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SUMMARY
Recent advances in generating three-dimensional (3D) organoid systems from stem cells offer new possibilities for disease modeling and

drug screening because organoids can recapitulate aspects of in vivo architecture and physiology. In this study, we generate isogenic 3D

midbrain organoids with or without a Parkinson’s disease-associated LRRK2 G2019S mutation to study the pathogenic mechanisms

associated with LRRK2 mutation. We demonstrate that these organoids can recapitulate the 3D pathological hallmarks observed in

patients with LRRK2-associated sporadic Parkinson’s disease. Importantly, analysis of the protein-protein interaction network in mutant

organoids revealed that TXNIP, a thiol-oxidoreductase, is functionally important in the development of LRRK2-associated Parkinson’s

disease in a 3D environment. These results provide proof of principle for the utility of 3D organoid-based modeling of sporadic Parkin-

son’s disease in advancing therapeutic discovery.
INTRODUCTION

Parkinson’s disease (PD) is the most common neurological

disorder associated with movement abnormalities (Fearn-

ley and Lees, 1991). The major pathological characteristic

of PD is a-synuclein inclusions, such as Lewy bodies (Spill-

antini et al., 1997). Missense mutations in the leucine-rich

repeat kinase 2 (LRRK2) gene locus are the most common

known causes of late-onset familial and sporadic PD

(Di Fonzo et al., 2005; Paisan-Ruiz et al., 2004). Previous

studies have suggested that the LRRK2 G2019S gene muta-

tion is associated with a-synuclein accumulation, mito-

chondrial dysfunction, and impaired dopamine signaling

in the human brain, eventually resulting in the progressive

loss of dopamine neurons (Daher et al., 2012; Hsieh et al.,

2016; Lin et al., 2009; Manzoni and Lewis, 2013). However,

a particularly difficult challenge in understanding the role

of LRRK2 in PD research has been the generation of models

that accurately recapitulate the LRRK2 mutant-associated

disease state. For example, animals that harbor genetic

mutations mimicking the familial forms of parkinsonism,

including LRRK2 mutations, fail to show clear evidence

of progressive midbrain dopamine neuron loss or Lewy

body formation (Chesselet et al., 2008; Giasson et al.,

2002; Lee et al., 2002; Masliah et al., 2000). Another

approach that has been taken to model PD is the use of

patient-derived induced pluripotent stem cells (iPSCs)

directed to differentiate into dopamine neurons. These

models also show variable dopamine neuron toxicity, but
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other features of PD pathology, such as Lewy body aggre-

gates, are not as prominent as in the human brain (Beal,

2001), and such culture systems are generally immature

(Chung et al., 2013). This finding may be due to species-

specific differences and/or differences in the architecture

of the model systems (two-dimensional [2D] culture versus

a three-dimensional [3D] organ).

Recent advances in 3D organoid technology offer prom-

ise in advancing the understanding of human develop-

ment and evaluating therapeutic approaches on a

platform more physiologically relevant than traditional

immortalized cell lines (Hogberg et al., 2013; Jo et al.,

2016; Kelava and Lancaster, 2016). Notably, organoid sys-

tems can be used for modeling pathologic phenotypes

that more efficiently recapitulate human disease condi-

tions. For example, previous reports showed that Alz-

heimer’s disease phenotypes could be recapitulated in 3D

brain organoids (Choi et al., 2014; Raja et al., 2016). Simi-

larly, Miller-Dieker syndrome was modeled in brain orga-

noids, revealing novel molecular mechanisms controlling

disease phenotypes in a 3D environment (Bershteyn

et al., 2017). Drug discovery has also been advanced in

3D organoid systems;Woo et al. (2016) generated 3D intes-

tinal organoids from dyskeratosis congenita patients and

identifiedWnt agonists capable of reversing disease pheno-

types. These studies demonstrate that the 3D architecture

and cellular composition of organoids are invaluable for

recapitulating human disease phenotypes and understand-

ing the molecular underpinnings of these phenotypes.
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Here, we generate isogenic iPSC-derived midbrain orga-

noids containing a G2019S mutation in LRRK2. First, to

develop 3D midbrain organoids with an environment

similar to the aged brain for modeling PD, we have devised

a modified method for the 3D midbrain organoid produc-

tion. We utilize this system to study the pathogenic

mechanisms of LRRK2-associated sporadic PD. Impor-

tantly, we demonstrate that LRRK2-mutant midbrain orga-

noids exhibit pathological signatures observed in LRRK2

PD patients, including increased aggregation of a-synu-

clein and its aberrant clearance. Moreover, these midbrain

organoids showed gene expression profiles that closely

mimicked those seen in patients with mutant LRRK2-asso-

ciated sporadic PD. We identified a 3D key factor, TXNIP,

which mediates the LRRK2-G2019S pathological pheno-

types in the 3D environment of midbrain organoids. Since

TXNIP was previously found to be a risk factor for PD that

significantly accelerates the accumulation of a-synuclein

(Su et al., 2017), TXNIP dysregulation may aggravate PD

pathogenesis in LRRK2-G2019S sporadic PD in a 3D envi-

ronment. Our results indicate that midbrain 3D organoids

more accurately recapitulate LRRK2-based sporadic PD

than 2D culture systems, and thus these models offer great

potential not only for understanding the molecular drivers

of pathogenesis but also for screening targeted therapies for

patients with LRRK2-associated PD.
RESULTS

Generation of Midbrain Organoids from hiPSCs

To generate midbrain organoids with an environment

similar to the aged brain, we have devised a modified

method for the midbrain organoid production from previ-

ously described self-organizing principle from human iPSC

(hiPSC) culture (Jo et al., 2016). First, hiPSCs were dissoci-

ated into embryoid bodies (EBs) and organized to form a

3D structure using Matrigel. To promote neuroectodermal
Figure 1. Generation of Midbrain 3D Organoids from hiPSCs
(A) Bright-field microscopy images of the stages of 3D organoid gene
(B) qRT-PCR analysis of a pluripotency marker (OCT4), a neural proge
VMAT2) at different time points. Data represent the mean ± SEM. *p
(C) Immunofluorescence for MAP2, MASH1, TUJ1, VMAT2, TH, DAT, an
on day 60. Scale bars, 50 mm.
(D) Schematic image of midbrain development. The marginal zone (M
radial glia cells in the ventricular zone (VZ).
(E) Percentage of MAP2/MASH1-positive cells in the MZ- and VZ-like
(F) Gene expression profiling using qRT-PCR from 1 to 45 days. Re
respectively; n = 3 per sample.
(G) Fluorescence-activated cell sorting analysis of synapsin-RFP-posi
(H and I) KCL-induced dopamine levels in midbrain 3D organoids using
the mean ± SEM. **p < 0.01 by ANOVA.
(J) Gene set enrichment analysis of the microarray data from midbra
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differentiation, we treated these EBs with a GSK-3 inhibitor

(CHIR99021) and bone morphogenetic protein/transform-

ing growth factor b inhibitors (Noggin and SB431542). The

addition of fibroblast growth factor 8 and sonic hedgehog

(SHH) prompts patterning toward a mesencephalic fate in

a 3D culture condition (Arenas, 2014; Kirkeby et al.,

2012) (Figures 1A and S1A). For the terminal differentiation

of 3D midbrain organoids, 3D cultures were treated with

brain-derived neurotrophic factor (BDNF), glial cell line-

derived neurotrophic factor (GDNF), and ascorbic acid in

the neuronal differentiation medium by 45 days. Finally,

to develop midbrain organoids that share numerous fea-

tures with the aged human midbrain, we maintained 3D

midbrain organoid in the BDNF andGDNFwithout antiox-

idant for up to 60 days.

We confirmed that the mRNA expression of the neuroec-

todermal marker SOX1 was significantly increased at day 5

in EBs (Figure 1B). In contrast, the expression of the plurip-

otency marker OCT4 was markedly decreased immediately

after the generation of organoids (Figure 1B). At the begin-

ning of further differentiation to the midbrain-like phase

under 3D conditions from day 15, the expression of the

dopaminergic neuronal markers VMAT2 and TH increased

rapidly (Figure 1B). Consistently, the expression of

the midbrain markers NURR1 and DAT was detected in

6- and 8-week-old midbrain organoids, respectively (Fig-

ure S1B). To confirm the generation of post-mitotic dopa-

minergic neurons in midbrain organoids at day 60, we

analyzed dopaminergic neurons expressing the mature

neuronal markers TH, VMAT2, GIRK2, and DAT by immu-

nostaining (Figures 1C and S1C). Additionally, we observed

significant increases in the expression of dopamine neuron

markers PITX3 and AADC from day 30 (Figures S1D and

S1E). Moreover, we found that most MASH1-positive cells,

as the midbrain progenitors, remained in the ventricular

zone, through which radial glia cells pass as they migrate

to the marginal zone, where they mature into MAP2-posi-

tive cells (Figures 1C–1E).
ration for 2 months. Scale bars, 200 mm.
nitor marker (SOX1), and dopaminergic neuronal markers (TH and
< 0.05, **p < 0.01 by ANOVA.
d GIRK2 to confirm the presence of midbrain dopaminergic neurons

Z) contains midbrain dopaminergic neurons that differentiate from

zones at day 60.
d and green represent higher and lower gene expression levels,

tive cells from midbrain 3D organoids.
liquid chromatography-mass spectrometry analysis. Data represent

in 3D organoids compared with that of 2D cultures.
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We also observed robust expression of additional

midbrain markers in midbrain organoids, suggesting that

the organoids from day 45 most closely resemble the

mature dopaminergic midbrain (Figure 1F). In addition,

to evaluate the efficiency of dopamine neuron generation

in 3D organoids, we prepared organoids derived from iPSCs

harboring a synapsin1-red fluorescent protein (RFP) re-

porter. Flow-cytometric analysis showed an increase in

RFP-positive cells from 2.3% at day 15 to 21.5% at day

45, indicating that 3D culture efficiently induces genera-

tion of dopamine neurons in midbrain organoids

(Figure 1G). Liquid chromatography-mass spectrometry

analysis of dopamine release showed that dopamine levels

were significantly increased in midbrain-like organoids at

day 45 (Figures 1H and 1I). Moreover, we confirmed that

the differentially expressed genes in themidbrain organoid

at 45 days were highly enriched in the gene database

derived from primary human midbrain (Figure 1J).

In addition, to further characterize our organoids reca-

pitulate 3D architecture found in the human brain, we

examined the expression of neuromelanins, which are

known to be insoluble granular pigments that accumulate

in the A9 midbrain in human and primate, in the

midbrain organoids (Sulzer et al., 2000). Consistent with

previous results, we found a significant amount of neuro-

melanin in the organoids at 60 days (Figures S1F and S1G).

Moreover, genes such as ANLN, GLA35ST1, FAH, MBP,

ACSL1, and CLDN11, which are highly expressed in

aged human midbrains (Soreq et al., 2017), were highly

expressed in the midbrain organoids at 60 days (Fig-

ure S1H). Consistently, genes that were differentially ex-

pressed between 3D cultures in 60-day organoids were

highly enriched for genes also differentially expressed in

aged human midbrains (Figure S1I). Furthermore, phos-

phorylation of histone H2AX, a marker of DNA damage

associated with aging (Barral et al., 2014; Sedelnikova

et al., 2004), was significantly increased in midbrain orga-

noids at day 60 (Figures S1J–S1M). These data indicate that

midbrain organoids at 60 days share numerous features

with the aged human midbrain.

Additionally, we compared midbrain-like 3D organoids

with 2D cultures. The 3D organoids 45 days after differenti-
Figure 2. Generation of Midbrain 3D Organoids from LRRK2-G201
(A) Immunofluorescence staining of midbrain 3D organoids from LRR
(B) qRT-PCR analysis of midbrain 3D organoids and LRRK2-G2019S 3D
DAT at 60 days. Data represent the mean ± SEM. *p < 0.05, **p < 0.0
(C) Immunostaining of TH-positive and cleaved caspase-3-positive ce
bars, 20 mm.
(D) Percentage of cleaved caspase-3/TH-positive cells in midbrain 3
MPTP. Data represent the mean ± SEM. *p < 0.05, **p < 0.01 by ANO
(E and F) Western blot analysis (E) and quantification (F) show an in
represent the mean ± SEM. *p < 0.05, **p < 0.01 by ANOVA.
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ation exhibited a significant increase the percentage of

MAP2+ andTH+ cells with organizing regional structure (Fig-

ures S1N and S1O). Furthermore, the expression of the

neuronal marker genes AADC, CHAT, and MAPT and the

astrocyte marker genes GFAP, S100B, and ALDH1L1 was

significantly increased in midbrain 3D organoids relative to

the 2D culture conditions (Figure S1P). Gene ontology anal-

ysis of biological processes in 3D organoids showed enrich-

ment for neuron development, neuron differentiation, and

cell development relative to the 2D cultures, suggesting

that 3D midbrain organoids more efficiently undergo

neuronal differentiation and maturation (Figures S1Q and

S1R). Similarly, gene set enrichment analysis (GSEA) showed

that genesupregulated in3Dorganoids relative to2Dculture

were enriched in aged humanmidbrain (Figures 1J and S1S).

Next, for PD modeling we generated isogenic hiPSCs us-

ing the CRISPR/Cas9 nuclease system to introduce the

heterozygous LRRK2-G2019S point mutation into hiPSCs.

We designed a guide RNA target site 4 bp away from the

G2019S mutation site on exon 41 of the human LRRK2

gene locus (Figure S2A). Surveyor nuclease assays and

Sanger sequencing analyses of targeted cells demonstrated

that LRRK2�/� cells harbored deletions of 3–26 bp (Figures

S2B and S2C). The donor plasmid containing the G2019S

mutation was cotransfected with the guide RNA/Cas9 vec-

tor, then puromycin- andCRE-selected cells were identified

by a PCR-based assay (Figures S2D–S2F). We further

confirmed the generation of heterozygote LRRK2-G2019S

mutant hiPSCs by Sanger sequencing analyses (data not

shown). Additionally, we prepared two more indepen-

dently targeted isogenic iPSC lines and further evaluated

pathological phenotypes in these iPSC-derived organoids

(Figures S2G–S2J). Control and heterozygote LRRK2-

G2019S mutant hiPSCs expressed endogenous pluripo-

tency genes, such as TRA1–60, SOX2, OCT4, NANOG, and

SSEA1, and showed no differences in pluripotency and

self-renewal assays (Figures S2G–S2J).

We then generated midbrain organoids using LRRK2-

G2019S mutant hiPSCs (Figures S2K–S2N). The neuronal

identity of the LRRK2-G2019S organoids was confirmed

by immunohistochemistry of the neuronal markers TUJ1,

MAP2, NURR1, and DAT (Figure 2A). The expression of
9S hiPSCs
K2-G2019S hiPSCs. Scale bars, 100 mm.
organoids regarding dopaminergic neuronal markers TH, AADC, and
1 by ANOVA (n = 3 per sample).
lls in midbrain 3D organoids and LRRK2-G2019S 3D organoids. Scale

D organoids and LRRK2-G2019S 3D organoids treated with 0.5 mM
VA (n = 3 per sample).
crease in cleaved caspase-3 levels after treatment with MPTP. Data
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the dopaminergic neuronal markers TH, AADC, VMAT2,

and DAT was markedly decreased in LRRK2-G2019S orga-

noids relative to controls at day 60 (Figures 2B and S2O).

Mature neuronal genes such as NURR1, PITX3, EN1, TH,

and MAPT were decreased in LRRK2-G2019S mutant orga-

noids but not in 2D cultures (where their expression was

very low regardless of genotype) (Figure S3A). Remarkably,

the dopaminergic neurons in LRRK2-G2019S organoids

exhibited decreased neurite length, indicating that the

organoid model system better recapitulated disease pathol-

ogy (Figure S3B).

We next examined the susceptibility of LRRK2-G2019S

mutant organoids to 1-methyl-4-phenyl-1,2,3,6-tetrahy-

dropyridine (MPTP)-induced neurotoxic damage. We

confirmed a significant increase in cleaved caspase-3+

apoptotic dopamine neurons in LRRK2-G2019Smutant or-

ganoids treated with all concentrations of MPTP (Figures

2C–2F). Consistently, we confirmed increased cell death

in LRRK2-G2019S mutant organoids (Figure S3C). Addi-

tionally, to assess the effect of the LRRK2-G2019Smutation

in PD-associated pathogenesis, we examined whether

LRRK2-G2019S mutant organoids exhibit abnormal locali-

zation of a-synuclein phosphorylated at serine 129 (pS129)

in vesicular endosomal compartments. We observed local-

ization of pS129-a-synuclein-positive vesicles with endo-

somes positive for an early endosome marker, EEA1, in

LRRK2-G2019S mutant 3D organoids (Figures 3A and

S3D). The LRRK2-G2019S mutation effectively increased

the population of pS129-a-synuclein and EEA1 double-pos-

itive endosomes (Figures 3B and S3E). Furthermore,

abnormal localization of pS129 a-synuclein vesicles and

mitophagy with autophagy marker, LC3B, was increased

in LRRK2-G2019S mutant 3D organoids (Figures S3F and

S3G). Remarkably, thioflavin T-positive deposits in the 3D

organoids at day 60 were significantly increased by the

LRRK2-G2019S mutation (Figures 3C–3E and S3H), sug-

gesting that pS129-a-synuclein is aberrantly localized in
Figure 3. Pathological Analyses of LRRK2-G2019S Knockin 3D Or
(A) Representative images showing colocalization analysis of EEA1-po
type and LRRK2-G2019S 3D organoids. Scale bar, 20 mm.
(B) Percentage of pS129-a-synuclein-positive and EEA1-positive p
a-synuclein/EEA1-positive endosomes per cell in LRRK2-G2019S 3D
**p < 0.01 by ANOVA (n = 10 per sample).
(C) Thioflavin T (50 mM) staining of wild-type and LRRK2-G2019S 3D org
(D) Percentage of thioflavin T-positive cells among all TH-positive cel
the mean ± SEM. **p < 0.01 by ANOVA (n = 3 per sample).
(E) Quantification of the mean area of thioflavin T-positive deposits in
**p < 0.01 by ANOVA (n = 5 per sample).
(F and G) (F) Treatment with the LRRK2 kinase inhibitor (GSK2578215
levels in LRRK2-G2019S 3D organoids. (G) Intensity of pS129-a-synuc
inhibitor. Data represent the mean ± SEM. *p < 0.05 by ANOVA (n = 3
(H) Real-time qPCR analysis of dopaminergic neuron markers (TH, AA
with the LRRK2 kinase inhibitor GSK2578215A. Data represent the m
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the aged LRRK2-G2019S organoids. To further demonstrate

that this 3Dmodel system can be used for testing therapeu-

tic strategies against PD, we assessed the effects of pharma-

cological inhibition of LRRK2 kinase activity. Previously, it

has been reported that LRRK2 kinase inhibitors did not

affect the phosphorylation of pS129-a-synuclein (Hender-

son et al., 2018), whereas other groups reported that

inhibition of LRRK2 kinase activity reduced inclusions of

pS129-a-synuclein in G2019S-LRRK2-expressing neurons

(Schapansky et al., 2018; Volpicelli-Daley et al., 2016).

Thus, to examine whether inhibition of G2019S-LRRK2

can reduce the pS129-a-synuclein inclusions in LRRK2-

G2019S-midbrain organoids, we treated the mutant orga-

noids with LRRK2 kinase inhibitor, GSK2578215A. Consis-

tent with previous results, the treatment with the LRRK2

kinase inhibitor substantially reduced the accumulation

of phosphorylated a-synuclein (Figures 3F, 3G, and S3I).

Moreover, the expression of the dopaminergic neuron

maker genes TH, AADC, and DAT was partially restored in

each LRRK2-G2019S mutant organoid treated with the

LRRK2 kinase inhibitor (Figures 3H and S3J). Previously,

G2019Smutation in LRRK2 led to disinhibited kinase activ-

ity, which eventually resulted in the accumulation of tau-

positive inclusions and apoptosis (Guerreiro et al., 2016;

MacLeod et al., 2006), whereas suppression of LRRK2

with kinase inhibitors can lead to an opposite phenotype

of increased neurite process and complexity, and eventual

survival of dopamine neurons (Daher et al., 2015). Consis-

tent with this result, we found decreased dopamine

neuronal cell death by LRRK2 inhibitor, which resulted in

increased TH, AADC, and DAT in the mutant LRRK2 orga-

noids (Figures S3J and S3K). Therefore, this 3D organoid

model system is amenable to testing therapeutic strategies

against PD.

Next, to gain insight into the molecular mechanism of

LRRK2-G2019S-associated PD pathologies in midbrain or-

ganoids, we compared global transcriptome profiles of
ganoids
sitive endosomes with pS129-a-synuclein-positive puncta in wild-

uncta among all EEA1-positive puncta (left). Number of pS129-
organoids (right). Data represent the mean ± SEM. *p < 0.05,

anoids. The arrow indicates a-synuclein deposits. Scale bars, 20 mm.
ls in the wild-type and LRRK2-G2019S 3D organoids. Data represent

midbrain 3D organoids at 60 days. Data represent the mean ± SEM.

A, 1 mM) significantly reduces phosphorylated a-synuclein oligomer
lein in LRRK2-G2019S 3D organoids treated with the LRRK2 kinase
per sample).

DC, and DAT) in wild-type and LRRK2-G2019S 3D organoids treated
ean ± SEM. *p < 0.05 by ANOVA (n = 3 per sample).



Figure 4. Global Gene Expression Analyses of LRRK2-G2019S Knockin 3D Organoids and Midbrain 3D Organoids
(A) Venn diagram showing the overlap of differentially expressed genes between LRRK2-G2019S knockin 2D cultures compared with wild-
type 2D cultures and LRRK2-G2019S knockin 3D organoids compared with wild-type 3D organoids. Number of genes up- or downregulated
by 1.5-fold are presented in the Venn diagram.
(B) Differentially expressed genes in control and LRRK2-G2019S under 2D or 3D culture conditions. Heatmap and density color code of
the 3,965 genes showing differential expression in the microarray analysis under wild-type and LRRK2-G2019S. One sample from each
condition was prepared.
(C) Scatterplots of the microarray data for LRRK2-G2019S knockin 3D organoids compared with wild-type 3D organoids (top) and LRRK2-
G2019S knockin 2D cultures compared with wild-type 2D cultures (bottom).

(legend continued on next page)
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control and LRRK2-G2019S mutant 3D organoids.

Midbrain 3D organoids expressing LRRK2-G2019S showed

dynamic changes in global gene expression (Figures 4A

and S4A). Differentially expressed genes in the presence

of the LRRK2-G2019S mutation were significantly dif-

ferent in 3D organoids relative to 2D culture (Figures 4A

and 4B). Additionally, we found that the differentially

expressed genes overlapped between LRRK2-G2019S 3D

organoids and LRRK2-G2019S 2D cultures, indicating

that these are specific genes affected by the LRRK2-

G2019S mutation (Figure 4C). Notably, one of the top

differentially expressed genes in LRRK2-G2019S 3D orga-

noids was thioredoxin-interacting protein (TXNIP), which

was previously reported to be associated with lysosomal

dysfunction in a-synuclein-overexpressed cultures (Su

et al., 2017).

To examine the extent to which LRRK2-G2019S mutant

PD organoids molecularly resemble sporadic PD tissue,

we next compared the differential gene patterns between

LRRK2-G2019S mutant organoids and sporadic PD pa-

tient-derived brain tissue (MeSH:D010300). Importantly,

GSEA revealed that the differentially expressed gene set

in LRRK2-G2019S 3D organoids relative to LRRK2-

G2019S 2D cultures was enriched in genes isolated from

sporadic PD patient brain tissue (Figures 4D and S4B),

demonstrating the suitability of using our human LRRK2-

G2019S mutant 3D organoids to study the molecular

pathology of LRRK2-G2019S-associated sporadic PD. The

protein-protein interaction HTRldb database from the

differentially expressed genes in LRRK2-G2019Smutant or-

ganoids was further analyzed to construct coexpression

networks. Interestingly, the TXNIP protein interaction

network was defined as the major subnetwork containing

PD genetic risk factors (Figures 4E and S4C).

We further analyzed TXNIPmRNA levels in wild-type 3D

organoids and LRRK2-G2019S-derived 3D organoids (Fig-

ure 5A). At the basal level, we found a considerable increase

in TXNIP mRNA caused by the LRRK2-G2019S mutation

in 3D organoids relative to 2D culture (Figures 5B and

5C). To further investigate the molecular mechanisms

of increased expression of TXNIP by LRRK2-G2019S

mutation, we initially assessed the activation of mitogen-

activated protein kinase signaling, which can bemodulated

by oxidative stress in the development of neurodegenera-

tion (Chen et al., 2012; Hsu et al., 2010). Interestingly, we

found that phosphorylation of ERK and p38 was increased

upon LRRK2-G2019S mutation of 3D midbrain organoids

(Figures S4D and S4E). Previously, the phosphorylation of
(D) Gene set enrichment analysis of the microarray expression data fro
organoids.
(E) Graph of the TXNIP protein interaction network related to PD risk fa
low expression. Rectangular-shaped nodes represent proteins that ha
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mitogen-activated protein kinases was known to activate

NRF2, which led to negative regulation of TXNIP expres-

sion (Gunjima et al., 2014; Hou et al., 2018; Wang et al.,

2017). Consistent with this result, we found that transloca-

tion of the activated NRF2 proteins was decreased upon

LRRK2-G2019S mutation in the midbrain organoids (Fig-

ure S4F). Moreover, NRF2 binding to the TXNIP promoter

region was decreased in the LRRK2-G2019S mutation orga-

noids (Figure S4F), eventually suggesting increased expres-

sion levels of TXNIP via the decreased translocation of

NRF2 in G2019S LRRK2 3D organoid models (Figure S4G).

Moreover, we confirmed that increased TXNIP expression

inhibits the activity of thioredoxin-1 in G2019S-LRRK2 or-

ganoids (Figures S4H–S4J).

To analyze whether TXNIP functionally contributes to

LRRK2-G2019S mutant-derived PD phenotypes, we exam-

ined a-synuclein aggregation in LRRK2-G2019S mutant

3D organoids upon TXNIP knockdown (Figures S5A–

S5C). Interestingly, analysis of pS129-a-synuclein by

western blot showed a significant decrease in a-synuclein

aggregation in LRRK2-G2019S mutant 3D organoids rela-

tive to wild-type 3D organoids upon TXNIP inhibition (Fig-

ures 5D–5F and S5D). Additionally, we investigated the

lysosomal effect of LRRK2-G2019S-associated PD; TXNIP

knockdown suppressed the aggregation of phosphorylated

a-synuclein with LAMP1 (lysosomal marker)-positive

puncta (Figures 5G and 5H). Consistent with these data,

the area of pS129-a-synuclein inclusions was significantly

decreased upon TXNIP knockdown (Figures 5I and S5E).

Taken together, these findings demonstrate that human

TXNIP is functionally connected to the LRRK2-G2019S

mutation in a 3D environment and may aggravate

LRRK2-G2019S-associated sporadic PD in a 3D environ-

ment relative to 2D culture.
DISCUSSION

PD is characterized by the degeneration of midbrain dopa-

mine neurons, ultimately leading to progressive move-

ment disorder in patients. The development of faithful

PDmodel systems is essential for understanding themolec-

ular pathogenesis and identifying novel therapeutic targets

for PD. However, to date none of the existing models truly

recapitulates the PD pathology and symptoms observed

in humans. The aim of our study was to generate amore ac-

curate 3Dmodel of human PD to gain a deeper understand-

ing of PD pathogenesis in a 3D environment and to enable
m LRRK2-G2019S knockin 3D organoid compared with wild-type 3D

ctors. Red color indicates high expression and blue color represents
ve PD genetic risk factors.



Figure 5. Knockdown of TXNIP Rescues a-Synuclein Oligomers in LRRK2-G2019S Knockin 3D Organoids
(A) Validation of microarray and real-time qPCR gene expression data.
(B) Real-time qPCR analysis of TXNIP expression in LRRK2-G2019S knockin 3D organoids and midbrain 3D organoids. Data represent the
mean ± SEM. **p < 0.01 by ANOVA (n = 3 per sample).
(C) Real-time qPCR analysis of TXNIP expression in control and LRRK2-G2019S 3D organoids compared with control and LRRK2-G2019S 2D
cultures. Data represent the mean ± SEM. **p < 0.01 by ANOVA (n = 3 per sample).
(D) Validation of TXNIP gene expression in LRRK2-G2019S knockin 3D organoids treated with TXNIP-short hairpin RNA (TXNIP-shRNA)
(target sequence: agt gga ggt gtg tga agt tac tcg tgt ca, i026466a) via real-time qPCR. Data represent the mean ± SEM. *p < 0.05, **p <
0.01 by ANOVA (n = 3 per sample).
(E and F) Western blot analysis (E) and quantification (F) of pS129-a-synuclein reveals a reduction in pS129-a-synuclein oligomers in
LRRK2-G2019S knockin 3D organoids treated with TXNIP-shRNA. Data represent the mean ± SEM. *p < 0.05 by ANOVA (n = 3 per sample).
(G) Representative immunofluorescence images of LAMP1 and pS129-a-synuclein puncta in LRRK2-G2019S knockin 3D organoids. Scale
bar, 10 mm.
(H and I) Quantification (H) of LAMP1+ and pS129-a-synuclein+ puncta showing a reduction (I) of pS129-a-synuclein inclusions upon
treatment with TXNIP-shRNA. Data represent the mean ± SEM. *p < 0.05 by ANOVA (n = 5 per sample).
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the future development of a high-throughput drug-

screening system.

In this study, we generated human 3D midbrain organo-

ids that specifically express human G2019S mutant LRRK2

and used this model to test fundamental hypotheses about

the pathogenesis associated with LRRK2-based late-onset

PD. Additionally, we established a screening system for

identifying target genes that could mediate LRRK2 toxicity

in a 3D environment. Previous studies have shown that

3D organoid technology provides great opportunities to

explore disease pathogenesis in various organs, including

the intestine, kidney, retina, and brain (Czerniecki et al.,

2018; Takasato et al., 2015; Volkner et al., 2016; Woo

et al., 2016). Consistent with these results, we have demon-

strated that LRRK2 mutant organoids can more accurately

recapitulate the LRRK2 mutant-associated disease state.

Notably, we generated isogenic LRRK2-G2019S-express-

ing midbrain organoids from hiPSCs. This system can over-

come the differences in genetic background among cell lines

inherent to working with genetically diverse human sam-

ples. The comparative results of a pair of isogenic organoids

that differ solely at the LRRK2 locus can be used to more

accurately study LRRK2-induced PD in a human model sys-

tem. Importantly, we identified that these isogenic mutant

LRRK2 organoids recapitulated several abnormal PD pheno-

types comparedwith control organoids, demonstrating that

these PD pathologies can be reproduced in LRRK2midbrain

organoids. These results are particularly intriguing because

none of the LRRK2 animal and 2D human cell-culture

models recapitulate the PD pathology observed in the

human midbrain (Byers et al., 2012). It was previously

shown that familial Alzheimer cerebral organoids can reca-

pitulate some phenotypes of Alzheimer’s disease (Raja

et al., 2016). Thus, combined with this previous result, we

demonstrated that these isogenic 3Dorganoids can be faith-

fully used as alternative models of neurological disease for

studying pathologies and drug screening.

We identified a gene, TXNIP, which was specifically upre-

gulated in a 3D environment of LRRK2-G2019S midbrain

organoids. Analysis of the differentially expressed genes

from LRRK2-G2019S midbrain organoids revealed that

TXNIP was specifically upregulated in mutant organoids,

and we further demonstrated that increased expression of

TXNIP was specific for mutant 3D organoid conditions.

Moreover, inhibition of TXNIP suppresses LRRK2-induced

phenotypes in 3D organoids, and thus TXNIP might

contribute to the disease phenotypes of patients with

LRRK2-associated sporadic PD. While it has been reported

that TXNIP is associated with a-synuclein-induced PD

(Su et al., 2017), the functional association between

LRRK2 and TXNIP is not known. Thus, our data provide a

direct functional connection between a-synuclein and

LRRK2 through TXNIP in the context of pathogenic condi-
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tions only captured by 3D organoid cultures. The identifi-

cation of functional connections between PD-linked genes

in a 3D environment provides important insight into the

pathophysiology of PD development.
EXPERIMENTAL PROCEDURES

Human iPSC Culture and Characterization
Human control fibroblast was purchased from the Coriell Cell Re-

pository. Human fibroblasts (GM23967, male, 52 years old) were

cultured in human cell-culture medium containing DMEM, 10%

fetal bovine serum, 1% non-essential amino acids (Gibco), 0.1%

b-mercaptoethanol (Gibco), and 1% penicillin/streptomycin

(Gibco). To generate hiPSCs from fibroblasts, we infected cells at

passage 6 with a lentivirus construct harboring Oct4, Sox2,

C-myc, and Klf4 twice in 2 days. The hiPSC line was cultured in

human embryonic stem cell growth medium (CEFO, Seoul, South

Korea) on Matrigel at 37�C and 5% CO2. For the transduction of

donor and CRISPR/Cas9 vectors, we treated hiPSCs with Accutase

(A6964, Sigma) and transfected them using the Gene Pulser Xcell

Electroporation System (Bio-Rad). These cells were seeded on

Matrigel-coated plates, and human embryonic stem cell growth

mediumwas changed every day. The hiPSCs were immunostained

using primary antibodies against OCT4 (Santa Cruz Biotech-

nology, sc-5279), SOX2 (R&D Systems, MAB2018), NANOG

(Bethyl Laboratories, A300-397a), SSEA1 (Santa Cruz, sc-21702),

and TRA 1–60 (Millipore, MAB4360), and appropriate fluorescent

secondary antibodies (Invitrogen).

Midbrain 3D Organoid Culture
The hiPSCs were treated with Accutase to induce dissociation into

single cells, and EBs were maintained in human embryonic stem

cell growth medium without a ROCK inhibitor for 3 days. To

generate 3D organoids, we embedded EBs in a Matrigel matrix

(Corning) containing 60% laminin, 30% collagen IV, and 8% en-

tactin to contribute to structural organization. EBs embedded in

Matrigel were maintained in an incubator at 37�C and 5% CO2.

Human embryonic stem cell growth medium was replaced with

neural stem cell medium (Advanced DMEM/F12 and neurobasal

medium, 13 N2, 13 B27, 5% Albumax-I, 2 mM GlutaMAX,

0.1 mM b-mercaptoethanol, 3 mM CHIR99021, 0.5 mM A83-01,

and 10 ng/mL leukemia inhibitory factor). Additionally, for neural

induction, fibroblast growth factor 2 (20 ng/mL) and epidermal

growth factor (20 ng/mL) were included in the neural stem cell

medium. To promote midbrain patterning and maturation, we

cultured aggregated cells in neural stem cell medium containing

200 nM ascorbic acid, 20 ng/mL BDNF, 100 ng/mL SHH, and

20 ng/mL GDNF. Culture medium was changed every 3 days,

and organoids were maintained on an orbital shaker (PSU-10i,

Biosan) in an incubator at 37�C and 5% CO2.

Flow Cytometry
Midbrain 3D organoids were dissociated using a homogenizer and

treated with 0.125% trypsin-EDTA for 5 min. Single cells were re-

suspended in 4% paraformaldehyde in PBS and incubated for

10 min at room temperature. The fixed cells were washed twice



with 1%BSA and filtered to remove aggregated cells. After filtering,

the cells were resuspended in fluorescence-activated cell sorting

buffer. Flow cytometry was performed using Accuri equipment

(Becton-Dickinson), and data analysis was conducted by

FlowJo vX software (TreeStar).

Immunofluorescence Staining Analysis
Organoids were washed with 13 PBS before being fixed in

4% paraformaldehyde in PBS and cryoprotected in a 30% sucrose

solution overnight. Frozen organoids were sectioned at 15–20 mm

using a Thermo Shandon cryotome and collected on glass micro-

scope slides. Sections were immunostained according to standard

protocols using the following primary antibodies: OTX2 (Abcam,

AB21990), FOXA2 (Abcam, AB108422), NGN2 (Millipore,

AB5682), MASH1 (BD Biosciences, 556604), TUJ1 (Sigma,

T2200), MAP2 (Cell Signaling Technologies, 4542s), TH (Pel-

Freez Biologicals, P60101-150), VMAT2 (Abcam, AB1598P), DAT

(Millipore, MAB369), PITX3 (Invitrogen, 382850), AADC

(Abcam, AB211535), NURR1 (Santa Cruz, sc-991), GIRK2 (Ab-

cam, AB65096), cleaved caspase-3 (Cell Signaling, 9661s),

pS129-a-synuclein (Abcam, AB9850), LAMP1 (Developmental

Studies Hybridoma Bank), gH2AX (Cell Signaling, 9718s), LC3B

(Cell Signaling, 3868s), PARKIN (Millipore, MAB5512), NRF2

(Cell Signaling, 12721s), and EEA1 (Millipore, 07-1820). Appro-

priate fluorescent secondary antibodies were obtained from

Invitrogen. Next, sections were treated with 6-diamidino-2-

phenylindole (Invitrogen) and mounted in Fluoromount-G

mounting medium. Representative images were captured using

a Nikon Eclipse Ti microscope and a confocal laser scanning mi-

croscope (Zeiss, LSM800).

Western Blot Analysis
Organoids were dissociated by a homogenizer and washed with

13 PBS. Homogenized organoids were extracted in lysis buffer

(1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mmol/L

NaCl in 50mmol/LTris [pH 8.0], Sigma-Aldrich; and 13 proteinase

inhibitor mixture, Roche). The extracted protein was separated by

12% SDS-PAGE and transferred to nitrocellulose membranes. The

membrane was probed with the following primary antibodies:

NURR1 (1:200, Santa Cruz, sc-991), VMAT2 (1:1,000, Abcam,

AB1598P), PITX3 (1:1,000, Invitrogen, 382850), pS129-a-synu-

clein (1:500, Abcam, AB9850), cleaved caspase-3 (1:500, Cell

Signaling, 9661s), TXNIP (1:500, Thermo, 40-3700), Phospho-

ERK1/2 (1:1,000, Cell Signaling, 4370s), ERK1/2 (1:1,000, Cell

Signaling, 4695s), Phospho-p38 (1:500, Thermo, MA5-15177),

p38 (1:500, Antibodies online, abin2957701), and b-actin

(1:1,000, AbFrontier, LF-PA0207). Representative images are

shown of western blots performed using Chemidoc TRS+ with

Image Lab software (Bio-Rad).

Quantitative RT-PCR Analysis
Total RNA was isolated from organoid samples using an RNeasy

RNA isolation kit (Qiagen), then cDNA was synthesized using

AccuPower RT-PCR PreMix (Bioneer). qRT-PCR was performed

using SYBR Green Real-time PCR Master Mixes (Invitrogen).

qRT-PCR analysis was conducted in a Rotor-Gene Q real-time

PCR cycler (Qiagen) after 1/50 dilution of the reverse transcrip-
tion reaction. Gene expression of all target genes was normalized

against the expression level of glyceraldehyde-3-phosphate dehy-

drogenase in each sample. Human TXNIP primers were used as

follows: primer-1 forward 50-AGT GTA ACA GCA AGC CTA

ATG-30, reverse 50-GTC AAG AAA AGC CTT CAC CC-30; primer-

2 forward 50-CGA ATT GTG GTC CCC AAA C-30, reverse 50-TTG
CAG CCC AGG ATA GAA G-30; primer-3 forward 50-AGA AGT

TGT CAT CAG TCA GAG G-30, reverse 50-ATT ACC AGG

GGC AGG TCA AG-30; primer-4 forward 50-AAG CAG CAG

AAC ATC CAG C-30, reverse 50-AGG GGC ATA CAT AAA GAT

AGG G-3.

Gene Expression Profiling Using Microarray
Affymetrix GeneChipHumanGene 1.0 STArraywas performed ac-

cording to the manufacturer’s protocol. The robust multiarray

averagingmethod using the affy R packagewas used for normaliza-

tion and summarization. The comparative analysis between test

sample and control samplewas carried out using local-pooled-error

test and fold change in which the null hypothesis was that no dif-

ference exists among two groups. False discovery rate (FDR) was

controlled by adjusting the p value using the Benjamini-Hochberg

algorithm. Heatmap and density color code of the 3,965 genes

showed differential expression in the microarray analysis under

wild-type and LRRK2-G2019S. One sample from each condition

was prepared.

Gene Set Enrichment Analysis
GSEA was performed using the GSEA pre-ranked mode to identify

the statistical enrichment on the gene sets of the PD genes in both

2D_LRRK2 versus 2D_control and 3D_LRRK2 versus 3D_control in

microarray.

Curated gene sets (5,171 genes of PD) in Gene-Disease Associa-

tions dataset of the Comparative Toxicogenomics Database

(CTD) and differentially expressed genes (DEGs) in 2D_LRRK2/

2D_control, 3D_LRRK2/3D_control were used. The results of

GSEA are considered significant when the FDR and nominal

p value are less than 0.05.

Network Analysis
The interactome of proteins in Homo sapiens were obtained from

STRING (https://string-db.org/, v10.5). To identify the network be-

tween PD and the TXNIP gene, Cytoscape (http://www.Cytoscape.

org, v3.6.1) included the DEGs of 3D_LRRK2/3d_Control and the

gene set of the CTD.

Statistical Analysis
All data are presented as the mean ± SD of three independent ex-

periments. Values of n indicate the number of independent

experiments performed or the number of individual experiments

or mice. For each independent in vitro experiment, at least three

technical replicates were used, and a minimum of three indepen-

dent experiments were performed to ensure adequate statistical

power. In all of the analyses, group differences were considered

statistically significant at p < 0.05 (*p < 0.05, **p < 0.01). ANOVA

was used for multicomponent comparisons and Student’s t test

was used for two-component comparisons after a normal distribu-

tion was confirmed.
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