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Differentiating cerebellar organoids can be challenging due to complex cell organization and structure in the
cerebellum. Different approaches were investigated to recapitulate differentiation process of the cerebellum
from human-induced pluripotent stem cells (hiPSCs) without high efficiency. This study was carried out to test
the hypothesis that the combination of different signaling factors including retinoic acid (RA), Wnt activator,
and sonic hedgehog (SHH) activator promotes the cerebellar differentiation of hiPSCs. Wnt, RA, and SHH
pathways were activated by CHIR99021 (CHIR), RA, and purmorphamine (PMR), respectively. Different
combinations of the morphogens (RA/CHIR, RA/PMR, CHIR/PMR, and RA/CHIR/PMR) were utilized, and
the spheroids (day 35) were characterized for the markers of three cerebellum layers (the molecular layer, the
Purkinje cell layer, and the granule cell layer). Of all the combinations tested, RA/CHIR/PMR promoted both
the Purkinje cell layer and the granule cell layer differentiation. The cells also exhibited electrophysiological
characteristics using whole-cell patch clamp recording, especially demonstrating Purkinje cell electrophysi-
ology. This study should advance the understanding of different signaling pathways during cerebellar devel-
opment to engineer cerebellum organoids for drug screening and disease modeling.
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Impact Statement

This study investigated the synergistic effects of retinoic acid, Wnt activator, and sonic hedgehog activator on cerebellar
patterning of human-induced pluripotent stem cell (hiPSC) spheroids and organoids. The results indicate that the combina-
tion promotes the differentiation of the Purkinje cell layer and the granule cell layer. The cells also exhibit electrophysi-
ological characteristics using whole-cell patch clamp recording, especially demonstrating Purkinje cell electrophysiology.
The findings are significant for understanding the biochemical signaling of three-dimensional microenvironment on neural
patterning of hiPSCs for applications in organoid engineering, disease modeling, and drug screening.

Introduction

HUMAN-INDUCED PLURIPOTENT stem cells (hiPSCs) can
generate organoids that have patterns and functions
similar to human tissues,! and can be used to model and
understand human tissue development and disease progres-
sion.”® Generating spheroids or organoids that mimic dif-
ferent human brain regions, including forebrain, midbrain,

hindbrain, and the splnal cord, from hiPSCs in vitro has
been reported recently.*® Cerebellum is located in the hind-
brain region and consists of hligh density and complexity of
neurons in the human brain. " Thus it is challenging to
differentiate cerebellar-like organoids with similar cellular
markers and organization to the human brain. To date, few
studies have been reported to generate cerebellar-like or-
ganoids from hiPSCs.
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The approaches to differentiate cerebellar spheroids or
organoids are based on the events of embryonic development.
By regulating the patterning signal gradients, hiPSCs can
differentiate into specific subtypes of neural cells along the
anterior—posterior (A-P) and dorsal-ventral (D-V) axes of the
brain.'! First, the formation of the isthmic organizer acts as a
midbrain—hindbrain boundary that creates a feedback loop of
fibroblast growth factor (FGF) 8 and Wnt ligands to govern
the anterior—posterior pattern of the caudal midbrain—rostral
hindbrain and maintain isthmic identity.'?> The cerebellum
anlage is developed in the dorsal region of the rostral hind-
brain, specifically at the alar plate of the rhombomere 1
(rhl).13_15 Two distinct germinal zones in rhl, the ventricular
zone (VZ) and the rhombic lip, give rise to cerebellar-specific
cells. The VZ expresses pancreas transcription factor 1 sub-
unit alpha (PTF1A), whereas the rhombic lip expresses a
different basic helix-loop-helix (bHLH) transcription factor
atonal homolog 1 (ATOHI/MATH]1).'®

Transcription factors play an important role in neural
progenitor cell differentiation, specification, and matura-
tion.'”" PTFIA is a bHLH transcription factor that is
essential for neuron specification and development.®® Its
mutation leads to the failure of developing cerebellum in
mouse and human.?’ The PTF1A* progenitor cells give
rise to GABAergic neurons including cerebellar cortex cells
(Purkinje cells and interneurons) and deep cerebellar nuclei
(DCN) cells, whereas the MATH1" progenitor cells give
rise to glutamatergic neurons including granule cells, brush
cells, and large DCN cells.?***2° The complicated structure
and cell organization within the cerebellum create a chal-
lenge for cerebellar differentiation from hiPSCs. Different
approaches have been investigated to recapitulate cerebellar
differentiation in hiPSC-derived aggregates.**®*’ Most of
them, however, are not efficient due to the costly factors and
long-term culture that yield a low number of cells with
desired markers.”®

The most successful cerebellum differentiation method has
been reported to §enerate the progenitors of Purkinje cells
and granule cells.” However, progenitor maturation requires
dissociation of the spheroids to select cells with desired
markers before coculturing with primary mouse granule
cells.* Retinoic acid (RA), FGFs, and Wnt signaling can af-
fect the A-P patterning, whereas bone morphogenetic proteins
(BMPs), sonic hedgehog (SHH), and Wnt can regulate the
D-V patterning.'" This study tested the hypothesis that the
combination of different signaling factors, including RA, Wnt
activator, and SHH activator, promotes caudal cerebellar
differentiation from hiPSCs.'®**=? Our results demonstrate
the expression of cerebellar layer markers and the charac-
teristics of Purkinje cells based on electrophysiology. The
effect of FGF8 on cerebellar development and the use of
human mesenchymal stem cell-conditioned medium (hMSC-
CM) after early-stage differentiation were also investigated.

Materials and Methods
hiPSC culture

Human iPSK3 cells were derived from human foreskin fi-
broblasts transfected with plasmid DNA encoding reprogram-
ming factors OCT4, NANOG, SOX2, and LIN28 (kindly
provided by Dr. Stephen Duncan, Medical College of Wiscon-
sin).**** Human iPSK3 cells were maintained in mTeSR Plus
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serum-free medium (StemCell Technologies, Inc., Vancouver,
Canada) on growth factor-reduced Geltrex-coated surface (Life
Technologies).” The cells were passaged by Accutase every
7 days and seeded at 1 x 10° cells per well of six-well plate in the
presence of rho-associated protein kinase (ROCK) inhibitor
Y27632 (10 uM; Sigma) for the first 24 h.*>’

Human Episomal iPSC (EpiPSC) cells were obtained
commercially from ThermoFisher (Cat #A18945). The
Gibco Human EpiPSC Line was derived from CD34" cord
blood using a three-plasmid seven-factor (SOKMNLT:
SOX2, OCT4, Kruppel-like factor 4-KLF4, MYC, NANOG,
LIN28, and Simian vacuolating virus 40 tag-SV40L T an-
tigen) EBNA-based episomal system. This iPSC line has
zero footprint as there is no integration into the genome
from the reprogramming event and is free of all repro-
gramming genes. Human EpiPSC cells were maintained in
StemFlex™ medium (ThermoFisher) on growth factor-
reduced Matrigel-coated surface. The cells were passaged
by Versene (an EDTA-based solution; ThermoFisher) every
3—4 days and seeded at 1:8-1:12 ratio in the presence of
Y27632 (10 uM) for the first 24 h. This research project used
de-identified and publicly available human cell lines and
does not constitute ‘‘human subjects research’’ as defined by
DHHS and/or FDA regulations.

hMSC culture

Bone marrow-derived hMSCs were obtained from Tulane
University. The cells were seeded at 60 cells/cm? and cul-
tured in alpha modified Eagle medium («MEM; Sigma)
supplemented by 20% fetal bovine serum (FBS) (Atlanta
Biologicals). The hMSC-CM was collected every 2 days and
supplemented with 2% B-27 for neural culture.

Cerebellar spheroid and organoid formation
from hiPSCs

In brief, human iPSK3 cells were seeded into ultra-low
attachment 24-well plates (Corning Incorporated, Corning,
NY) at 3x10° cells per well in differentiation medium
composed of Dulbecco’s modified Eagle’s medium/nutrient
mixture F-12 (DMEM/F-12) with 2% B-27 serum-free sup-
plements (Life Technologies). Y27632 (10 uM) and TGF-f1
inhibitor SB431542 (10 uM; StemCell Technologies, Inc.)
were added for the first week of culture. On day 2, FGF2
(50 ng/mL; StemCell Technologies, Inc.) was added until
day 7. During the third week, FGF19 (100 ng/mL; Pepro-
tech) was added to promote the caudalization of neural ro-
settes in the aggregates. Sequentially, stromal cell-derived
factor 1-o0 (SDF1A, 50 ng/mL; Peprotech) was used in the
fifth week of culture to induce the formation of the molec-
ular layer, the Purkinje cell layer, and the granule cell layer.
This procedure was used as a control condition.*

For experimental conditions, RA (1.0 uM; Sigma), Wnt
activator CHIR99021 (CHIR, 10 uM; Sigma), or the com-
bination of both was added to the culture at the second week
(Supplementary Fig. S1). FGF8 has been suggested as a
rostral patterning morphogen for cerebral cortex.®® The in-
fluence of FGF8 (50 ng/mL; Peprotech) was evaluated dur-
ing weeks 2-3. Also, purmorphamine (PMR, 2 uM; Sigma)
(Supplementary Fig. S1) was added at week 5 to activate the
SHH pathway and promote ventralization of the spheroids.
On day 35, the gene and protein expression for cerebellar
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layer markers (Supplementary Fig. S2) were characterized.
A total of nine differentiation conditions were evaluated
(Supplementary Table S1). The derived 3D structures
<35 days were referred as “‘spheroids’ and those >35 days
were referred as ‘‘organoids.”

Immunocytochemistry

The cerebellar spheroids on day 35 were replated, fixed
with 4% paraformaldehyde (PFA), and permeabilized with
0.5% Triton X-100. The samples were then blocked with 2%
FBS in phosphate-buffered saline (PBS) for 30 min and in-
cubated with various mouse or rabbit primary antibodies
(Supplementary Table S2) overnight at 4°C. After washing
with PBS, the cells were incubated with the corresponding
secondary antibody: Alexa Fluor® 488 goat antimouse IgG,
IgG,yp, or Alexa Fluor 594 goat antirabbit IgG (Life Tech-
nologies) for 1h. The samples were counterstained with
Hoechst 33342 and visualized using a fluorescent micro-
scope (Olympus IX70, Melville, NY) or a confocal micro-
scope (Zeiss LSM 880).

Flow cytometry

To quantify various neural markers, the cells were har-
vested by trypsinization and analyzed by flow cytometry. In
brief, 1x 10° cells per sample were fixed with 4% PFA and
washed with PBS. The cells were permeabilized with 100%
cold methanol, blocked with blocking buffer, and then in-
cubated with various primary antibodies (Supplementary
Table S2) followed by the corresponding secondary anti-
body Alexa Fluor 488 goat antimouse IgG; or Alexa Fluor
594 goat antirabbit or donkey antigoat IgG. The cells were
acquired with BD FACSCanto™ II flow cytometer (Becton
Dickinson) and analyzed against isotype controls using
FlowJo software.

Quantitative reverse transcription-polymerase chain
reaction analysis

Total RNA was isolated using the RNeasy Mini Kit
(Qiagen, Valencia, CA) according to the manufacturer’s
protocol followed by the treatment of DNA-Free RNA Kit
(Zymo, Irvine, CA). Reverse transcription was carried out
using 2pg of total RNA, anchored oligo-dT primers
(Operon, Huntsville, AL), and Superscript III (Invitrogen,
Carlsbad, CA) (according to the protocol of the manufac-
turer). Primers specific for target genes (Supplementary
Table S3) were designed using the Primer-BLAST (NCBI),
and the melting temperature was checked using NetPrimer
analysis (PREMIER Biosoft). The gene f-actin was used
as an endogenous control for normalization of expression
levels. Real-time reverse transcription-polymerase chain
reactions (RT-PCRs) were performed on an ABI7500 in-
strument (Applied Biosystems, Foster City, CA) using
SYBR1 Green PCR Master Mix (Applied Biosystems). The
amplification reactions were performed as follows: 2 min
at 50°C, 10min at 95°C, and 40 cycles of 95°C for 15s
and 55°C for 30s, and 68°C for 30s. Fold variation in
gene exgression was quantified by means of the compara-
tive 27T method based on the comparison of expression
of the target gene (normalized to the endogenous control
B-actin) among different conditions.

Electrophysiology

Whole-cell patch clamp recording was performed at room
temperature from cultured cells bathed in extracellular so-
Iution containing (in mM) 136 NaCl, 4 KCI, 2 MgCl, 10
HEPES, and 1 EGTA (312mOsm, pH 7.39). Glass elec-
trodes (resistance 2-6 MQ) were filled with intracellular
solution containing 130 mM KCl, 10 mM HEPES, and 5 mM
EGTA (292mOsm, pH 7.20). Cells were visualized under
phase contrast with a Nikon Eclipse Ti-U inverted micro-
scope and attached DS-Qil monochrome digital camera.
Recordings were made with an Axopatch 200B amplifier
(Molecular Devices) and digitized with a Digidata 1440A
system (Molecular Devices). lonic currents were evoked by
depolarizing voltage steps at voltage clamp configuration. A
current clamp protocol was applied to generate action po-
tentials and hyperpolarization activated (Ih) potentials.
Signals were filtered at 1 kHz and sampled at 10 kHz. Data
were collected and analyzed using pCLAMP 10 software
(Molecular Devices).

Statistical analysis

Each experiment was carried out at least three times with
more than six replicates. The representative experiments are
presented, and the results are expressed as (mean =+ standard
deviation). To assess the statistical significance, one-way
ANOVA followed by Fisher’s LSD post hoc tests was
performed. A p-value <0.05 was considered statistically
significant.

Results
The effects of RA, PMR, and CHIR

The combination of SB431542 (SB) and FGF2 was used
to induce neural differentiation, whereas ROCK inhibitor
Y-27632 was used to promote cell survival and aggrega-
tion (Supplementary Fig. 1A). RA and Wnt activator
CHIR99021 (CHIR) (Supplementary Fig. 1B) were added at
week 2. Caudalizing factor FGF19 was used on week 3 for
neural rosette formation. In week 5, SDF1A was added to
initiate neural epithelium formation with or without the ven-
tralizing factor PMR (Supplementary Fig. 1B). The sche-
matic differentiation protocol is shown in Figure 1A. On day
35, the spheroids were replated on Matrigel and stained
for various neural markers. The differentiated cells from
iPSK3 cells were positive for glutamate (GLUT) and
y-aminobutyric acid (GABA), the markers of glutamatergic
and GABAergic neurons, respectively. In addition, the cells
expressed presynaptic marker synapsin I (SYN1) and post-
synaptic marker PSD95 (Fig. 1B).

The cerebellum mainly consists of Purkinje cells and the
granule cells that comprise three different layers: the mo-
lecular layer that consists of Purkinje cell progenitors
(NEPH3"/PTF1A"), the Purkinje cell layer (OLIG2*/L7%),
and the granule cell layers (MATHI*/PAX6'/GAD65").*"°
In this study, the differentiated spheroids were found to
express hindbrain marker HOXB4 and markers of the mo-
lecular layer (NEPH3 and PTF1A), the Purkinje cells
(OLIG2), and the granule cells (MATHI, PAX6, and
GADG65) (Fig. 1C). PTF1A is a marker of the GABAergic
neural progenitors and is expressed by OLIG2* cells.*
NEPH3 is one of the downstream targets of PTF1A.** PAX6
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FIG. 1. The differentiation of cerebellar spheroids from iPSK3 cells. (A) Schematic illustration of cerebellar differen-
tiation using iPSK3 cells. (B) Representative fluorescent images of day 35 replated cerebellar spheroids for common
neuronal markers: (i) GLUT and GABA,; (ii) SYNI1 (presynaptic) and PSD95 (postsynaptic). Blue: Hoechst. (C) Repre-
sentative fluorescent images of cerebellar spheroids at day 35 for neural developmental and cerebellar markers: (i) HOXB4
and PAX6; (ii) NEPH3, OLIG2, and MATHI1. The NEPH3/Hoe and GLUT/NEPH3/Hoe images were taken using Zeiss
LSM 880 confocal microscope, whereas the other images were taken using the Olympus IX70 fluorescent microscope. Scale
bar: 100 pm.
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FIG. 2. Characterization of cerebellar spheroids differentiated from an episomal iPSC line (EpiPSC). With (RCP") or
without (RCP") indicates the presence of RA, CHIR, and PMR. The representative fluorescent images of (A) common
neural markers: (i) NKX2.1 (ventral) and HOXB4 (hindbrain) costained with B-tubulin III (B-tubllIl); (ii) GLUT and GABA
costained with B-tubulin IIT (B-tublll); (B) the cerebellar markers PTF1A, OLIG2, and MATHI. All the images were taken
using the Olympus IX70 fluorescent microscope. Scale bar: 100 pm. iPSC, induced pluripotent stem cell; PMR, purmor-
phamine; RA, retinoic acid.
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is a marker of dorsal forebrain identity and highly expressed
in the cerebral cortex’s granule cells.*"*** The induction of
PAXG6 Promotes neuronal gene expression such as SOX/ and
50x2.'%%

EpiPSC line was also used for cerebellar differentiation
with or without the combination of RA, CHIR, and PMR
(RCP). Similarly, the expression of cortical ventral marker
NKX2.1/B-tubulin III, hindbrain brain marker HOXB4/
B-tubulin III, Glut, and GABA was observed (Fig. 2A). The
expression of cerebellar markers PTF1A, OLIG2, and
MATHI1 was also observed (Fig. 2B).

RT-PCR analysis showed that the RCP-untreated cere-
bellar spheroids had low expression of HOXB4 and NKX2.1,
but high expression of TBRI. In particular, the spheroids
highly expressed cerebellar markers, including the molecu-
lar layer marker NEPH3 (35£7 vs. 0.9£0.2), the Purkinje
cell progenitor marker OLIG2 (45£2 vs. 0.99£0.01), and

the granule cell progenitor marker MATHI (21£9 vs. 0.9+
0.1) (Fig. 3A). OLIG2 is a marker for Purkinje cell pro-
genitors,””** and MATHI is a marker of early granule
progenitor cell.?*?® Therefore, the spheroids display cere-
bellar identity without RCP treatment.

Among the different combinations of RA (R), CHIR (C),
and PMR (P), RCP-treated condition showed the most
promising results. Flow cytometry showed that the RCP-
treated spheroids had high expression of NEPH3 (58.8% vs.
45.2%) and PTF1A (38.0% vs. 21.3%), and general neuro-
nal marker B-tubulin II (Fig. 3B and Supplementary
Fig. S3). Also, RCP-treated spheroids had higher gene ex-
pression of OLIG2 (1.39£0.01 vs. 0.81£0.01) and MATH]
(1.90£0.20 vs. 0.90£0.30) compared with the untreated
group, whereas the gene expression for NEPH3 (0.16 £0.05
vs. 1.00+0.20) is lower (Fig. 3C). In addition, the CP-
treated spheroids had higher HOXB4 expression but lower
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FIG. 3. Characterizations of the iPSK3-derived cerebellar spheroids at day 35. (A) mRNA expression of HOXB4,
NKX2.1, and TBR1, and the cerebellar markers NEPH3, OLIG2, and MATH]1 for the cerebral astrocytes and the cerebellar
spheroids (n=3). *Indicates p <0.05. (B) The replated spheroids were dissociated and characterized using flow cytometry
for molecular layer markers of NEPH3 and PTF1A and general neuronal marker B-tubulin III. Black line: negative control,
red line: marker of interest. (C) Relative mRNA expression for cerebellar markers of the derived spheroids in the presence
of different combinations of retinoic acid (R), CHIR99021 (C), and purmorphamine (P) (n=3). *Indicates that p <0.05
between the test conditions.
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TBRI expression than the untreated control, showing a cau-
dalization effect (Supplementary Fig. S4). Together, these
results indicate that RCP treatment promotes the formation
of three cerebellar layers, whereas the untreated group en-
riched the cells at the immature molecular layer stage.

For other combinations, both RP- and RC-treated spher-
oids had lower PTF1A expression (34.6% vs. 49.1% and
40.4% vs. 53.4%, respectively) (Supplementary Table S4).
Gene expression analysis showed that RP-treated spheroids
showed the increased NEPH3 (1.5610.05 vs. 0.96+0.06)
but the decreased OLIG2 (0.23+£0.02 vs. 0.99+0.01) ex-
pression. CP treatment only increased OLIG2 expression
(2.1£0.5 vs. 0.971£0.04). RC treatment showed a decrease
in OLIG2 (0.27+0.03 vs. 0.94+0.08) and MATHI (0.823
0.15 vs. 0.15£0.02) (Fig. 30).

Whole-cell patch clamp recording was performed to ex-
amine electrophysiological properties of the cells from day
80 cerebellar organoids for the RCP condition. In response
to depolarizing voltages, these cells generated both fast-
inactivating inward Na* currents and long-lasting outward
K" currents, indicating their neuronal identity (Fig. 4A).
Under the current clamp configuration, some of the cells
exhibited the following voltage responses that are char-
acteristic of cerebellar Purkinje cells: (1) injection of hy-
perpolarizing currents produced a depolarizing sag (Ih
potential), (2) depolarizing current pulses elicited repetitive
firing with waveform-like complex spikes (Fig. 4B).

HUA ET AL.

Effect of FGF8

FGF8 was added for evaluating its effect on the induction
of cerebellar spheroids (Fig. 5A, B). FGF8 increased the
expression of the molecular layer markers NEPH3 (37.6%
vs. 28.6%) and PTF1A (60.6% and 52.4%) (Fig. 5C).
Confocal images also showed the formation of PTF1A*
neural rosettes within the spheroids (Fig. 5D). In addition,
the replated spheroids expressed the markers of ventral
forebrain (NKX2.1), the hindbrain (HOXB4 and PAX®6),
and the deep cortical layer VI (TBR1) (Fig. 6). The ex-
pression of glutamatergic neuron markers (GLUT and
VGAT), GABAergic neuron marker (GABA), and synaptic
markers (SYN1 and PSD95) was also observed. FGF8-
treated spheroids also showed the expression of NEPH3,
OLIG2, and MATHI.

The effects of hMSC-CM on extended culture
of the cerebellar organoids

After day 35, the RCP-treated spheroids were cultured in
either HMSC-CM/B27 or DMEM/F12/B27 for additional 2
weeks. The replated organoids showed neural morphology
on day 49. Flow cytometry analysis showed that HMSC-CM
could prevent the decrease of molecular layer marker
NEPH3 (47.5% vs. 28.9%), PTF1A (63.8% vs. 52.3%), and
the granule cell marker MATH1 (40.2% vs. 22.2%) of
the RCP-treated organoids. Gene analysis showed that

60 mv B 400 pA
0pA
80 mv 320 pA

il

|

100 ms

«— Ih potential
-320 pA

FIG. 4. Electrophysiological properties of the cells from day 80 cerebellar organoids differentiated from iPSK3 line. The
day 80 cerebellar organoids were derived with RCP condition. The organoids were replated on Matrigel-coated coverslips
and grown for 1 week before the recording. (A) Representative traces of voltage clamp recordings showing fast inward Na*
currents followed by long-lasting outward K* currents evoked by depolarizing voltage steps. (B) Representative traces of
current clamp recordings showing voltage responses to stepwise current injections. Repetitive action potentials were evoked
by depolarizing (+400 pA) current injection, whereas Th potential was elicited by hyperpolarizing (=320 pA) current
injection. (C) Phase contrast image of the patch clamp recoding; scale bar: 50 pm.
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FIG. 5. The effects of FGF8 on the differentiation of cerebellar spheroids using iPSK3 cells. (A) FGF8 was added during
weeks 2 and 3 of the differentiation. (B) The phase contrast images of the cerebellar spheroids for 35 days were taken using
the Olympus IX70. Scale bar: 200 um. (C) Representative flow cytometry histograms of cerebellar molecular layer markers
NEPH3 and PTF1A. Black line: negative control, red line: marker of interest. (D) The confocal fluorescent images of the
cerebellar spheroids for PTF1A were taken using the Zeiss LSM 880 microscope. The white arrows point toward the neural

rosettes. Scale bar: 100 um (tops) and 50 um (bottoms).

HMSC-CM supported higher gene expression of NEPH3
(0.90£0.10 vs. 0.3510.02), OLIG2 (0.80+0.20 vs. 0.10+
0.04), and MATH]I (0.80+0.20 vs. 0.24+0.07) (Fig. 7).

Discussion

This study investigated the effects of RA, CHIR, and
PMR on the development of the three cerebellar layers, the
effects of FGF8 on the development of molecular layer, and
the effects of hMSC-CM on the maturation of cerebellar
spheroids from hiPSCs (Supplementary Fig. S5-S8).

Effects of the combination of RA, CHIR, and PMR
on cerebellar differentiation

FGFS8, various Wnt ligands, and BMPs could induce the
expression of granule cell markers with a small population
of CALBI1* Purkinje cells from embryoid bodies.?® Co-
culturing early stage cerebellar spheroids with mouse cere-
bellar cells yielded a low number of CALB" cells in long-
term culture.** The combination of FGF8 with Wnt has
been shown to induce early cerebellar differentiation, and
SHH treatment produced a small number of Purkinje cells
and astrocytes.”” FGF19 can promote the caudalization and
neural-tube-like epithelium structure with D-V polarity, and
when combined with FGF2 and SDF1A, it promotes neural

epithelium sheet that displays apicobasal polarization simi-
lar to the cerebellar layer.* Therefore, sequentially treating
the spheroids with RA, Wnt activator, and SHH activator
in addition to FGF2, FGF19, and SDF1A should promote
PTF1A" Purkinje progenitors and MATHI" granule pro-
genitors as shown in this study. PTF1A is essential for de-
riving all the neuronal subtypes in the VZ, including
Purkinje cells.?**

This study investigated the effects of caudalization factors
RA, Wnt activator CHIR, and ventralization factor PMR on
cerebellar differentiation of hiPSCs. Different combinations
of these factors promoted the formation of different brain
regions. Combining RA with SHH recapitulates the in vivo
signaling pathway and was shown to produce spinal motor
neurons.”’ Wnt inhibition has been shown to induce cerebral
cortex formation and rostral marker expression’*’; there-
fore, Wnt activation favors hindbrain formation. D-V axis is
governed mainly by ventralizing SHH and the antagonized
Wnt and BMP pathways for dorsalization.**° SHH sig-
naling with or without the inhibition of Wnt signaling pro-
motes ventral telencephalic cells in the cortex.'®>'*? CHIR
was shown to activate the Wnt pathway and enrich cells of
forebrain (low Wnt), midbrain (medium Wnt), and hind-
brain and spinal cord (high Wnt).** So activation of Wnt can
promote the rostrocaudal axis formation in a dose-dependent
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FIG. 6. Phenotypic characterization of the cerebellar spheroids cultured with or without FGF8. The fluorescent images of
(A) the cortical layer IV marker TBR1 and the ventral neuronal marker NKX2.1, (B) the common neural markers of (i)
SYNI, PSD95, GLUT, and GABA; (ii) the brain regional markers of (ii) HOXB4, PAX6, and NEPH3. The NEPH3/Hoe
image was taken using Zeiss LSM 880 confocal microscope, whereas the other images were taken using the Olympus IX70

fluorescent microscope. Scale bar: 100 pm.

manner.”® Wnt also induces the differentiation of ventral
midbrain enriched with dopamineregic neurons and hind-
brain serotonin neurons from hiPSCs.%>* Inhibition of Wnt
usually fromotes the differentiation of hiPSCs into forebrain
cells.>”

SHH activation results in the differentiation of OLIG2"
motor neuron progenitors, and the combination of SHH and
CHIR has been reported to generate >90% OLIG2" neu-
rons.” OLIG2, an oligodendrocyte-specific bHLH, is ex-
pressed in the cerebellar neuroepithelium of the hindbrain.”®
In the mouse cerebellum, OLIG2 is expressed in the VZ
during the E11.5 to E13.5 of the development, which is also
the peak time of Purkinje cell development.*® OLIG2" cells
can differentiate into Purkinje cells, and the loss of OLIG2
decreases the number of Purkinje cells.>***

Our study showed that the addition of caudalization fac-
tors can promote the expression of markers for Purkinje
progenitors and granule progenitors on day 35. In addition,
SDF1A decreases the expression of ventral markers,* but its
effect might be improved by PMR. RA has been shown to
prevent cerebellar differentiation, possibly by decreasing the
midbrain-hindbrain boundary markers of FGF8 and Wnt.*
However, RA is important not only for hindbrain patterning
but also for neurite outgrowth.”’ In our study, RC treatment
decreased the OLIG2" cells, and RC-treated spheroids ex-
pressed lower levels of OLIG2 and MATHI. SHH activation

by PMR can promote MATH]I expression and increase the
population of Purkinje cells.”® Therefore, combining RC
with PMR (RCP) should promote the expression of OLIG2
and MATHI. Our gene analysis showed that RCP-treated
spheroids expressed a higher level of OLIG2 and MATH].
Also, RCP treatment results in 42.0% and 46.4% of OLIG2"
and MATHI1™ cells, respectively. In contrast, when compar-
ing RP with RCP treatment, CHIR increased the expression
of Purkinje and granule cell markers. RCP treatment can
increase OLIG2 and MATHI expression at the expense of
NEPH3, which might suggest the maturation of cerebellar
spheroids.

The cerebellar spheroids were also positive for neural
markers PAX6, TBR1, HOXB4, and NKX2.1. PAX6 is
expressed in glutamatergic neuron progenitors in VZ of
dorsal telencephalon.”® PAX6 upregulates the expression of
Neurogenin 2 (NGN2), which is a bHLH that induces the
differentiation of glutamatergic neurons.’*®' NGN2 then
induces the expression of TBR2 and promotes the expres-
sion of neurogenic differentiation (NeuroD) and TBR1.%%:¢2
TBRI1 is expressed in deep cortical layer VI neurons, and
TBR-deficienct mice lacked subplate or layer VI neurons.®®

The HOX gene family plays an important role in em-
bryonic development and lineage specification such as the
hematopoietic system and hindbrain segmentation.®*~%°
HOXB4 expression in the hindbrain is induced by activation
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of the retinoid pathway through activation of RA receptors.®’

The NKX2.1-deficient mice had a lower number of GABA*
and CALB?' cells, that is, Purkinje cells.?® In addition,
mouse embryos with NKX2.] mutation showed lower SHH
expression level, which can cause the histological defects
along the D-V axis.”*¢®

The Purkinje cells enrich the GABAergic neurons derived
from the VZ.%° Our electrophysiology results of RCP con-
dition demonstrated fast-inactivating inward Na* and long-
lasting outward K* currents. Some of the cells also showed a
depolarizing sac when subjected to hyperpolarizing current
and depolarizing current pulses with repetitive firing with
waveform-like peaks, which are the characteristics of Pur-
kinje cells. These electrophysiological results confirm the
presence of Purkinje cells within cerebellar organoids in
our study.

Effects of FGF8 on cerebellar differentiation

After the isthmic organization formation, Wnt and FGF8
are produced in a feedback loop to regulate the midbrain
and hindbrain regions through the expression of Otx2 (a
forebrain and midbrain marker) and GBX2 (a hindbrain
marker).'*> FGF8, however, is a rostrocaudal patterning
molecule and regulates the transcription factors involved in
the specification of different brain regions.”>’! The role of
FGFS8 in the mouse brain is inconclusive because FGF8 was
reported to promote hindbrain and cerebellum differentia-
tion as well as the identity of cerebral cortex in mice.?®"?
FGF8 also has little effect on patterning the neural epithe-
lium into midbrain—hindbrain fate.”**

Our flow cytometry results showed the expression of the
molecular layer markers with or without FGF8 treatment.
The spheroids were found to contain both GABAergic and
glutamatergic neurons. In another study, neural induction of
hiPSCs exhibited rostral areas but not the middle and caudal
regions,*® meaning that the presence of FGF8 might not be
needed for cerebellar development and differentiation.

The effects of hMSC-CM in long-term culture
of the cerebellar spheroids

Various attempts have been made to mature the cerebellar
progenitors into Purkinje cells and granule cells. For in-
stance, the treatment with human brain-derived neurotrophic
factor and neurotrophin 3 induced the maturation of cere-
bellar spheroids during a long-term culture, resulting in
11.9% of CALB™ cells (i.e., Purkinje cells).45 In a different
study, various BMPs combined with SHH and neurotrophic
factors generated 11% of PCP2* cells (also Purkinje cells).*’
To improve cerebellar maturation, hMSC-CM was investi-
gated for prolonged differentiation in this study.

Ataxia is the degeneration of neuron connection, and
spinocerebellar ataxia (SCA) mainly affects the Purkinje
cells dendrite and atrophy.””> MSC transplantation can im-
prove the function of Purkinje cells by increasing dendrites
formation, thickening the molecular deep layer, decreasing
apoptotic cells, and producing extracellular matrices (ECMs)
and neural trophic factors.”” In SCA mice, MSC treatment
was reported to improve rotatory without tumor formation.”®
MSCs can migrate to the Purkinje cell regions and secrete
neurotrophic factors as well as MMP2 and MMP3 to im-
prove neural development.””””® Clinical trials and the case

HUA ET AL.

study of injecting MSCs into cerebellum have been evalu-
ated for the safety and efficacy.””*° Therefore, A(MSC-CM
might be able to improve the maturation of hiPSC-derived
cerebellar spheroids.

In our study, hMSC-CM was found to promote the
markers for the molecular layer, the Purkinje cell layer, and
the granule cell layer for the RCP-treated spheroids. The
positive effects of hMSC-CM may be attributed to the re-
lease of the growth factors and cytokines, including hepa-
tocyte growth factor, FGF2, IGF1, and VEGF.*' IGF and
VEGF were reported to increase neurogenesis at both pro-
tein and gene expression levels.®> The secreted ECMs can
also promote neural cell growth.®® In addition, MSCs were
reported to release neurotrophic factors, reduce inflamma-
tion and free radicals, inhibit a;goptosis, and promote dif-
ferentiation of neural stem cells.**

Conclusions

In summary, the cerebellar organoids were derived from
two hiPSC lines, which expressed cerebellar markers of the
three layers. In addition, the combination of RA, CHIR,
and PMR can further promote the gene expression of Pur-
kinje cell layer and the granule cell layer. The cerebellar
organoids contain cells expressing Purkinje cell electro-
physiology and biomarkers. Our approach yields a high
percentage of Purkinje cells and granule cells and does not
require the use of mouse feeder layer. This study should
advance the understanding of different morphogens on
cerebellar development of the human brain.
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