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Abstract

Mutations in the gene encoding the transient receptor potential vanilloid member
4 (TRPV4), a Ca*t permeable nonselective cation channel, cause TRPV4-related
disorders. TRPV4 is widely expressed in the brain; however, the pathogenesis un-
derlying TRPV4-mediated Ca** deregulation in neurodevelopment remains unre-
solved and an effective therapeutic strategy remains to be established. These issues
were addressed by isolating mutant dental pulp stem cells from a tooth donated
by a child diagnosed with metatropic dysplasia with neurodevelopmental comor-
bidities caused by a gain-of-function TRPV4 mutation, ¢.1855C>T (p.L619F).
The mutation was repaired using CRISPR/Cas9 to generate corrected isogenic
stem cells. These stem cells were differentiated into dopaminergic neurons and
the pharmacological effects of folic acid were examined. In mutant neurons, con-
stitutively elevated cytosolic Ca®* augmented AKT-mediated a-synuclein (a-syn)
induction, resulting in mitochondrial Ca®* accumulation and dysfunction. The
TRPV4 antagonist, AKT inhibitor, or a-syn knockdown, normalizes the mito-
chondrial Ca** levels in mutant neurons, suggesting the importance of mutant

Abbreviations: ATP, adenosine triphosphate; CaM, calcium-calmodulin; CGI, CpG island; DNs, dopaminergic neurons; DPSCs, dental pulp stem
cells; ER, endoplasmic reticulum; FA, folic acid; MAM, mitochondria-associated membrane; MD, metatropic dysplasia; MMP, mitochondrial
membrane potential; MOM, mitochondrial outer membrane; NURR1, nuclear receptor related 1; PI3K, phosphatidylinositol-3 kinase; PITX3,
pituitary homeobox 3; ROS, reactive oxygen species; SHEDs, stem cells from human exfoliated deciduous teeth; siRNA, small interfering RNA; TH,
tyrosine hydroxylase; TRPV4, transient receptor potential vanilloid member 4; VDAC1, voltage-dependent anion channel 1; a-syn, alpha-synuclein.
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1 | INTRODUCTION

Transient receptor potential vanilloid 4 (TRPV4) is a
nonselective Ca®*-permeable cation channel primar-
ily expressed in the plasma membrane'™ and its major
physiological function is regulating responses to vari-
ous stimuli, including heat, mechanical force, osmotic
pressure, and arachidonic acid metabolites.* Cytosolic
free Ca*" that passes through TRPV4 regulates mul-
tiple downstream Ca®*-dependent cellular signaling
pathways.” TRPV4 broadly expressed in whole tissues
is vital for the development and activity of the central
nervous system, wherein Ca“-dependent events are
crucial.® Various diseases are caused by the deregulation
of TRPV4 function, representative of TRPV4-related
channelopathy.”® Functional analyses using agonists
and antagonists for wild-type TRPV4 channels have re-
vealed that excessive Ca** entry contributes to patholog-
ical conditions via the deregulation of Ca**-dependent
signaling pathways.® Furthermore, functional analysis
of disease-associated TRPV4 mutants has revealed that
they promote enhanced Ca®* entry into cells, regardless
of ligand stimulation.'®'* However, the pathological
association between TRPV4 mutants and neuronal de-
velopment is not fully understood yet mainly because
extensively analyzing live patients’ brains is limited by
ethical and technical issues, and the experimental mod-
els carrying disease-associated TRPV4 mutants are in-
sufficiently available.

Human teeth contain various types of multipotent
mesenchymal stem cells."® Stem cells from human ex-
foliated deciduous teeth (SHEDs) and dental pulp stem
cells (DPSCs) are derived from deciduous'* and perma-
nent teeth, respectively, and can exhibit partially dif-
ferent properties. However, they can differentiate into
dopaminergic neurons (DN5s) in vitro due to their shared
neural crest origin.'®'° The brain's dopaminergic system
modulates broad brain functions, including attention

TRPV4/Ca®*/AKT-induced a-syn in mitochondrial Ca®* accumulation. Folic
acid was effective in normalizing mitochondrial Ca®* levels via the transcrip-
tional repression of a-syn and improving mitochondrial reactive oxygen species
levels, adenosine triphosphate synthesis, and neurite outgrowth of mutant neu-
rons. This study provides new insights into the neuropathological mechanisms
underlying TRPV4-related disorders and related therapeutic strategies.

calcium, dental pulp stem cells, mitochondria, transient receptor potential vanilloid member 4,

and reward, and dopaminergic dysfunction is associ-
ated with many neuropsychiatric disorders.?>* SHEDs
and DPSCs from patients diagnosed with neurodevelop-
mental disorders are promising as disease-specific cel-
lular models for studying dopaminergic system-related
neuropathology.24 Previously, DPSCs were isolated from
a patient with metatropic dysplasia (MD) and multiple
neuropsychiatric symptoms caused by a gain-of-function
mutation of TRPV4, ¢.1855C >T (p.L619F).% This mu-
tation was corrected using CRISPR/Cas9, and corrected
isogenic DPSCs (cMD-DPSCs) were thus generated.”
Patient-derived mutant DPSCs differentiated into DNs
(MD-DNs) without undergoing cell death.”® However,
mutant TRPV4-mediated constitutive Ca** entry dam-
aged mitochondrial function through mitochondrial
Ca”* overload and oxidative stress, leading to impaired
neurite development in MD-DNs compared to that in
cMD-DNs.*

However, the exact mechanisms involved in mito-
chondrial Ca®** overload in MD-DNs remain unclear.
Furthermore, effective treatments for neuropsychiatric
symptoms of TRPV4-related channelopathy have not
been well-established. Pharmacological compounds
directly targeting TRPV4 are promising potential ther-
apeutic candidates.” Contrastingly, folic acid (FA) is a
well-established and widely recommended natural sup-
plement for pregnant women?’ that prevents birth de-
fects, including neural tube defects. Although the exact
mechanisms of its action are not fully understood yet,
FA exerts its effects via multiple mechanisms, including
epigenetic regulation as a methyl donor in one-carbon
metabolism, mitochondrial activation, and direct reac-
tive oxygen species (ROS) scavenging.zg’31 In the present
study, the neurodevelopmental defects in MD-DNs were
further tested using FA, and the neuropathological asso-
ciation between TRPV4-mediated Ca®" deregulation and
Ca** overload-induced mitochondrial pathology was ex-
amined based on the pharmacological effects of FA.
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2 | MATERIALS AND METHODS

2.1 | DPSC isolation and culture
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 following the Dec-
laration of Helsinki. Written informed consent was ob-
tained from the patient's guardian.

DPSCs were isolated from a 14-year-old boy diagnosed
with MD carrying a de novo mutation in TRPV4,c.1855C>T
(p.L619F).*> CRISPR/Cas9 was used to repair the mutation
to obtain corrected DPSCs as previously described.*

DPSC culture, differentiation into DNs, and the anal-
yses were performed based on previously described pro-
tocols.”>**** DPSCs were cultured in Alpha Modification
of Eagle's medium (Nacalai Tesque) containing 15% fetal
bovine serum (Sigma-Aldrich), 100pM L-ascorbic acid
2-phosphate (Wako Pure Chemical Industries, Osaka,
Japan), 250pg/mL fungizone (Thermo Fisher Scien-
tific), 100U/mL penicillin, and 100 pg/mL streptomycin
(Nacalai Tesque) at 37°C and 5% CO,.

2.2 | DPSCs differentiating into DNs
Differentiation of DPSCs to DNs was performed using a two-
step procedure. In total, 1x10° DPSCs were seeded onto a
six-well plate and incubated overnight. Subsequently, the
cells were cultured in first-step medium, Dulbecco’s modi-
fied Eagle medium (Nacalai Tesque) supplemented with
20ng/mL epidermal growth factor (Peprotech), 20ng/mL
basic fibroblast growth factor (Peprotech), and 1% N, sup-
plement (Thermo Fisher Scientific) for 2days. The medium
was then replaced with second-step medium, neurobasal
media (Thermo Fisher Scientific) supplemented with 2%
B27 supplement (Thermo Fisher Scientific), 1mM dibu-
tyryladenosine 3,5-cyclic monophosphate (Nacalai Tesque),
0.5mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich), and
200pM ascorbic acid (Nacalai Tesque). Then, the cells
were cultured for 5days. In addition, 50 uM FA (Wako Pure
Chemical Industries), 0.1 pM pan-AKT inhibitor AKT inhib-
itor VIII (Cayman, Ann Arbor), or 0.1 pM TRPV4 antagonist
GSK2193874 (Cayman) were added from the second-step.

2.3 | RNA interference to knock down
a-synuclein (a-syn) and p53 expression

The first-step medium was replaced by the second-step
medium after the first step of DN differentiation, and
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small interfering RNA (siRNA) transfection was per-
formed using Lipofectamine RNAIMAX (Thermo Fisher
Scientific). The siRNA sequences were as follows: a-syn
sense 5'-GGA GCA GAA AGC AAU CGA UTT-3" and an-
tisense 5'-AUC GAU UGC UUU CUG CUC CTT-3’; p53
sense 5'-GAA AUU UGC GUG UGG AGU ATT-3' and an-
tisense 5-UAC UCC ACA CGC AAA UUU CTT-3'. The
control siRNA was purchased from Sigma-Aldrich, Burl-
ington, MA, USA, SIC001-10NMOL.

2.4 | Immunocytochemistry and
analyses of DN neurite outgrowth and
branching

DNs were cultured on cover glasses and fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer (pH7.4)
for 10min. Subsequently, the cells were permeabi-
lized with 0.1% Triton X-100 for 5min. The cells were
blocked with 2% bovine serum albumin in phosphate-
buffered saline (PBS) for 20 min and incubated with one
of the following primary antibodies for 90 min: anti-
Tom20 (#sc-17764, Santa Cruz Biotechnology), anti-
tyrosine hydroxylase (TH; #66334-1-Ig; Proteintech, IL,
USA), anti-a-syn (#10842-1-AP; Proteintech), and anti-
B-tubulin IIT antibodies (#T8578; Sigma-Aldrich). The
cells were subsequently incubated with Alexa Fluor-
conjugated secondary antibodies (Thermo Fisher Scien-
tific). After staining with secondary antibodies in the
dark for 60min, the nuclei were counterstained with
4’,6-diamidino-2-phenylindole dihydrochloride (DAPI;
Dojindo). The cover glass was subsequently mounted
on a slide using the ProLong Diamond mounting me-
dium (Thermo Fisher Scientific). Fluorescence images
were captured using a Nikon C2 confocal microscope
(Nikon).

B-Tubulin III- and DAPI-stained pictures were ac-
quired to measure the maximum neurite length and
the total number of neurite branches in DNs, and 30
cells of each case were analyzed using the neurite out-
growth module of MetaMorph (version 7.8; Molecular
Devices).

2.5 | Measurement of mitochondrial
localization of a-syn

Tom20- and a-syn-stained pictures were acquired. Tom20
and a-syn colocalization was analyzed based on Mander's
coefficient using ImageJ software version 1.53 with JACop
plugin. In total, 12 pictures from three experiments were
analyzed in each case.
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2.6 | Measurement of mitochondrial
membrane potential (MMP)

The cells were incubated with 1uM JC-1 (Wako Pure
Chemical Industries) for 10 min to measure the MMP.
They were then treated with TrypLE Express to detach
them from the culture plates, and the JC-1 red and green
signals were measured using a FACSCalibur instrument
(BD Biosciences). The medians of the red and green
fluorescence signals were measured using Cell Quest
version 3.3, and the ratio of red/green fluorescence was
calculated.

2.7 | Measurement of intracellular
adenosine triphosphate (ATP) levels

DNs were harvested in ice-cold PBS. Subsequently,
the adenosine triphosphate (ATP) levels in DNs were
measured using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega), according to the manufac-
turer's instructions. The luminescent signals were de-
tected using a SpectraMax iD3 plate reader (Molecular
Devices).

2.8 | Measurement of ATP synthase
activity

The cells were collected by centrifugation at 800g for
5min at 4°C. The cells were subsequently resuspended in
PBS and frozen at —20°C. The cells were thawed and the
ATP synthase activity was measured using ATP synthase
Specific Activity Microplate Assay Kit (Abcam), according
to the manufacturer's instructions. The absorbance was
measured using a SpectraMax iD3 plate reader (Molecular
Devices).

2.9 | Measurement of mitochondrial
reactive oxygen species (ROS) levels

Mitochondrial ROS levels were determined using flow
cytometry as previously described.*® The cells were in-
cubated with 5uM of MitoSOX Red (Thermo Fisher Sci-
entific) for 30min and were subsequently treated with
TrypLE Express (Thermo Fisher Scientific) to detach
them from the culture plate. The fluorescence signal of
10,000 cells was measured using a FACSCalibur instru-
ment (BD Biosciences). The medians of the fluorescence
signals were measured using Cell Quest (version 3.3; BD
Biosciences).

2.10 | Measurement of cytosolic and
mitochondrial calcium levels

DNs were incubated with 0.05% Pluronic F-127 (Sigma-
Aldrich), 500pM probenecid (Sigma-Aldrich), 1pM
Fluo-4 AM for 1h (for detection of cytosolic calcium; Thermo
Fisher Scientific), or 10pM Rhod-2 for 45min (for detection
of mitochondrial calcium; Dojindo) in Hanks' balanced salt
solution. Rhod2 detects mitochondrial Ca** without damag-
ing mitochondria in this condition.*® The fluorescent signals
were measured using a SpectraMax iD3 plate reader.

2.11 | Quantitative reverse transcription
polymerase chain reaction (QRT-PCR)

The total RNA was extracted from cells using an RNAe-
asy Mini Kit (Qiagen). First-strand cDNA was synthe-
sized using the ReverTra Ace qPCR RT Master Mix with
gDNA Remover (Toyobo). The primer sequences were
as follows: SNCA (NM_000345.4): 5-CTT GCC TTC
AAG CCT TCT GC-3’ (forward) and 5-ACC ACA CTG
TCG TCG AAT GG-3' (reverse); p53 (NM_000546.6):
5’-CAC ATG ACG GAG GTT GTG AG-3’ (forward) and
5-ACA CGC AAA TTT CCT TCC AC-3' (reverse);
RPL13A (NM_001270491.2): 5'-GCT GTG AAG GCA TCA
ACA TTT-3' (forward) and 5'-CAT CCG CTT TTT CTT
GTC GTA-3' (reverse); and 18S rRNA (NM_001348076.2):
5-CGG CTA CCA CAT CCA AGG AA-3’ (forward) and
5'-GCT GGA ATT ACC GCG GCT-3’ (reverse). Quantita-
tive real-time PCR was performed using the GoTaq qPCR
Master Mix (Promega) and analyzed using the QuantStu-
dio 3 Real-Time PCR System (Thermo Fisher Scientific).
The relative expressions of the target genes were analyzed
using the comparative threshold cycle method via nor-
malization against the RPL13A levels (for SNCA) or the
18S rRNA levels (for p53).

212 | Western blotting

The cells were lysed with the sample buffer (62.5 mM Tris-
HCI buffer [pH 6.8] containing 2% sodium dodecyl sulfate
[SDS], 5% p-mercaptoethanol, and 10% glycerol) and in-
cubated at 95°C for 5min. The proteins in the cell lysates
were electrophoresed using SDS-polyacrylamide gel elec-
trophoresis, and immunoblotting was performed using
the following antibodies: anti-a-syn (#10842-1-AP; Pro-
teintech), anti-AKT (#2920S; Cell Signaling Technology),
anti-Phospho-AKT Ser473 (#66444-1-Ig; Proteintech),
anti-Phospho-GSK3p Ser9 (#67558-1-Ig; Proteintech),
anti-p-actin  (#66009-1-Ig; Proteintech), horseradish
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peroxidase (HRP)-linked goat polyclonal anti-mouse IgG
(#7076S; Cell Signaling Technology), and HRP-linked
goat polyclonal anti-rabbit IgG (#7074S; Cell Signaling
Technology).

The immunoreactive bands were detected using ECL
Prime (Cytiva) and analyzed using LAS-1000 plus (FujiF-
ilm) and Image Gauge (FujiFilm). a-Tubulin was consid-
ered the internal control. To normalize the protein levels,
the chemiluminescent signals of the objective proteins
were divided by that of B-actin.

2.13 | Statistical analyses

Statistical analyses were performed using one-way
ANOVA with Prism9 (GraphPad). Values are presented as
the mean + standard error of the mean (SEM) and p <0.05
indicates statistical significance.

3 | RESULTS

3.1 | FA improved the outgrowth of
neurites, levels of mitochondrial Ca%*, and
mitochondrial function of patient-derived
DNs

The effects of FA supplementation on the developmental
defects in MD-DNs were evaluated. FA improved neur-
ite outgrowth and branch formation in MD-DNs to lev-
els similar to those in untreated cMD-DNs (Figure 1A,B).
The transcription factors NURR1 and PITX3 are essential
for DN differentiation, and their mRNA expression and
downstream target TH were comparable between the two
groups, unaffected by FA (Figure S1A). Furthermore,
TRPV4 mutation and FA did not affect transient dopa-
mine secretion in response to potassium chloride (KCl)
stimulation (Figure S1B), suggesting that accelerated Ca**
entry by mutant TRPV4 supported, rather than interfered
with, the secretion of KCl-induced transient dopamine.

Next, we investigated the effects of FA on regulat-
ing Ca®" entry caused by a gain-of-function mutation of
TRPV4. In the presence of FA, MD-DNs maintained high
cytosolic Ca®" levels, but exhibited reduced mitochondrial
Ca*" levels that were comparable to those of untreated
cMD-DNs (Figure 2A). Consistent with the normalized
mitochondrial Ca** levels, mitochondrial ROS and MMP
in FA-treated MD-DNs were also reduced and were com-
parable to those in cMD-DNs without FA (Figure 2B;
Figures S2 and S3). Additionally, the FA exhibited positive
effects on mitochondrial ATP synthase activity and ATP
levels in MD-DNs (Figure 2B).
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Thus, FA specifically ameliorated the constitutive ac-
cumulation of mitochondrial Ca** mediated by mutant
TRPV4 to improve mitochondrial function and neurite
outgrowth in MD-DNss.

3.2 | Mitochondrial Ca’>* accumulation
is associated with a-syn upregulation in
patient-derived DNs

The possible mechanisms underlying the specific reduc-
tion in mitochondrial Ca*" levels by FA in MD-DNs were
elucidated by focusing on a-syn because it can localize to
the mitochondria®* and may increase Ca’* permeability
of voltage-dependent anion channel (VDAC) on the mito-
chondrial outer membrane (MOM).* qRT-PCR and west-
ern blotting revealed that the a-syn transcript and whole
protein were increased in MD-DNs, and FA reduced their
levels, similar to those in untreated cMD-DNs (Figure 3A;
Figure S4). Consistent with these alterations, FA reduced
the immunofluorescence signal intensity of a-syn com-
pared to that of mitochondria in MD-DNs (Figure 3B;
Figure S5). Thus, increased mitochondrial a-syn possibly
causes mitochondrial Ca®* accumulation in MD-DNs, and
FA might potentially target a-syn to ameliorate mitochon-
drial Ca** accumulation.

siRNA was used to knock down a-syn to further exam-
ine the association between a-syn and mitochondrial Ca**
levels in MD-DNs. siRNA reduced the protein expression
levels of a-syn in MD-DNs to levels comparable to that
in untreated cMD-DNs (Figure 4A; Figure S6). Under this
condition, mitochondrial Ca** levels, MMP, and mito-
chondrial ROS levels in MD-DNs were reduced and were
comparable to those in untreated cMD-DNs (Figure 4B;
Figures S7 and S8).

Thus, mitochondrial Ca*" accumulation is associated
with a-syn upregulation in MD-DNs, and FA may regulate
mitochondrial Ca** levels via a-syn downregulation.

Mitochondrial Ca®" is primarily transported from the
endoplasmic reticulum (ER) at the proximal contact re-
gion between mitochondria and ER, the mitochondria-
associated ER membrane (MAM), via the Ca** transport
machinery that includes inositol 1,4,5-trisphosphate re-
ceptors (IP3R) on the ER membrane and VDAC on the
MOM.**> FA effects on ER Ca?" levels were examined
given that the ER Ca** levels are closely related to the mi-
tochondrial Ca®* levels. ER Ca®* levels were not clearly el-
evated in the untreated MD-DNs compared to that in the
untreated cMD-DNs, which were not affected by FA (Fig-
ure S9A). Additionally, TRPV4 mutation or FA supplemen-
tationdid notaffectthemitochondriaand ER contactregion
and VDACI protein expression (Figures S9B,C and S10).
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quantitative reverse transcription polymerase chain reaction (QRT-PCR) and western blotting. The mean +standard error of the mean

(SEM) was obtained from three independent experiments. n.s., not significant. (B) Immunofluorescence microscopy was used to visualize
DN using anti-a-syn and anti-Tom20 antibodies, a mitochondrial marker. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI). Scale bars =20 pm. Boxed regions on the merged images are shown at a greater magnification in the right panels.
Scale bars=5pum. Tom20 and a-syn colocalization were analyzed through Mander's coefficient. Fifteen DNs were analyzed in each case. The

mean +SEM was obtained from three independent experiments. In total, 12 pictures from three experiments were analyzed in each case.
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from four (mitochondrial Ca®") or three (membrane potential and ROS levels) independent experiments. n.s., not significant.
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Thus, ER Ca®* levels were unaffected by TRPV4 muta-
tion and FA might not contribute to regulating ER Ca**
levels and the MAM containing the Ca®" transport
machinery.

3.3 | Upregulation of a-syn was
associated with Ca’*-dependent AKT
activation in patient-derived DNs

AKT has been previously shown to upregulate a-syn.*
The possible mechanisms of increased o-syn in MD-
DNs were clarified by examining the effects of a pan-
AKT inhibitor, AKT inhibitor VIII, which was added
in the second-step medium of DN induction. The
AKT inhibitor (0.1 pM) downregulated a-syn in MD-
DNs to levels similar to that in untreated cMD-DNs
(Figure 5A). GSK3p phosphorylated at serine 9 residue
(as a positive control for AKT activation) was increased
in MD-DNs, which was decreased by the AKT inhibi-
tor (Figure 5A; Figure S11). Considering that GSK3p is a
well-established target of AKT, these data revealed the
constitutive activation of AKT in MD-DNs and the suc-
cessful effect of the AKT inhibitor. Under these condi-
tions, mitochondrial Ca®* levels were decreased without
affecting cytosolic Ca** levels (Figure 5B). To investigate
the role of a-syn and AKT in mitochondrial Ca*" accu-
mulation in MD-DNs, we examined a-syn expression
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and mitochondrial Ca®* levels at the early time points
after induction of DN differentiation. Two days after
the second-step medium change with the AKT inhibi-
tor of DN induction, a-syn was upregulated, but mito-
chondrial Ca** levels were not yet elevated in MD-DNs;
therefore, AKT inhibitor was observed to have no effect
(Figures S12-S14). These data suggested that AKT was
constitutively activated in MD-DNs, contributing to
a-syn upregulation and mitochondrial Ca** accumulation
was ongoing during DN differentiation.

The effects of the selective TRPV4 antagonist
GSK2193874%® were examined to clarify the relation-
ship between constitutive AKT activation in MD-DNs
and a gain-of-function mutation in TRPV4. GSK2193874
(0.1uM) suppressed both cytosolic and mitochondrial
Ca®* levels in MD-DNs to the same extent as those in
untreated cMD-DNs (Figure 6A). As serine 473 of AKT
needs to be phosphorylated for its full activation, in these
conditions, the protein expression of AKT phosphorylated
at serine 473 residue (p-AKT S473) was examined.*® MD-
DNs showed increased p-AKT S473, which was reduced
by the TRPV4 antagonist to an extent similar to that in
untreated cMD-DNs (Figure 6B; Figure S15). Expression
of a-syn in MD-DNs was also reduced by GSK2193874,
paralleling the alteration in expression of p-AKT S473
(Figure 6B; Figure S15). In contrast to the inhibitory ef-
fect of GSK2193874 on AKT phosphorylation, FA did not
affect the levels of p-AKT S473 (Figure 6C; Figure S16).
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FIGURE 5 Effects of AKT inhibitor on a-synuclein (a-syn) expression and mitochondrial Ca** levels in patient-derived dopaminergic
neurons (MD-DNs). Dental pulp stem cells were differentiated into DNs in the absence or presence of AKT inhibitor VIIIL. (A) Levels of
a-Syn and phosphorylated GSK3p in DNs were measured using western blotting. The mean + standard error of the mean (SEM) was
obtained from three independent experiments. (B) Cytosolic (left panel) and mitochondrial (right panel) Ca”" in DNs were measured using
Fluo-4 AM and Rhod2-AM, respectively. The mean + SEM was obtained from three independent experiments. n.s., not significant.
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FIGURE 6 TRPV4 antagonist, but not folic acid (FA), blocked Ca** entry and AKT phosphorylation in patient-derived dopaminergic
neurons (MD-DNs). Dental pulp stem cells were differentiated into DNs in the absence or presence of TRPV4 antagonist GSK2193874
(GSK) or FA. (A) Cytosolic (upper panel) and mitochondrial (bottom panel) Ca** levels in DNs were measured using Fluo-4 AM and
Rhod2-AM, respectively. The mean +standard error of the mean (SEM) was obtained from three independent experiments. (B) AKT with
Ser-473 phosphorylation (p-AKT S473) and a-syn levels of DNs in the absence or presence of GSK were measured using western blotting.
The mean + SEM was obtained from three independent experiments. (C) p-AKT S473 levels of DNs in the absence or presence of FA were
measured using western blotting. The mean + SEM was obtained from four independent experiments. n.s., not significant.

Therefore, AKT in MD-DNs might be constitutively ac-
tivated by accelerated Ca®* entry into cells via mutant
TRPV4, and Ca®**-related AKT activation might not be the
target of FA.

3.4 | FA suppressed p53 expression
contributing to a-syn downregulation in
patient-derived DNs

FA produces S-adenosylmethionine, the universal methyl
donor for methylation reactions, via one-carbon metabo-
lism and contributes to the epigenetic regulation of gene
expression, including CpG methylation.”’ CpG methyla-
tion status in the regulatory regions of SNCA is involved
in the transcriptional regulation of a-syn expression.*
However, no significant difference was detected among
the methylation statuses of the CpG island (CGI) in the

first intron of SNCA*™ for cMD-DNs, MD-DNs, and FA-
supplemented MD-DNs (Figure S17; Table S1).

The tumor suppressor p53 is a transcription factor that
binds to the promoter region of SNCA to upregulate its ex-
pression.** Additionally, p53 expression is suppressed in
the kidneys of rats fed an FA-supplemented diet.** In the
present study, the p53 expression levels were investigated as
a possible mechanism underlying a-syn downregulation by
FA. No difference was observed between the levels of p53
transcripts for cMD-DNs and MD-DNs under untreated
conditions (Figure 7A). Compared to that in the untreated
groups, p53 in MD-DNs treated with FA was downregu-
lated (Figure 7A). To further investigate the possible role
of p53 in a-syn upregulation in MD-DNs, p53 was silenced
by siRNA (Figure 7B). qRT-PCR analysis indicated that
a-syn was downregulated in MD-DNs by p53 silencing
(Figure 7B). These data suggested that p53 can potentially
be targeted by FA for a-syn downregulation in MD-DNs.
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FIGURE 7 Expression of p53 was suppressed by folic acid (FA), which is related to the expression of a-syn in patient-derived
dopaminergic neurons (MD-DNs). (A) Dental pulp stem cells were differentiated into DNs in the absence or presence of FA. p53 expression
was measured by quantitative reverse transcription polymerase chain reaction (QRT-PCR). The mean + standard error of the mean (SEM)

was obtained from four independent experiments. n.s., not significant. (B) Dental pulp stem cells were transfected with negative control- and
p53-siRNA (p53-siR) and differentiated into DNs. p53 and a-syn expression was measured by qRT-PCR. The mean +standard error of the
mean (SEM) was obtained from four independent experiments. n.s., not significant.

4 | DISCUSSION

The pathological roles of the mutant TRPV4 in neurode-
velopment and effective pharmacological intervention are
not fully understood yet. In this study, these issues were
addressed using DPSCs with neural plasticity obtained
from a patient carrying a gain-of-function mutation of
TRPV4. Based on the examined pharmacological effects
of FA, we further analyzed the pathological relationship
between TRPV4-mediated Ca®* deregulation and mito-
chondrial dysfunction in MD-DNs. In MD-DNs without
FA supplementation, accelerated Ca** entry activated
AKT-mediated a-syn induction, resulting in mitochon-
drial Ca** overload. FA attenuated mitochondrial Ca**
accumulation along with a-syn downregulation without
affecting cytosolic and ER Ca** levels and effectively ame-
liorated mitochondrial function and neurite outgrowth in
MD-DNs. FA also downregulated p53, which is possibly as-
sociated with a-syn downregulation in FA-supplemented
MD-DNs. A schematic of the tentative pathway hypoth-
esized by the current study is shown in Figure 8.

TRPV4 participates in the Ca*"-dependent AKT path-
way in the central nervous system, which is either pos-
itively**™® or negatively* ! regulated depending on the
cell types and pathological conditions. However, the phys-
iological and pathological roles of the TRPV4-mediated
AKT pathway during neurodevelopment is not fully un-
derstood yet. In this study, a constitutive elevation of cy-
tosolic Ca®* levels was found along with the upregulation
of p-AKT S473 in MD-DNs compared to that in cMD-DNs.
However, the TRPV4 antagonist GSK2193874 suppressed
cytosolic Ca** and p-AKT $473 levels in MD-DNS. Ser-
ine 473 phosphorylation in the hydrophobic C-terminal

TRPV4
L619F mutant
¥
Cytosolic Caz*

'
'
+

Folic acid Transcription f

AKT activation 1
SNCA

a-syn in mitochondria 1
(with VDAC?)

Other
factors

Mitochondrial Ca2* entry 4

!

Mitochondrial Ca?* overload and damage
(ROS overproduction)

}

Impaired neurodevelopment

FIGURE 8 Schematic of the tentative pathway hypothesized in
the current study.

regulatory domain following threonine 308 phosphor-
ylation in the catalytic domain is required for complete
AKT activation.”* Our data suggest that the constitutive
elevation of cytosolic Ca®* via the mutant TRPV4 en-
hanced complete AKT activation. However, the molecular
mechanisms underlying Ca**-dependent AKT activation
in MD-DNs remain elusive. Phosphatidylinositol-3 kinase
(PI3K)/AKT pathway is the canonical pathway for AKT
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activation®” and is activated in nonneuronal cells stim-
ulated with TRPV4 agonist.”*>> Calcium-calmodulin
(Ca**-CaM) cascade is the noncanonical pathway for
Ca**-dependent AKT activation.’®® In certain squamous
cell carcinomas with high TRPV4 expression, calcium/
calmodulin-dependent protein kinase II promotes tumor
growth and is involved in Ca’**-dependent AKT activa-
tion.” Although further analysis is required for the in-
volvement of these molecules, a gain-of-function TRPV4
mutation c.1855C>T (p.L619F) might cause constitu-
tive AKT activation in a Ca**-dependent manner during
neurodevelopment.

AKT has diverse cellular effects depending on the
physiological and pathological conditions in different
cell types. One of the downstream targets of AKT is a-
syn.>® In MD-DNs, both the mRNA and protein of a-
syn were upregulated, which was reversed by an AKT
inhibitor, suggesting that AKT was responsible for
inducing a-syn in MD-DNs. Moreover, the data using
an AKT inhibitor indicated that activated AKT might
contribute to the mitochondrial Ca** accumulation in
MD-DNs. Mitochondrial Ca®* accumulation is caused
by excessive Ca** entry and/or impaired Ca** efflux.®
The primary Ca®* entry site of mitochondria is VDAC
and the mitochondrial calcium uniporter (mtCU) in
the outer and inner membranes, respectively. Various
other additional molecules are involved in regulating
Ca®" entry at these channels.®” A part of a-syn local-
izes to the mitochondria and regulates mitochondrial
functions.*®* Mitochondrial a-syn contributes to Ca**
transportation by supporting the ER-mitochondria
contact®* and/or by interacting with VDAC to facilitate
Ca®" entry.*® The current data revealed that the VDAC1
expression and mitochondria-ER contact area were
unaffected by the TRPV4 mutant. However, immuno-
fluorescence analysis suggested an increase in mito-
chondrial a-syn in correlation with increased whole
a-syn in MD-DNs. Additionally, the a-syn knockdown
was effective in reducing mitochondrial Ca*" levels
in MD-DNs. Thus, constitutive AKT activation might
enhance o-syn induction to promote «-syn/VDACI-
mediated Ca*" entry and participate in mitochondrial
Ca** overload in MD-DNss.

Mitochondrial Ca** overload damages mitochondrial
function via multiple mechanisms, including ROS over-
production, which result in various adverse effects on cel-
lular events.®’"® This is possibly a mechanism involved
in the developmental defects of MD-DNs.? In the cur-
rent study, FA was tested as a potential therapeutic can-
didate targeting mitochondrial factors to ameliorate the
developmental defects of MD-DNs.**! FA normalized
mitochondrial Ca**, ROS levels, and MMPs, and restored
ATP levels, improving neurite outgrowth in MD-DNs.
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Additionally, FA was effective in reducing mitochondrial
a-syn in correlation with the downregulation of whole
a-syn. However, cytosolic and ER Ca*" levels as well as
VDACI1 expression were unaffected by FA supplemen-
tation. Considering the regulatory role of a-syn in mi-
tochondrial Ca*' transportation, the pharmacological
effects of FA may include ameliorating mitochondrial
Ca®* overload by suppressing Ca** entry into mitochon-
dria via a-syn downregulation in a cytosolic/ER Ca**-
independent manner.

This study proposed that a potential mechanism un-
derlying a-syn downregulation by FA might involve the
tumor suppressor p53. Multiple candidate factors of
epigenetic, cis, and trans elements that regulate o-syn
transcription have been investigated.* ps53, a trans el-
ements, is a transcriptional regulator that directly binds
to the promoter region of SNCA and upregulates its ex-
pression.44 Conversely, FA supplementation suppresses
p53 expression through epigenetic modification in the
rat kidney in vivo, which is possibly associated with one-
carbon metabolism.* In the present study, p53 transcripts
were downregulated in FA-treated MD-DNs compared
to those in untreated MD-DNs. Furthermore, p53 siRNA
potently suppressed p53 transcripts in MD-DNs com-
pared with those in untreated groups, and was effective
in a-syn downregulation in MD-DNs. However, a-syn ex-
pression levels of p53 siRNA-treated MD-DNs remained
comparable to those of untreated cMD-DNs, suggesting
the involvement of p53-independent pathways in a-syn
suppression in MD-DNs. The molecular mechanisms
underlying FA-mediated a-syn downregulation have not
been comprehensively elucidated in this study; p53 might
be a potential target of FA that may contribute to a-syn
downregulation.

This study has many limitations. First, the signal-
ing pathways involved in Ca?'-dependent AKT acti-
vation and a-syn induction in MD-DNs are not fully
elucidated. The involvement of PI3K and CaM-related
signaling molecules and genetic/epigenetic factors
regulating SNCA require further clarification. Second,
the exact mechanisms underlying TRPV4-mediated
mitochondrial Ca®* overload remain elusive. Consid-
ering the multiple pathways downstream of AKT and
FA, a-syn-independent factors may be involved in mi-
tochondrial Ca®* accumulation in MD-DNs. Further
experiments, including the overexpression of a-syn in
MD-DNs in conjunction with either AKT inhibitor or
FA treatment, are needed for better comprehension.
Additionally, TRPV4 is possibly recruited to the mi-
tochondria to regulate Ca®* entry.%® Third, the exact
mechanisms underlying the pharmacological effects of
FA on mitochondria and neurite development in MD-
DNs are not fully elucidated yet. FA-induced alterations
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of the epigenetic modification of SNCA and expression
of transcription factors need to be further analyzed.
Fourth, the mechanisms underlying the neuropathol-
ogy of the dopaminergic system in TRPV4-related MD
are not fully understood yet. Analyses of the neural dis-
tribution of the dopaminergic system, dopamine levels,
and a-syn expression in the brain are required to elu-
cidate the TRPV4-related dopaminergic phenotype in
patients.

In conclusion, accelerated cytosolic Ca** entry because
of the gain-of-function mutation c.1855C>T (p.L619F)
in TRPV4 contributed to AKT/a-syn-mediated mito-
chondrial Ca** overload and dysfunction during DN de-
velopment. FA normalized mitochondrial Ca** levels
via transcriptional repression of a-syn without affecting
cytosolic/ER Ca** levels and AKT activation, improving
mitochondrial function and neurite outgrowth in MD-
DNs. Thus, the patient's teeth-derived stem cells are a
promising cellular model for elucidating the mechanisms
underlying the neuropathology of TRPV4-related MD and
for testing the pharmacological effects of potential thera-
peutic agents.
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