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Abstract

Down syndrome (DS) is one of the common genetic disorders caused by the trisomy
of human chromosome 21 (HSA21). Mitochondrial dysfunction and redox imbal-
ance play important roles in DS pathology, and altered dopaminergic regulation has
been demonstrated in the brain of individuals with DS. However, the pathological
association of these elements is not yet fully understood. In this study, we analyzed
dopaminergic neurons (DNs) differentiated from deciduous teeth-derived stem
cells of children with DS or healthy control children. As previously observed in the
analysis of a single case of DS, compared to controls, patient-derived DNs (DS-DN5)
displayed shorter neurite outgrowth and fewer branches, as well as downregulated
vesicular monoamine transporter 2 and upregulated dopamine transporter 1, both of
which are key regulators of dopamine homeostasis in DNs. In agreement with these
expression profiles, DS-DNs accumulated dopamine intracellularly and had in-
creased levels of cellular and mitochondrial reactive oxygen species (ROS). DS-DNs
showed downregulation of non-canonical Notch ligand, delta-like 1, which may
contribute to dopamine accumulation and increased ROS levels through DAT1 up-
regulation. Furthermore, DS-DNs showed mitochondrial dysfunction in consistent
with lower expression of peroxisome proliferator-activated receptor-gamma coacti-
vator 1 alpha (PGC-1a) and upregulation of a HSA21-encoded negative regulator of

Abbreviations: APP, -amyloid precursor protein; ATP, adenosine triphosphate; DAPI, 4’,6-diamidino-2-phenylindole; DAT1, dopamine transporter
1; DLK1, delta-like 1; DMR, differentially CpG methylated region; DN, dopaminergic neuron; DS, Down syndrome; DSCR1, Down syndrome
candidate region-1; DYRKI1A, dual-specificity tyrosine phosphorylation-regulated kinase 1A; FOXA2, forkhead box protein A2; HSA21, human
chromosome 21; MAP2, microtubule-associated protein 2; MMP, mitochondrial membrane potential; NRIP1, nuclear receptor-interacting protein 1;
NURRI, nuclear receptor-related 1; PGC-1a, peroxisome proliferator-activated receptor-gamma coactivator 1 alpha; PITX3, pituitary homeobox 3;
PSD-95, postsynaptic density protein 95; ROS, reactive oxygen species; RT-qPCR, reverse transcription-polymerase chain reaction; SHED, stem cell
from human exfoliated deciduous teeth; siRNA, small interference RNA; TH, tyrosine hydroxylase; VMAT2, vesicular monoamine transporter 2.
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1 | INTRODUCTION

Mitochondrial dysfunction and oxidative stress have been
commonly observed in several neurodevelopmental and
neurodegenerative disorders, including down syndrome
(DS)."* DS is a common chromosomal aneuploidy dis-
ease and is caused by the trisomy of human chromosome
21 (HSA21), which affects multiple tissues, including the
brain.>® Although the underlying mechanisms of DS have
not been fully determined, a dosage imbalance of HSA21-
related genes and a resulting genome-wide dysregulation
of gene expression due to epigenetic modifications have
been proposed.””® Many of these affected genes contribute
to redox control and mitochondrial function."™ Indeed,
mitochondrial dysfunction and oxidative stress are in-
volved in DS pathology, causing impaired neuronal de-
velopment and maturation from early embryonic to adult
stages.’

Dopaminergic neurons (DNs) in the midbrain origi-
nate from the mesodiencephalic floor plate and develop
their neurites from fetal to adult stages, resulting in
broadly distributed synaptic terminals in the brain regions
involved in multiple functions, including reward, motor,
and cognition.'® Dysfunction of DNs has been found in
autism spectrum disorder, attention deficit hyperactivity
disorder and Alzheimer's disease, which are relatively fre-
quent comorbidities in DS.>**"'* Previous studies of DS
patient-derived postmortem brains and DS model mice
have shown either increased or decreased dopamine con-
centrations, depending on the brain regions or age.'®™'
Thus, genetic and epigenetic factors associated with
HSAZ21 trisomy may affect the development and function
of the dopaminergic system. However, the exact pathology
of the dopaminergic system remains elusive in DS, mainly
because extensive analysis of the human brain has many
limitations, particularly ethical concerns and restricted
access to tissues.

Stem cells from human exfoliated deciduous teeth
(SHEDs) are cranial neural crest-derived multipotent
mesenchymal stem cells that express the neural stem cell
marker, nestin, and have neurogenic potential.* Previous
studies have shown that SHEDs can efficiently differenti-
ate into DNs, making them a potential source of cell-based

ASEBsioAdvances — WILEYJﬂ

PGC-1a, nuclear receptor-interacting protein 1. These results suggest that dysregu-
lated dopamine homeostasis may participate in oxidative stress and mitochondrial
dysfunction of the dopaminergic system in DS.

dopaminergic neurons, Down syndrome, mitochondria, reactive oxygen species, stem cells
from human exfoliated deciduous teeth

therapy for Parkinson's disease with DN degeneration.”* >

DN differentiated from patient-derived SHEDs have also
contributed to elucidating dopamine-related pathologies
in several neurodevelopmental disorders.?*™ Previous
analyses using SHEDs from a single case of DS pointed to
impaired neurite development, downregulated vesicular
monoamine transporter2 (VMAT?2) level, and upregulated
dopamine transporterl (DATI) level in DNs.”’ However,
the pathological association between these defects re-
mains unclear. In this study, to further elucidate the DN
pathology of DS, the analysis was extended to three chil-
dren with DS and three children with normal develop-
ment, focusing on oxidative stress and mitochondria.

2 | MATERIALS AND METHODS
2.1 | SHED isolation, culture, and
differentiation into DNs

Experiments using human samples were reviewed and
approved by the Kyushu University Institutional Review
Board for Human Genome/Gene Research (permission
number: 678-03) and were conducted per the Declaration
of Helsinki. Written informed consent was obtained from
the parents of all participants. Deciduous teeth were col-
lected from three typically developing boys (two 6-year-old
boys and one 7-year-old boy) and three children with DS
(6, 9, and 10-year-old boys).

SHED isolation and culture were performed as previ-
ously described.?* % Differentiation from SHEDs to DNs
was based on a two-step procedure described by Fujii
et al.* In the first step, 1.5 x 10° SHEDs were plated
in a 6-well culture plate (Corning, NY, USA) and cul-
tured in alpha modification of Eagle's Medium (Nacalai
Tesque, Kyoto, Japan) with 15% fetal bovine serum
(Sigma-Aldrich), 100 pM L-ascorbic acid 2-phosphate
(Wako Pure Chemical Industries), 250 pg/ml fungizone
(Thermo Fisher Scientific), 100 U/ml penicillin, and
100 pg/ml streptomycin (Nacalai Tesque). After 24 h, the
cells were then cultured in Dulbecco's Modified Eagle's
Medium (DMEM, Nacalai Tesque) supplemented with
20 ng/ml epidermal growth factor (Peprotech), 20 ng/ml
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basic fibroblast growth factor (Peprotech), and 1% N2
supplement (Thermo Fisher Scientific) (first medium)
for 2 days at 37°C in an incubator with 5% CO,. In the
second step, DMEM was replaced by neurobasal me-
dium (Thermo Fisher Scientific) supplemented with
2% B27 supplement (Thermo Fisher Scientific), 1 mM
dibutyryladenosine 3,5-cyclic monophosphate (Nacalai
Tesque), 0.5 mM 3-isobutyl-1-methyl-xanthine (Wako
Pure Chemical Industries), and 200 pM ascorbic acid
(Nacalai Tesque) (second medium), and cells were incu-
bated for 5 days at 37°C in an incubator with 5% CO,. As
previously reported, DNs were not fully matured at this
stage to allow the strict discrimination between den-
drites and axons.”

2.2 | Immunocytochemistry

DNswere cultured on the cover glass. They were fixed with
4% paraformaldehyde in 0.1 M sodium phosphate buffer
(pH 7.4) for 10 min and were then permeabilized with
0.1% Triton X-100 in PBS for 5 min at room temperature.
The cells were blocked with 2% BSA in PBS for 20 min
and then incubated with the following primary antibodies
for 90 min at room temperature: rabbit anti-Tom20 (#sc-
11,415; Santa Cruz Biotechnology), mouse anti-p-tubulin
IIT antibody (#T8578; Sigma-Aldrich), mouse anti-tyrosine
hydroxylase (TH; #66334-1-Ig; Proteintech) and rabbit
anti-dopamine (#ab6427; Abcam), followed by incuba-
tion with Alexa Fluor-conjugated secondary antibodies
(Thermo Fisher Scientific) for 60 min at room tempera-
ture in the dark. Subsequently, nuclei were counterstained
with 1 pg/ml of 4’,6-diamidino-2-phenylindole (DAPI) in
PBS for 5 min at room temperature. The cover glass was
then mounted on slides using ProLong Diamond mount-
ing medium (Thermo Fisher Scientific). Fluorescence im-
ages were acquired using a Nikon C2 confocal microscope
(Nikon).

2.3 | Analyses of neuronal
morphology of DNs

Neuronal morphology and mitochondrial volume of DNs
were assessed as previously described.”® To measure the
maximum neurite length and the total number of neurite
branches, f-tubulin III-, and DAPI-stained pictures were
acquired, and 30 cells of each control- and patient-derived
case were analyzed with the Neurite Outgrowth module
in MetaMorph software (Molecular Devices).

To analyze the purity of DNs in culture, five images
stained with B-tubulin III and DAPI were taken from
each control- and patient-derived culture. Cells with

and without distinct neurites were counted. The num-
ber of cells with distinct neurites was divided by the total
number of cells to determine the frequency of cells with
neuron-like morphologies as the purity of DNs in culture.

2.4 | Western blotting

DNs were lysed with sample buffer (62.5 mM Tris—-HCl
buffer [pH 6.8] containing 2% sodium dodecyl sulfate
[SDS], 5% p-mercaptoethanol, and 10% glycerol) and
incubated at 95°C for 5 min. The proteins in the cell
lysates were electrophoresed using SDS-polyacrylamide
gel electrophoresis, and immunoblotting was performed
using rabbit anti-nuclear receptor-related 1 (NURRI;
#10975-2-AP; Proteintech), mouse anti-TH (#66334-1-1Ig;
Proteintech), rabbit anti-forkhead box protein A2 (FOXAZ2;
#22474-1-AP; Proteintech), rabbit anti-peroxisome
proliferator-activated receptor gamma coactivator 1 alpha
(PGC-1a; #NBP1-04676; Novus Biologicals), mouse anti-
postsynaptic density protein 95 (PSD-95; #MAB1598;
Millipore), rabbit anti-paired-like homeodomain 3
(PITX3; #CSB-PA010844LA01HU; CUSABIO), mouse
anti-microtubule-associated protein 2 (MAP2; #M9942;
Sigma-Aldrich), rabbit anti-delta like non-canonical
Notch ligand 1 (DLK1; #10636-1-AP; Proteintech), rabbit
anti-DAT1; #22524-1-AP; Proteintech) and mouse anti-a-
tubulin (#sc-32,293; Santa Cruz Biotechnology) antibod-
ies. The immunoreactive bands were detected using ECL
Prime (Cytiva) and analyzed using LAS-1000 pro (Fuji
Film) and Image Gauge software (Fuji Film). a-tubulin
was used as an internal control. To normalize the protein
expression, the chemiluminescent signal was divided by
the chemiluminescent signal of a-tubulin.

2.5 | Quantitative reverse transcription-
polymerase chain reaction

Total RNA extraction and quantitative reverse
transcription-polymerase chain reaction (RT-qPCR) were
performed as previously described.?® The sequence infor-
mation of the primer sets used in this study is listed in
Table 1. The relative expression of the target gene was an-
alyzed using the comparative threshold cycle method by
normalizing to hypoxanthine phosphoribosyl transferase 1
expression.

2.6 | RNA interference

After the introduction of the cells back into the first me-
dium, which was used for DNs differentiation, small
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TABLE 1 Primers sequences

Gene Sequence (5'-3")
DAT1
Forward TGCTGCACAGACACCGTGAG
Reverse AATGGTCCAGGAGCGTGAAGA
DLK1
Forward CGGGAAAGGACTGCCAGAAAAA
Reverse GCAGAAATTGCCTGAGAAGCCA
HPRT1
Forward CCTGGCGTCGTGATTAGTG
Reverse TCCCATCTCCTTCATCACATC
NRIP1
Forward TGACTGAAGGAGGACAGGGA
Reverse TCTCCAAGCTCTGAGCCTCT
VMAT2 HA260638 (Takara Bio)

interference RNA (siRNA) transfection was then per-
formed with Lipofectamine RNAiIMAX (Thermo Fisher
Scientific). The predesigned siRNAs were purchased
from Sigma-Aldrich. The production numbers were
SASI_Hs01_00049843 for DLK, SASI_Hs01_000609301 for
DAT1I, and SIC001-10NMOL for negative control.

To estimate knockdown efficiency, mRNA expression
levels of target genes were measured by RT-qPCR. The
knockdown efficiency of the target gene was calculated
by setting the sample transfected with negative control
siRNA into Ctrl-DN1 as 100%.

2.7 | Analysis of dopamine levels

To assess intracellular dopamine levels in DNs, images of
dopamine and TH (as the cell area) staining were acquired,
and 30 cells of each control- and patient-derived case were
analyzed with the Multi Wavelengths Cell Scoring module
in MetaMorph software. The dopamine signal intensity
was divided by the TH-stained surface area.

Extracellular dopamine was measured using a
Dopamine ELISA Kit (E-EL-0046, Elabscience) accord-
ing to the manufacturer's instructions. A culture medium
(50 pl) was collected to measure extracellular dopamine.
To measure extracellular dopamine under KCI stimu-
lated conditions, the cells were treated with 50 mM KC1
for 1 min at 37°C before harvesting the medium.

2.8 | Measurement of reactive
oxygen species

To quantify cellular and mitochondrial reactive oxy-
gen species (ROS) levels, cells were incubated with
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5 pM CellROX Green (for cellular ROS; Thermo Fisher
Scientific) or MitoSOX red (for mitochondrial ROS;
Thermo Fisher Scientific) for 30 min. The cells were sub-
sequently treated with TrypLE Express (Thermo Fisher
Scientific) to detach them from the culture plate. The flu-
orescence signals of 10,000 cells were measured using a
FACSCalibur instrument (BD Bioscience). The geometric
means of the fluorescence signals were calculated using
the Cell Quest software (BD Bioscience).

Mitochondrial ROS levels were determined using con-
focal microscopy as previously described.*** In brief, cells
were cultured in p-dishes (Ibidi) and subsequently incubated
with 5 pM MitoSOX Red (Thermo Fisher Scientific) and
20 nM MitoTracker Green FM (Thermo Fisher Scientific)
for 30 min. Fluorescent images of MitoSOX Red and
MitoTracker Green FM were acquired using a Nikon C2
confocal microscope. The fluorescence intensity of MitoSOX
Red and MitoTracker Green FM was measured using the
NIS-Elements software (Nikon). To determine mitochondrial
ROS levels, the fluorescence intensities of MitoSOX Red were
divided by that of MitoTracker Green FM.

2.9 | Measurement of mitochondrial
membrane potential

Mitochondrial membrane potential (MMP) was meas-
ured using the MMP indicator JC-1 (Dojindo). DNs
were incubated with 1 pM JC-1 for 10 min. Cells were
then treated with TrypLE Express to detach them
from the culture plates, and the cells were collected in
tubes. JC-1 red and green signals were measured using
a FACSCalibur. The geometric means of the red and
green fluorescence intensities were calculated using
Cell Quest software, and the ratio of red/green fluores-
cence was calculated.

2.10 | Analysis of intracellular adenosine
triphosphate levels

Intracellular adenosine triphosphate (ATP) levels were
measured as previously described.?® Cells were harvested
in ice-cold PBS, and the CellTiter-Glo Luminescent Cell
Viability Assay (Promega) was subsequently used to
measure intracellular ATP levels.

211 | Analyses of mitochondrial
content and distribution in DNs

To evaluate mitochondrial contents in DNs, pictures
of immunofluorescence staining for Tom20 (as the
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mitochondrial area) and TH (as the cell area) were ac-
quired and analyzed for 30 cells of each control- and
patient-derived case using the Multi Wavelengths Cell
Scoring module in MetaMorph software. The Tom20-
stained area was divided by the TH-stained area to deter-
mine the total mitochondrial content in DNs for each case.

To evaluate mitochondrial distributions in neurites,
the number of neurites in at least one Tom20-stained area
and total neurites were manually counted for 30 randomly
selected cells from the fluorescence images of each con-
trol- and patient-derived case. Thereafter, the number of
neurites in at least one Tom20-stained area was divided by
the total number of neurites to determine the proportion
of mitochondria-containing neurites.

2.12 | Statistical analyses

Statistical analyses were performed using Student's
t-tests with Prism9 (GraphPad). Values are presented as
mean =+ standard error of the mean (SEM). p <0.05 was
considered statistically significant. The results of RT-qPCR
and western blotting experiments comparing patients and
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typically developing boys were calculated with the results
of a typically developing boy (Ctrl-SHED1 and Ctrl-DN1)
set as 1.

3 | RESULTS

3.1 | Impaired neurite development and
altered DN marker expression in patient-
derived DNs (DS-DN5s)

Fluorescent in situ hybridization analysis showed three
copies of HSA21 in SHEDs obtained from three indi-
viduals with DS (Figure S1). More than 99% SHEDs in
both groups expressed mesenchymal stem cell markers
(CD44, CD73, and CD90) at comparable levels, and <1%
SHEDs expressed CD34 and CD45 (hematopoietic mark-
ers) (Figure S2), as demonstrated by a previous study on
SHED characterization.** SHEDs from the control and pa-
tient groups showed similar fibroblast-like morphologies,
and the frequencies of colony-forming cells were com-
parable between the two groups (Figure S3). The SHEDs
in both groups were differentiated into DNs (Figure 1A);
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Impaired neurite development and altered mRNA expression in patient-derived dopaminergic neurons (DS-DNs).

(A) DNs were stained with anti-p-tubulin III, anti-TH antibodies and 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) (nuclei).

Scale bar = 25 pm. (B) Maximum neurite length and number of branches per cell and proportion of neuron-like cells are shown. The

mean =+ standard error of the mean (SEM) was calculated from three independent experiments. (C) Protein expression in DNs was analyzed
by western blotting. The mean + SEM was calculated from three independent experiments. (D) mRNA expression in DNs was measured
using quantitative reverse transcription-polymerase chain reaction (RT-qPCR). The mean + SEM was calculated from three independent

experiments. *p <0.05. ***p <0.001
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morphological analysis confirmed the previous data
showing that both the maximum neurite length and the
number of branches of DS-DNs were lower than those of
control-derived DNs (Ctrl-DNs) (maximum neurite length:
#(538) = 8.796, p = 1.929 X 10~ the number of branches:
1(538) = 12.02, p = 1.16 x 10~ %’; Figure 1B). The frequency
of cells with neuron-like morphology was similar between
the two groups (¢[88] = 1.532, p = 0.1292; Figure 1B).
Western blot analyses revealed comparable protein ex-
pression levels of NURR1, PITX3, FOXA2, and TH, criti-
cal markers for DN identity, as well as PSD-95, MAP2, and
B-tubulin III, markers for mature neurons, between the
two groups (NURRI: ¢ (16)=0.9871, p = 0.3383; PITX3:
t(16)=1.245, p = 0.2311; FOXA2: t (16)=0.2775, p = 0.785;
TH: ¢ (16)=0.9637, p = 0.3495; PSD-95: ¢ (16)=0.05905,
p = 0.9536; MAP2: t (16)=0.4402, p = 0.6657, p-tubulin
I11: ¢ (16) = 0.4682, p = 0.646; Figure 1C). Considering that
HSA21 trisomy may affect the expression of a-tubulin,
[B-actin was tested as another internal control for normali-
zation (Figure S4). The lack of significant differences in
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protein expression levels between the two groups indi-
cated that both internal controls were valid for normali-
zation in western blot analyses. As previously observed,
VMAT2 was downregulated and DAT1 was upregulated
(VMAT2: t (16) = 2.204, p = 0.0425; DATI: t (16) = 2.706,
p = 0.01557; Figure 1D).

Because DLKI is a downstream target of NURR1 and
is involved in the suppression of DAT1, we evaluated the
relative expression of DLKI in DS-DNs and Ctrl-DNs. DS-
DNs showed lower DLK1 expression than Ctrl-DNs did
(t (16)=2.202, p = 0.0427; Figure 1D). In addition, RNAi-
mediated inhibition of DLKI expression led to upregula-
tion of DATI in Ctrl-DNs (DLKI in Ctrl-DN1:t (4) = 3.941,
p = 0.0169; DAT1 in Ctrl-DN1: ¢t (4) = 5.049; DLKI in
Ctrl-DN2: t (4) = 5.155, p = 0.0067; DAT1 in Ctrl-DN2:
t (4) = 4.891; DLK1 in Ctrl-DN3: ¢ (4) = 3.359, p = 0.0287;
DATI in Ctrl-DN3: t (4) = 2.983; Figure 2A,B), consistent
with protein expression levels in the western blot analysis
(DLK1: t (16) = 2.188, p = 0.0439; DAT1: t (16)=2.527,
p = 0.0224; Figure 2C). These data suggest that the lower
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FIGURE 2 DATI upregulation in control-derived dopaminergic neurons (Ctrl-DNs) treated with small interference RNA (siRNA) for

DLKI1 silencing. Control stem cells from human exfoliated deciduous teeth (Ctrl-SHEDs) were transfected with negative control (Ctrl-
siRNA) and DLK1 siRNA. (A, B) After differentiation into DNs, mRNA expression levels of DLK1 (A) and DATI (B) were measured using
quantitative reverse transcription-polymerase chain reaction (RT-qPCR). Percent of DLK1 knock-down efficiency was represented in each
graph (A). The mean + standard error of the mean (SEM) was calculated from three independent experiments. (C) Protein expression
levels in DNs were measured by western blotting. The mean + standard error of the mean (SEM) was calculated from three independent
experiments. (D) Intracellular dopamine levels in Ctrl-DNs treated with siRNA for DLK1 silencing. DS-DNs were stained with anti-
dopamine antibodies. Images of DS-DN1 are shown as representative examples. Dopamine staining intensity per cell area was measured for
30 cells of each DS-DN. The mean + SEM was calculated from three independent experiments. Scale bar = 25 pm. (E) Mitochondrial ROS
levels in DNs were detected using MitoSOX Red. The signals were measured by flow cytometry. The mean + standard error of the mean
(SEM) was calculated from the three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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expression of DLKI is involved in the dysregulation of
DAT1 expression in DS-DNs.

To determine the mechanisms of VMAT2 downreg-
ulation, we analyzed the CpG methylation status of its
promoter region. We found no hypermethylated CpGs
in the examined promoter region of VMAT2 in DS-DNs
(t (4) = 0.950, p = 0.396; Figure S5).

The numbers of surviving DNs were comparable
between the two groups (¢t (16) = 0.160, p = 0.8736;
Figure S6A); the finding is consistent with scarce detec-
tion of cleaved caspase-3-positive DNs in both groups, at
least on day 8 (¢ (16)=0.296, p = 0.77548; Figure S6B,C).

These results suggest that the extra HSA21 copy affects
neurite development and dopamine regulation through
modification of DAT1 and VMAT2 expression in DN,
rather than affecting the core differentiation pathway or
cell survival. In addition, DLK1 may contribute to the neg-
ative regulation of DAT1 expression in DNs.
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3.2 | Constitutive increase of
intracellular dopamine levels associated
with DAT1 upregulation in DS-DNs

To examine the effects of altered DATI and VMAT2
expression on dopamine homeostasis in DS-DNs, in-
tracellular dopamine levels were analyzed by immu-
nostaining with an anti-dopamine antibody. Baseline
dopamine levels were higher in DS-DNs than in Ctrl-DNs
(1(538) = 9.543, p = 9.8 x 1077; Figure 3A). Stimulation
with 50 mM KCl transiently reduced intracellular dopa-
mine levels in both groups at comparable levels before re-
covery to baseline levels (0 min: £(538) = 2.416, p = 0.016;
1 min: #538) = 0.871, p = 0.3841;10 min: #538) = 1.329,
p =0.1848; 30 min: #(538) = 2.143, p = 0.0325; Figure 3B,C).
The rate of reduction in intracellular dopamine levels at
1 min after stimulation was 52.6% for DS-DNs and 43.9%
for Ctrl-DNs (Figure 3C). These data were compatible
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FIGURE 3 Altered dopamine levels in patient-derived dopaminergic neurons (DS-DNs). (A) DNs were stained with anti-dopamine
antibodies. Scale bar = 25 pm. Dopamine staining intensity per cell area was measured for 30 cells of each control-derived dopaminergic
neurons (Ctrl-DN) and DS-DN case. The mean =+ standard error of the mean (SEM) was calculated from three independent experiments.

(B) DNs were stimulated with 50 mM KClI for indicated times and then subsequently stained with anti-dopamine antibodies. Scale

bar = 100 pm. The dopamine staining picture of Ctrl-DN1 (upper panel in A and B) and DS-DN1 (lower panel in A and B) are shown as
representative examples. (C) Dopamine staining intensity per cell area in (B) was measured for 30 cells of each control-derived dopaminergic
neuron (Ctrl-DN) and DS-DN case. The mean = SEM was calculated from three independent experiments. (D) Extracellular dopamine
levels of Ctrl-DNs and DS-DNs were measured under basal conditions and a 50 mM KClI stimulated condition. The mean # standard error of
the mean (SEM) was calculated from three independent experiments. *p <0.05, ***p < 0.001
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with extracellular dopamine levels at 0 and 1 min after
stimulation (0 min: ¢t (16) = 3.644, p = 0.0022; 1 min:
t (16) = 1.359, p = 0.193; Figure 3D). In DS-DNs, extra-
cellular dopamine levels were elevated in response to KCI
(t (16) = 2.209, p = 0.0421; Figure 3D).

The possible role of upregulated DATI in the basal
accumulation of intracellular dopamine in DS-DNs
was assessed by RNAi-mediated inhibition of DATI
expression (Figure 4). The treatment with siRNA
for DATI inhibited DAT1 expression (¢t (16) = 2.317,
p = 0.0341; Figure 4A). Protein expression of DAT1
was confirmed by western blotting (Figure 4B). This
treatment reduced intracellular dopamine levels in DS-
DNs, compared to Ctrl-siRNA treatment (£(538) = 6.84,
p = 2.16 x 10~ '%; Figure 4C). Conversely, DAT1 upregu-
lation through DLKI inhibition resulted in intracellular
dopamine accumulation in Ctrl-DNs (#(538) = 15.57,
p = 2.24 x 10~*; Figure 2D).

-ASEB&ioAdvances — WI]_EYM

These results suggest that DS-DNs have constitutively high
intracellular dopamine levels at the basal condition associ-
ated with DAT1 upregulation and no apparent defects in the
stimulation-induced transient and acute release of dopamine.

3.3 | Dopamine-related ROS
elevation and mitochondrial dysfunction
in DS-DNs

Elevated ROS levels have been documented as playing an
important role in the pathology of DS and cytosolic do-
pamine is an endogenous source of ROS. We examined
the possibility that intracellular dopamine accumula-
tion is involved in elevated ROS levels in DS-DNs. The
total ROS sensor, CellROX Green, detected higher ROS
signals in DS-DNs than in Ctrl-DNs (¢ (16) = 4.786,
p = 0.0002; Figure 5A). The fluorescence intensity of
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FIGURE 4 Downregulation of intracellular dopamine levels in patient-derived dopaminergic neurons (DS-DNs) treated with small
interference RNA (siRNA) for DATI silencing. Patient-derived stem cells from human exfoliated deciduous teeth (DS-SHEDs) were
transfected with negative control (Ctrl-siRNA) and DAT1 siRNA. (A) After differentiation into DNs, mRNA expression levels of DATI
were measured using quantitative reverse transcription-polymerase chain reaction (RT-qPCR). Percent of DATI knock-down efficiency

was shown in the graph. The mean + standard error of the mean (SEM) was calculated from three independent experiments. (B) Protein
expression of DAT1 was confirmed by western blotting. (C) Each DS-DNs was stained with anti-dopamine antibodies. Images of DS-

DN1 are shown as representative examples. Dopamine staining intensity per cell area was measured for 30 cells of each DS-DNs. The
mean =+ standard error of the mean (SEM) was calculated from three independent experiments. Scale bar = 25 pm. (D) Mitochondrial ROS
levels in each DS-DNs were detected using MitoSOX Red. The signals were measured using flow cytometry. The mean =+ standard error of
the mean (SEM) was calculated from the three independent experiments. *p < 0.05. **p < 0.01. ***p < 0.001
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FIGURE 5 Increased reactive oxygen species (ROS) levels in patient-derived dopaminergic neurons (DS-DNs). (A) Cellular ROS levels

were measured with Cell ROX green. DNs were stained with Cell ROX green, and the signal was measured using flow cytometry. The
mean =+ standard error of the mean (SEM) was calculated from the three independent experiments. ***p <0.001. (B) Mitochondrial ROS
was detected using MitoSOX Red. DNs were stained with MitoSOX Red and MitoTracker Green FM. Scale bar = 25 pm. (C) Fluorescence
intensity of MitoSOX Red and MitoTracker Green FM were measured from five images of each Ctrl-DN and DS-DN case, and the intensity
of MitoSOX Red was divided by that of MitoTracker Green FM. The mean + SEM was calculated from three independent experiments

MitoSox Red relative to that of MitoTracker Green for
evaluating mitochondrial ROS levels was also higher in
DS-DNs than in Ctrl-DNs (£[88] = 4.338, p = 3.8 X 107>;
Figure 5B,C). Mitochondrial ROS was reduced in DS-DNs
with decreased intracellular dopamine by DATI inhibi-
tion (¢t (16) = 3.154, p = 0.0061; Figure 4D). Conversely,
Ctrl-DNs with upregulated DAT1 by DLKI inhibition
showed elevated ROS levels (¢t (16) = 3.502, p = 0.0029;
Figure 2E). Both cellular and mitochondrial ROS levels
were comparable in the two groups before differentiation
(cellular ROS: ¢ (16)=1.559, p = 0.13845; mitochondrial
ROS: 1(88) = 1.023, p = 0.30888; Figure S7A-C). Together,
these findings indicate that intracellular dopamine accu-
mulation may contribute to ROS elevation during the dif-
ferentiation of DS-DNs.

Since impaired neurite development and higher ROS
levels were observed in DS-DNs, we further analyzed mi-
tochondrial function, which is critical for neurite devel-
opment and is also sensitive to ROS damage. Both MMP
and ATP levels, which indicate mitochondrial oxidative
phosphorylation activity, were lower in DS-DNs than in
Ctrl-DNs (MMP: ¢ (16)= 5.145, p = 1.079 X 107° ATP: ¢
(16)=7.596, p = 9.77 X 1073, Figure 6A,B). The expres-
sion of nuclear receptor-interacting protein 1 (NRIPI), a
HSA21-encoded suppressor of mitochondrial biogenesis,
was higher in DS-DNs than in Ctrl-DNs (¢ (16)=2.869,
p = 0.01112; Figure 6C). Western blot analysis showed
that the expression of PGC-1a, a master regulator of mi-
tochondrial biogenesis, was reduced in DS-DNs compared
to thatin Ctrl-DNs (¢ (16) = 2.812, p = 0.01252; Figure 6D).
Mitochondrial content per cell area and proportion of
neurites containing mitochondria were lower in DS-
DNs than in Ctrl-DNs (Tom20-stained area per cell area:

£(538) = 15.12, p = 1.001 x 10~ proportion of neurites
containing mitochondria: #(538) = 14.45, p = 2.86 x 107 ;
Figure 6E-G, Figure S8). Collectively, these data suggest
defects of mitochondrial ATP production, redox control,
and biogenesis in DS-DNs.

4 | DISCUSSION

In this study, SHEDs were obtained from children with
DS and were differentiated into DNs in vitro to elucidate
the neuropathology of DS. DS-DNs showed no apparent
defects in their differentiation; however, they exhibited
impaired neurite development and altered expression of
DATI1 and VMAT2, as previously reported in the analy-
sis of a single case of DS.* We also found that DATI up-
regulation via DLK1 downregulation may be implicated
in dopamine accumulation and ROS elevation in DS-
DNs. Dopamine dysregulation may participate in oxida-
tive stress and mitochondrial dysfunction associated with
developmental defects of the dopaminergic system in DS
patients.

The cell biological basis underlying functional deficits
in the dopaminergic system in patients with DS has not
been fully elucidated, although extensive evidence indi-
cates altered dopamine levels in these patients. Decreased
levels of dopamine and its metabolites have been detected
in the urine in individuals with DS,* in the frontal cor-
tex in human fetuses with DS,*® and the striatal regions
in postmortem adult human DS brains.'®*° Other studies
have reported increased levels of dopamine and its metab-
olites in the cortex, limbic regions, and cerebellum in post-

mortem human DS brains'”?’; in the cerebrospinal fluid
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FIGURE 6
potential was measured with JC-1. JC-1 red and green signals were measured using flow cytometry. The ratio of JC-1 red/green was
calculated. The mean =+ standard error of the mean (SEM) was calculated from three independent experiments. (B) ATP levels were
measured using luminescence assays. ATP luminescence signals were divided by the number of cells. The mean + SEM was calculated from

Impaired mitochondrial functions in patient-derived dopaminergic neurons (DS-DNs). (A) Mitochondrial membrane

three independent experiments. (C) NRIPI mRNA expression in DNs was measured using quantitative reverse transcription-polymerase
chain reaction. The mean + SEM was calculated from three independent experiments. (D) PGC-1a protein expression levels were measured
by western blot analysis. The mean + SEM was calculated from three independent experiments. *p < 0.05, ***p <0.001. (E) Representative
images of mitochondrial content and distribution in DNs. DNs were stained with anti-Tom20 (a mitochondrial marker) and anti-TH
antibodies and counterstained with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI). Scale bar = 25 pm. Details of the boxed region
in the merged images are shown in the bottom panel. Scale bar = 100 pm. (F, G) Mitochondrial-stained area/cell area (upper panel) and the
percentage of mitochondria-containing neurites (lower panel) were measured for 30 cells of each control-derived (Ctrl)- and patient-derived

(DS) case. The mean =+ standard error of the mean was calculated from three independent experiments. ***p <0.001

in DS patients®’; and in the striatum in a mouse model
of DS.* Another study using mouse models suggested
that aging may be an additional factor in bidirectional and
brain region-specific alterations in dopamine levels.'® In
the current analysis, together with our previous data,29
DS-DNs showed shorter neurites with fewer branches
than Ctrl-DNs, but there were no apparent differences in
cell death-associated signals between DS-DNs and Ctrl-
DNs. This suggests that the brains of individuals with DS
may contain fewer synaptic terminals of the dopaminer-
gic system. DS-DNs also exhibited constitutively elevated
baseline levels of intracellular dopamine, but their dopa-
mine secretion was still transiently accelerated by stimu-
lation. Conversely, the DS brain might be characterized by
a higher content of dopamine in DNs. Therefore, the vari-
ability of dopamine levels previously reported in different
samples might reflect the age and regional differences in
the distribution of DNs in the brain in patients with DS.
Potential molecules associated with this variability
may be upregulated DAT1 and downregulated VMAT2

in DS-DNs, which can alter intracellular dopamine ho-
meostasis. However, the expression of these two genes is
directionally paralleled during DN development by tight
regulation with several elements.'” NURR1 and PITX3 are
two core transcription factors that functionally intercon-
nect in DN development.>’° These transcription factors
positively regulate both DATI and VMAT2 expression re-
quired for DN specification.*”** DS-DNs and Ctrl-DNs dis-
played comparable expression levels of not only NURR1
and PITX3 but also TH, which is another target gene of
NURRI1 and PITX3,” suggesting no critical defect in the
basic function of these transcription factors. Considering
the contra-directional dysregulation of DATI and VMAT2
expression in DS-DNs, additional elements might be in-
volved in differential regulation of DAT1 and VMAT?2 ex-
pression during DN development.

In DS-DN, DLK1 was downregulated, which might
contribute to the DAT1 upregulation. DLK1 is a trans-
membrane glycoprotein that is expressed in a variety
of cell types and contributes to their differentiation
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primarily via the Notch signaling pathway, although its
molecular mechanisms have not been yet fully under-
stood.**** The extracellular domain of DLK1 has a DOS
(Delta and OSM-11) domain but lacks a DSL (Delta/
Serrate/LAG-2) domain, both of which are specific com-
ponents of canonical Notch ligands. Therefore, DLK1
is structurally classified into a non-canonical Notch li-
gand. The DLK1 extracellular domain cleaved by prote-
ase also functions as a soluble ligand. In vitro analyses
show that exogenous soluble Dlk1 has a positive effect
on the proliferation of DN progenitors, but in subsequent
differentiation stages, expression of endogenous DIlk1
is required for the acquisition of dopaminergic pheno-
types of DN precursors.*’ In vivo studies using Nurrl-
deficient and Dlk1-deficient mice show that DIk1 is the
downstream target of Nurrl and blocks premature Dat
expression in DN precursors.*® Therefore, NURR1 regu-
lates the expression of both DAT1 and DLK1, and DLK1
may further modulate the expression of DAT1 during
DN development. Other studies have demonstrated al-
tered expression of genes encoding Notch signaling el-
ements in DS.** Defects in the DLK1-mediated signal
pathway may contribute to the DAT1 upregulation in
DS-DNs, which may be involved in dopamine accumu-
lation and increased ROS levels.

The exact mechanisms of DLK1 downregulation in
DS-DNs remain unclear. In mice, Pitx3 activates Nurrl by
inhibiting the histone deacetylase in the Nurrl transcrip-
tion complex to induce many target genes such as Th and
Vmat2, but Pitx3 specifically downregulates DIlk1 expres-
sion.*® These data suggest that additional regulatory ele-
ments may contribute to DLKI expression. This possibility
is also supported by current data showing that DLK1 was
downregulated with no apparent defects in both NURR1
and PITX3 expression in DS-DNs. Potential elements in-
volved in DLK1 expression may be affected by the extra
HSA21. The imprinted DLK1I locus may represent another
target affected by the extra HSA21. DLK] is located in the
DLK1-DIO3 gene cluster on the human chromosome 14
and is activated from the paternally inherited chromo-
some.”® Differentially CpG methylated regions (DMRs)
involved in DLK1 expression have been identified in this
locus. Dysregulated methylation of the DMRs blocks
DLKI1 expression, which is associated with severe growth
defects such as Temple syndrome.” In DS, tissue- or cell
type-specific epigenetic alterations in the whole genome,
particularly differential DNA methylation, have been re-
ported.®*>*>33 Altered methylation of these DMRs may
contribute to DLK1 downregulation in DS-DNs.

We speculated that an altered DNA methylation sta-
tus might also contribute to VMAT2 downregulation
in DS-DNs. DNA hypermethylation of the VMAT2 pro-
moter has been demonstrated to be correlated with its

downregulation in human prostate cancer.”*>®> However,
no hypermethylated CpG pattern was observed in the ex-
amined promoter region of VMATZ in DS-DNs. Therefore,
unidentified transcriptional cofactors or other epigenetic
mechanisms associated with HSA21 trisomy might regu-
late VMAT2 expression in DS-DNs.

Mitochondrial dysfunction and oxidative stress have
been reported in DS.>* We also observed accumulation
of both intracellular and mitochondrial ROS in patient-
derived cultured DNs. The current data suggest that
altered DAT1 and VMAT?2 expression is associated with ex-
cessive ROS generation through dopamine dysregulation
in DS-DNs. DAT1 is critical for transporting extracellular
dopamine to the cytosol of dopaminergic presynaptic ter-
minals.”® VMAT2 is critical for packing oxidation-sensitive
cytosolic dopamine into vesicles to minimize dopamine
oxidation.””®® Thus, the combination of upregulated
DAT1 and downregulated VMAT2 might contribute to
ROS overproduction through the accumulation of cyto-
solic free dopamine.”®® DS-DNs also showed decreased
mitochondrial activity and biogenesis, which are possibly
associated with HSA21 trisomy-related impairment of the
NRIP1/PGC-1a axis in mitochondrial biogenesis, as previ-
ously reported in other cell types.®'~®* Although it is neces-
sary to further analyze mitochondrial elements impaired
by ROS, including respiratory chain complex activity and
mitochondrial DNA damage in DS-DNs, dysregulation
of dopamine compartmentalization may represent an
additional element of oxidative stress and mitochondrial
dysfunction, leading to developmental defects of the do-
paminergic system in the DS brain.

Defects in neurite development of DS-DNs are shown,
which may reflect the aspects of dendrite pathology, in-
cluding marked reductions in dendritic complexity and in
spine density which are commonly observed in DS. Dual-
specificity tyrosine phosphorylation-regulated kinase 1A
(DYRK1A), Down syndrome candidate region-1 (DSCR1),
and p-amyloid precursor protein (APP) on HSA21 have
been extensively studied as dose-dependent genes associ-
ated with dendrite pathology in DS.*** Mitochondria also
contribute to the neuroplasticity through energy produc-
tion, Ca** regulation and redox homeostasis, which are im-
paired in DS.>*% Non-human hippocampal and cortical
pyramidal neurons have been shown to be useful models
for these researches. Dendritic development in individual
neurons is also regulated in a subtype-specific manner,
which depends not only on the endogenous elements of
the neuron but also on extracellular elements such as pre-
synaptic activity.” In the dopaminergic system with dopa-
mine as an effector, endogenous dopamine dysregulation,
along with altered extracellular cues from other neuron
subtypes, may affect the dendritic development of DNs.
Conversely, dopamine participates in modulating synaptic



SUN ET AL.

plasticity of medium spiny neurons which strongly ex-
press dopamine receptors in the striatum and nucleus
accumbens.®”"® In addition to dose-dependent effects of
DYRK1A, DSCRI1, and APP, the dysregulation of DAT1,
DLK1, and VMAT?2 expression may negatively modulate
the dendritic development of DNs and other neuron sub-
types in the DS brain through intracellular dopamine and
ROS accumulation.

This study has a number of limitations. First, in DNs
differentiated from SHEDs, it was difficult to analyze the
axons and dendrites, as previously reported using MAP2
(dendrite marker) and Tau (axon marker).?’ Precise den-
dritic or synaptic complexity in a more mature stage has
not been fully elucidated. Thus, functional defects in DS-
DNs found in our system cannot be generalized to the
neuropathology of DS. In addition, the expression of the
postsynaptic scaffold protein PSD-95 was comparable
between Ctrl-DNs and DS-DNs with potential defects in
dendrites or synaptic complexity. To elucidate the defects
of dopaminergic synapse formation, the localization of
synaptic proteins, including PSD-95, should be further an-
alyzed. Further studies with a large sample size are also
warranted to visualize and quantitatively evaluate DN
distributions in vivo using brain imaging techniques.”
Second, molecular mechanisms underlying the altered ex-
pression of DAT1, DLK1, and VMAT?2 observed in DS-DNs
remain elusive. Additional cofactors and/or epigenetic
pathways involved in the unique expression mechanisms
of each gene should be explored. Third, the contribution
of VMAT?2 in cytosolic dopamine and ROS regulation was
not fully defined in this study. Mitochondrial dysfunction
and excessive ROS generation, the underlying pathologies
of DS, may also affect intracellular dopamine homeostasis,
including accumulation of the highly reactive dopamine
metabolites, such as 3,4-dihydroxyphenylacetaldehyde
that can contribute to oxidative stress. Further efforts
must be focused on identifying the exact role of VMAT2,
enzymes, and metabolites on dopamine and ROS regula-
tion. Fourth, the current study focused on male individ-
uals with both X and Y chromosomes. Given the global
epigenetic alterations caused by HSA21 trisomy, an anal-
ysis is also required using female individuals with two X
chromosomes and no Y chromosome.

In conclusion, this study shows that in DS-DNs, the con-
stitutive accumulation of intracellular dopamine and in-
creased ROS levels are associated with DAT1 upregulation as
aresult of DLK1 downregulation. These events are relevant to
mitochondrial dysfunction and oxidative stress, as well as im-
pairments in neurite development, in DS-DNs. Our findings
suggest that patient-derived SHEDs might be a useful cellular
model to analyze the pathology of the dopaminergic system
in the early developmental stage of DS.
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