triplication hMOs, coincidentally with a

broader loss of neurons and an increase in glia. Our data

together indicate that SNCA CNV led to a degenerative

effect rather than a developmental effect with increased

ageing of the hMOs.

In a broader context, previous studies with 2D iPSC-

derived DNs showed that CNV of SNCA led to a-syn

pathology. For instance, Zambon et al.74 used iPSC-

derived DA neurons from Parkinson’s disease patients

carrying the SNCA Tri to study the cellular mechanisms

associated with a-syn. After 35 DIV, THþ cells displayed

an intracellular accumulation of a-syn, with SNCA Tri

DA neurons exhibited an increased burden of oligomeric

a-syn species as shown by the a-syn PLA technic and ele-

vated a-syn release. These observations were associated

with mitochondrial dysfunction, ER stress and impaired

lipid metabolism; however, the authors didn’t report cell

death in their study. One assumption is that 2D cultures

are difficult to maintain for long-term observations, with

neurons tending to detach around 50 days on the coated

surfaces. This technical limitation could explain the ab-

sence of certain observations, in several 2D studies, such

as a degeneration or progressive loss of DNs with time.

Our model has the advantages to recapitulate several key

features absent in 2D DN cultures, as it is composed of

diverse cell populations and can be cultured over several
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months permitting a longer time for observations. Thus,

not only can we observe accumulation of aggregates as

we age the hMOs, but degeneration of neurons starts to

occur. In another study, Shrigley et al.75 showed that DA

progenitors derived from iPSCs carrying a SNCA CNV

and transplanted into 6-hydroxydopamine (6-OHDA)

lesioned rats, a neurotoxin-based model, developed a-syn

related pathology. The model we present in our manu-

script has the advantage of presenting with the endogen-

ous appearance of psynS129 positive aggregates in a

human model, without any exogenous transplantation or

treatment. Angelova et al.76 demonstrated that increased

levels of endogenous a-syn oligomers in iPSC derived cor-

tical neurons, are associated with high cytosolic calcium

influx. They demonstrated that abnormal calcium fluxes,

as well as abnormal intracellular stores, is an important

biological property of a-syn oligomers, when applied ex-

ogenously to cell systems. They also observed some neur-

onal death with their model. Such results would be

interesting to confirm in a more complex Parkinson’s dis-

ease related model such as the hMOs. Taken together,

our work highlights the importance of using iPSC-derived

hMOs from Parkinson’s disease patients to study a-syn

pathology in a physiologically relevant in vitro cell model

of Parkinson’s disease.

Overall, our findings validated the hypothesis that

hMO models of Parkinson’s disease faithfully recapitulate

pathological phenotypes seen in patients with Parkinson’s

disease and other synucleinopathies. They also highlight

the potential of hMOs to advance our understanding of

the underlying mechanisms involved in Parkinson’s dis-

ease pathogenesis.

Supplementary material
Supplementary material is available at Brain Communications
online.
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