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ARTICLE INFO ABSTRACT

Keywords: Studies in animal models have shown that the short-chain fatty acid, propionic acid (PPA), interferes with
Propionic acid mitochondrial metabolism leading to mitochondrial dysfunction and behavioral abnormalities. The aim of this
Mitochondria

study was to investigate the effects of PPA on mitochondrial function and gene expression in neuronal cells. SH-
SY5Y cells and normal human neural progenitor (NHNP) cells were exposed to 1, 5 mM PPA for 4 or 24 h and we
found that the mitochondrial potential measured in SH-SY5Y cells decreased in a dose-dependent manner after
PPA treatment. Electron microscopy analysis revealed that the size of the mitochondria was significantly reduced
following PPA treatment. A dose-dependent increase in the mitochondrial DNA copy number was observed in the
PPA-treated cells. The expression of the mitochondrial biogenesis-related proteins PGC-1a, TFAM, SIRT3, and
COX4 was significantly increased after PPA treatment. Transcriptome analysis revealed that mRNA expression in
the notch signaling-related genes ASCLI and LFNG changed after PPA treatment and the positive correlated
protein expression changes were also observed. These results revealed that PPA treatment may affect neuro-

Notch signaling
Neuronal cells

development by altering mitochondrial function and notch signaling-related gene expression.

1. Introduction

Propionic acid (PPA) is an important intermediate of cellular mi-
tochondrial metabolism and modulates fatty-acid metabolism, sup-
presses inflammation, and exerts antibacterial effects. PPA is found in
foods and is produced by the microbiome; in contrast, 3-nitropropionic
acid (3NP), a chemical derivative of PPA, is a potential food con-
taminant and a potent mitochondrial neurotoxin. PPA is also associated
with mitochondrial dysfunction-related disorders, including propionic
acidemia in humans (Frye et al., 2016). It is shown that oxidative stress
markers (e.g., lipid peroxidation) are increased, coupled with a de-
crease in the activities of glutathione, glutathione peroxidase, and
catalase in the biochemical analyses of brain homogenates from PPA-
treated rats (El-Ansary et al., 2012). In addition, carnosine, carnitine, N-
acetylcysteine, and vitamin D have been suggested as supplements to
overcome PPA neurotoxicity (Aldbass et al., 2013; Alfawaz et al., 2014;
El-Ansary et al., 2013). It is also suggested that PPA may have addi-
tional bioactive effects on intracellular acidification/calcium release,

gap junction gating, immune function, and the alteration of gene ex-
pression (MacFabe, 2013, 2012).

PPA has also been reported to induce neurotoxicity through the
depletion of important neurotransmitters, such as GABA and serotonin,
and to cause genotoxic effects, such as a highly significant increase in
tail length, percentage of tail DNA damage, and tail moment (Al-
Ghamdi et al., 2014). Moreover, it has been reported that PPA treat-
ment alters phospholipid molecular species in the brain and plasma,
including acylcarnitine, which allows the identification of biomarkers
of abnormal mitochondrial fatty acid metabolism in animal models
(MacFabe, 2012; Thomas et al., 2012). It has also been observed that up
to 17% of children with autism spectrum disorders (ASD) manifest
biomarkers of abnormal mitochondrial fatty-acid metabolism, which
parallel biomarkers observed in the PPA-induced rodent model of ASD
(Frye et al., 2013). In several studies, mitochondrial dysfunction and
oxidative stress were suggested as possible pathogeneses, as per the
evidence observed in several metabolic disorders with ASD phenotypes,
such as phenylketonuria disorders of purine metabolism, cerebral folate
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deficiency, and propionic acidemia (Al-Owain et al., 2013; Goldani
et al., 2014; Yoo et al., 2017). Several behavioral animal studies of PPA
treatment have found ASD-like behavior (Choi et al., 2018; Roullet
et al., 2013; Shultz et al., 2008). PPA is a type of short chain fatty acid
that has histone deacetylase inhibitory effects, like those of valproic
acid, which is commonly used for ASD animal models. This suggests
that PPA may not only induce mitochondrial dysfunction, but also exert
epigenetic histone deacetylase inhibitory functions, similar to valproic
acid, which can alter gene expression (MacFabe et al., 2007).

Although it is expected that PPA exposure will induce changes in
mitochondrial function and neurodevelopment, a lack of experiments
have attempted to identify the changes in the expression of specific
genes after PPA exposure to neuronal cells (MacFabe, 2013; Nankova
et al., 2014). Therefore, in this study, we used a human neuroblastoma
cell line, SH-SY5Y, and normal human neural progenitor (NHNP) cells
to observe the changes in gene expression by using microarray ex-
periments in conjunction with PPA treatment in an attempt to find the
signaling pathways related to mitochondria dysfunction that affects
neurodevelopment.

2. Material and methods
2.1. Cell culture

SH-SY5Y cells were obtained from the Korean cell line bank (http://
cellbank.snu.ac.kr). The cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM/F12, Lonza, USA) supplemented with 10%
fetal bovine serum (Alphabioregen, MA), 1% penicillin and strepto-
mycin (Gibco, USA), 1 X non-essential amino acid (NEAA, Lonza, USA),
and 1mM sodium pyruvate (Sigma-Aldrich, USA). Normal Human
Neural Progenitor (NHNP) cells were obtained in Lonza (Lonza,
Walkersville, MD). Each primary cell was maintained in Neural
Progenitor Maintenance Medium (NPMM, Lonza, USA) supplemented
with 2% Neural Survival Factor-1 (NSF-1), 0.2% Gentamicin/
Amphotericin-B  (GA-1000), 25ng/mL brain-derived neurotrophic
factor (BDNF), and Primary Neuron Growth Medium Kit (PNGM™,
Lonza, Walkersville, MD). All cells were incubated at a temperature of
37 °C with 5% CO..

2.2. Mitochondrial membrane potential assay

SH-SY5Y cells were plated at 5 x 10* cells/well in a 96-well black
plate and incubated for 24 h. The cells were treated with vehicle (DPBS)
or 1, 5, and 10 mM PPA for 4 h. The mitochondrial membrane potential
was measured using the JC-10 mitochondrial membrane potential assay
kit (Abcam, MA). Fluorescence intensity was observed using a fluores-
cence microscope (Beckman coulter, USA) at 490/525 nm.

2.3. Transmission electron microscopy

For transmission electron microscopy samples, SH-SY5Y cells were
seeded at 10° cells/well in 6-well plates and incubated for 24 h. The
cells were treated with vehicle (DPBS) or 1 and 5 mM PPA for 72h and
then fixed at 4 °C in 2.5% glutaraldehyde (Sigma, USA), followed by 2%
osmium tetroxide for 2h. The cells were dehydrated with a graded
acetone series and embedded into Spurr medium (Electron Microscopy
System). The samples were sectioned (60 nm) with an ultra-microtome
(RMC MTXL, Arizona, USA), and double-stained with 2% uranyl acetate
and lead citrate. The sections were viewed at 80kV a transmission
electron microscope Hitachi H-7600 (Hitachi, Tokyo, Japan). The
number of mitochondria per 100 um? was counted within a randomly
selected grid square in every image of each group. In addition, the sizes
of 80 randomly chosen mitochondria were measured in images ob-
tained using the Image J program (National Institutes of Health).
Mitochondria actual size was calculated using a calibration grid. Values
were presented as the mean individual size of the mitochondria.
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2.4. Total RNA and DNA isolation

SH-SY5Y cells (1 x 10° cells/well) were seeded into 6-well plates
and incubated for 24 h. NHNP cells were plated onto 24- and 6-well
coated plates, and then stabilized for 10 days. To prepare the DNA, SH-
SY5Y cells were treated with vehicle (DPBS) or 1, 5, and 10 mM PPA for
72h. From the pelleted cells, total genomic DNA for DNA copy number
analysis was isolated using DNeasy blood and tissue kit (Qiagen,
Hilden, GER). To prepare the RNA, SH-SY5Y cells were treated with
vehicle (DPBS) or 1 and 5 mM PPA for 4, 24, and 72 h. NHNP cells were
treated for 4 h. Total cellular RNA for miroarray analysis and qPCR was
extracted using miRNeasy mini kit (Qiagen, USA). RNA samples were
quantified, aliquoted, and stored at —80 °C until use. For quality con-
trol, RNA purity and integrity were evaluated by denaturing gel elec-
trophoresis at OD 260/280 ratio and analyzed on Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, USA).

2.5. mRNA array

Total RNA was amplified and purified to yield biotinylated cRNA
using the Ambion Illumina RNA amplification kit (Ambion, Austin,
USA) according to the manufacturer’s instructions. Briefly, Labeled
cRNA samples (750 ng) from 550 ng of total RNA were hybridized to
each humanHT-12 v.4 expression bead array according to the manu-
facturer’s instructions (Illumina, Inc., San Diego, USA). Detection of
array signal was carried out using Amersham fluorolink streptavidin-
Cy3 (GE Healthcare Bio-Sciences, Little Chalfont, UK) following
manual. Arrays were scanned according to the manufacturer’s instruc-
tions.

2.6. miRNA array

The Affymetrix Genechip miRNA 4.0 array process was executed
according to the manufacturer’s protocol. RNA samples (1 pug) were
used for labeling with the FlashTag™ Biotin RNA Labeling Kit
(Genisphere, Hatfield, PA, USA). The labeled RNA was quantified,
fractionated, and hybridized to the miRNA microarray according
manufacturer protocol. The chips were stained using a Genechip
Fluidics Station 450 (Affymetrix, Santa Clara, CA, USA) and scanned
with an Affymetrix GCS 3000 scanner (Affymetrix, Santa Clara, CA,
USA). Signal values were computed using the Affymetrix® GeneChip™
Command Console software.

2.7. Array data analysis

The overall chip performance qualities were monitored. Raw data
were extracted using the software and protocol provided by the man-
ufacturer [Illumina GenomeStudio (v20011.1) Gene Expression Module
(v1.9.0)]. Statistical significance of the expression data was determined
using local-pooled-error (LPE) test. For a differential expressed gene
(DEG) set, hierarchical cluster analysis was performed using complete
linkage and Euclidean distance as a measure of similarity. Gene-
Enrichment and Functional Annotation analysis for significant probe
list was performed using DAVID (http://david.abcc.nciferf.gov/home.
jsp).

Raw data for miRNA array were automatically extracted as per the
Affymetrix data extraction protocol using the software provided by
Affymetrix GeneChip® Command Console® Software (AGCC). The CEL
files import, miRNA level RMA + DABG-AIl analysis, and result export
was done using Affymetrix® Expression Console™ Software. The com-
parative analysis between test sample and control sample was carried
out using fold change and LPE test. False discovery rate (FDR) was done
using Benjamini-Hochberg algorithm. Statistical tests and differentially
expressed genes visualization were conducted using R statistical lan-
guage v. 3.1.2.

In the integrated analysis, data of miRNA expression and mRNA
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expression, in which normalization was completed using quality control
advanced through filtering in independent analysis, was used. Probe list
showing differential expression within the miRNA data set and mRNA
data set were extracted (significant cut-off : |fold change|=2, Ipe p-
value < 0.05). Putative microRNA - mRNA target pair was inferred in
this data through the target information provided at miRDB (http://
mirdb.org/miRDB/, v4.0). After this, negative correlation in pairs was
checked and a final microRNA-mRNA regulatory association list was
derived.

2.8. Quantitative real-time PCR(qPCR) for mtDNA and mRNA

cDNA was synthesized from isolated RNA using a RT> first strand kit
(Qiagen, USA) according to manufacturer’s protocol. To determine the
relative expression of the target gene mRNA or mitochondrial DNA
(mtDNA) to the control gene, QPCR was performed using the iQ™ SYBR®
Green Supermix (Bio-rad, USA) in a CFX96™ Real-Time system (Bio-rad,
USA), according to the following conditions: 95°C for 3 min, 40 cycles
of 95°C for 15 s, annealing temperature for 1 min. The primer sequence
that was used for amplification of each gene is described in the
Supplementary Table. mRNA expression was normalized to GAPDH for
the samples. Relative mRNA expression and mtDNA copy number were
assessed by analysis using the 2~ 4" method.

2.9. Western blot analyses

To obtain samples for protein isolation, SH-SY5Y cells were seeded
in a 100-mm dish at a density of 1 x 10° cells/mL for 24 h. PPA (1 and
5mM) was added. For the negative control, SH-SY5Y cells were treated
with vehicle (DPBS). After 24 h, the cells were harvested and homo-
genized using RIPA buffer (ATTO, Japan) with proteinase and phos-
phatase inhibitors (ATTO, Japan). The primary antibodies used were
anti-Ab, COX4, LENG, SIRT3, and B-actin (Cell Signaling, USA), ASCL1
(Abcam, Shanghai, CHN), and PGC1-a, and TFAM (Millipore, Billerica,
USA). After quantification, proteins were resolved by SDS-PAGE and
transfer to nitrocellulose membranes. After incubation secondary anti-
bodies, it was visualized using the Pierce™ ECL western blotting sub-
strate (Thermo Scientific, USA). B-Actin was used as a loading control
and the protein expression was calculated by ImageJ software from
western blotting bands of the proteins of interest.

2.10. Statistical analysis

All data are presented as the mean + standard deviation (SD) of
the results from a minimum of five independent experiments. Statistical
analysis was performed using SPSS (version 20, Chicago, USA) for
Windows. The statistical significance of differences between groups was
evaluated by the analysis of two-tailed Student’s t-test and Dunnett’s
test. A p-value less than 0.05 (p < 0.05) was considered statistically
significant. Significant p values data are denoted in the graphs as fol-
lows: *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results
3.1. PPA induced mitochondrial dysfunction in SH-SY5Y cells

The treatment doses of PPA were 1 mM and 5 mM, and the vehicle
control was distilled water. It is observed dose dependent cytotoxicity
by PPA treatment with statistical significances in SH-SY5Y cell
(Supplementary Fig. 1). In order to know the effect of PPA exposure on
mitochondrial function, we observed the changes in the mitochondrial
membrane potential and electron microscopic mitochondrial appear-
ances after PPA treatment in SH-SYS5Y cells (Fig. 1A). It was observed
that after 4 h of PPA exposure the mitochondrial membrane potential
decreased in a dose-dependent manner (Fig. 1B). In the electron-mi-
croscopic analysis, the mean number of mitochondria in the EM image
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was 121/100 um? in the vehicle group, 98/100 um? in the 1 mM PPA
treatment group and 79/100 pum? in the 5mM PPA treatment group.
The mean mitochondrial sizes were 0.10 = 0.009 um? for the vehicle,
0.09 = 0.006 um? for 1 mM PPA treatment group, and 0.06 + 0.007
um? for 5mM PPA treatment group. Thus, the mitochondria in the
5mM PPA-treated cells were smaller than those in the control group
and this difference was statistically significant (Fig. 1C). The mtDNA
copy numbers in SH-SY5Y cells were seen to increase in a dose-de-
pendent manner after 72h of PPA exposure (Fig. 1D).

3.2. PPA induced changes in the gene expression of mitochondrial
biogenesis in SH-SY5Y cells

The mRNA expression of key mitochondrial biogenesis-related
proteins such as PGC-1a, TFAM, and SIRT3 was measured in SH-SY5Y
cells treated with PPA for 4 h. The mRNA of PGC-1la and SIRT3 was
significantly increased in the SH-SY5Y cells in response to PPA treat-
ment for 4h (Fig. 2A). In agreement with the mRNA data, protein ex-
pression of PGC-1a and SIRT3 were significantly increased after treat-
ment with 5mM PPA for 24 h (Fig. 2B). Although the mRNA level of
TFAM decreased after PPA treatment for 4 h, TFAM protein expression
was increased. This suggests that PPA induced mitochondrial biogen-
esis-related gene expression such as PGC-1a, TFAM, and SIRT3. With
mtDNA copy number increasing, mitochondrial COX4 protein expres-
sion was also increased in the SH-SY5Y cells treated with 5 mM PPA for
24 h (Fig. 2B). However, it was not observed the change of SIRT1 ex-
pression in the PPA treated SH-SY5Y cells for 24 h (data not shown)

3.3. Gene expression profiling results by mRNA arrays

mRNA microarray was used to examine the effect of PPA on mRNA
expression in SHSY5Y and NHNP cells. The SHSY5Y cells were treated
with 1 mM and 5 mM of PPA for 4, 24, and 72 h. The NHNP cells were
treated with 1 mM and 5 mM of PPA for 4 h. After normalization, a total
of 2869 probes were selected by data processing. In the multi-
dimensional scaling plot and hierarchical clustering analysis, it can be
seen that the differences of gene expression pattern between SH-SY5Y
and NHNP and the concentration dependent differential gene expres-
sion change patterns (Supplementary figure S2). For annotation of the
set of functional gene in these experiments, we used the DAVID
bioinformatics tool and observed most significant clusters (Enrichment
Score (ES) > 7) of enriched Gene Ontology (GO) biological processes
(BP) among the genes differentially abundant between PPA treatment
and control within SH-SY5Y and NHNP (Supplementary figure S3-6). In
this cluster, several GO terms associated with neurodevelopment (for
example, GO:0,030,182 neuron differentiation, GO:0,006,928 cell mo-
tion, GO:0,031,175 neuron projection development) were selected with
high statistically significance. Additional information in each cluster is
provided in the Supplementary Table.

3.4. PPA induced a change in Notch signaling-related gene expression in
SH-SY5Y cells

In the selection of genes to confirm for gene expression, a scheme
was adopted, of three different time points after PPA treatment, with a
maximum concentration (5mM) treated group versus control. Only
differentially expressed genes with more than 2 fold changed expression
values were considered (Table 1). To further prove the reliability of the
microarray data and ASCL1 and LFNG were selected. We evaluated the
mRNA expression by real-time qPCR to confirm the expression changes
of. ASCL1 and LFNG. The mRNA of ASCL1 was significantly decreased
while that of LFNG was significantly increased in the SH-SY5Y cells, in
response to PPA treatment for 4 h (Fig. 3A). In the NHNP cells, it was
confirmed that ASCL1 expression was significantly decreased and LFNG
expression was significantly increased by 5mM PPA exposure (p <
0.05). In agreement with the mRNA data, protein expression of ASCL1
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Fig. 1. PPA-mediated changes in SH-SY5Y cells. (A) Vehicle (DPBS) and PPA (1 and 5 mM) were treated to the cells. Cells treated for 4 h were stained with JC-10 dye
to visualize the mitochondrial membrane potential. The mitochondrial morphology was confirmed using transmission electron microscopy (EM) in cells treated for
72h. Scale bars = 100 um (DIC, mitochondrial membrane potential); 500 nm (EM). (B) The mitochondrial membrane potential was assessed by JC-10 aggregate/
monomer ratio (595/535 nm) in SH-SY5Y cells treated with PPA for 4 h. Data are presented mean = SD (n = 9). (C) The size was measured in 80 randomly selected
mitochondria in images obtained using electron microscopy in cells treated with PPA for 72h. Data are presented as mean + SD (n = 80). (D) The contents of
Mitochondrial genes of three types (CYTB, ND1, and ND4) were measured by qPCR in cells cultured with PPA for 72 h, and the mitochondrial DNA copy number was
evaluated. Data are presented as mean *= SD (n = 12). PPA-treated groups were statistically analyzed compared to the vehicle group (*p < 0.05, **p < 0.01, and
*xxp < 0.001).
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Fig. 2. Change in gene expression of PPA-treated SH-SY5Y cells. (A) The mRNA expression levels of the genes (PGC-1a, SIRT3, TFAM, and SIRTI) related to
mitochondrial biogenesis (B) Western blotting was used to evaluate the level of protein expression related to mitochondrial biogenesis (PGC-1a, SIRT3, TFAM, and
COX4) in the obtained proteins. B-Actin was used as the loading control to normalize the content of each sample. All data are presented mean = SD (n = 6).
Statistical significance is expressed in comparison with the vehicle group (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Table 1
Gene list for major changes of mRNA expression with PPA treatment by mi-
croarray.

Gene symbol Value of fold change

for 5mM PPA treatment /control

NHNP SHSY-5Y

4h 4h 24h 72h
ASCL1 —2.06 —-4.77 —2.06 —6.16
EFS —2.65 —4.27 —3.52 —3.56
FAIM —2.04 -3.26 —2.28 —-2.13
NFKB1 —2.05 -3.15 -3.03 —2.60
NAGPA —2.65 -3.14 -3.03 —2.78
KCTD15 -2.09 —2.80 -211 —-2.16
SPG3A —-2.75 —-2.76 —2.22 —2.09
NSMAF -2.13 —2.60 -2.39 —2.01
C60rf168 —2.00 —2.49 —-2.33 —-213
KLF11 —-2.14 —-2.14 —-2.09 —2.98
GTF2IRD2B —2.53 -2.13 —2.40 —2.46
H2AFY2 —2.05 -2.10 -3.21 —3.05
HIST1H2BD 2.08 2.08 2.02 3.27
BMF 2.43 2.63 2.58 2.46
S1PR3 2.12 3.75 2.44 211
TNFRSF19 2.43 3.79 3.73 3.27
CSRNP1 2.23 3.84 2.86 2.34
KIAA1683 2.07 4.03 2.48 3.63
LFNG 2.04 4.08 2.76 2.77

was significantly decreased after treatment with 5 mM PPA after 24 h,
while LFNG expression increased in a dose-dependent manner (Fig. 3B).

3.5. Gene expression profiling results by miRNA arrays and integrative
genomic analysis

The expression profiling of human-specific miRNAs was performed
in PPA-treated SH-SY5Y cells using the Affymetrix GeneChip micro-
array assay. Similar to the mRNA array setting, SH-SY5Y cells and
NHNP were harvested after PPA or vehicle treatment. The hierarchical
clustering heatmap shows all differentially regulated miRNAs in the 12
independent samples (Supplementary figure S7). Further analysis
showed that miRNAs were differentially expressed during PPA treat-
ment compared with those in the control cells (Supplementary Table).
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In addition, the expression patterns of miRNA were different between
NHNP and SH-SY5Y. According to the integration analysis with miRNA
and mRNA data of NHNP, although the expression regulation of LFNG
by miR-4472 can be suggested with moderate confidence from
Ingenuity® Pathway Analysis (IPA®), there were no miRNA candidates
for ASCL1 expression regulation (Supplementary Table).

4. Discussion

.In this study, we observed changes in gene expression related to
Notch signaling (ASCL1 and LFNG) and mitochondrial biogenesis
(SIRT3, PGC1-a, TFAM, and COX) related to mitochondrial dysfunction
in SH-SY5Y cells subjected to acute PPA exposure. Mitochondria play
central roles not only through energetics and ATP production, but also
through metabolites generated in the tricarboxylic acid cycle as well as
via mitochondria-nuclear signaling related to mitochondria mor-
phology, biogenesis, fission/fusion, and epigenetic regulation.
Understanding mitochondria-cell signaling will provide insights into
individual responses to environmental stressors (Shaughnessy et al.,
2014). Mitochondrial dysfunction have been also implicated in ASD
(Rossignol and Frye, 2012). A study performed on brains of autism
patients postmortem revealed that several types of mitochondrial genes
showed reduced expression in specific brain regions Mitochondrial
dysfunction may be able to connect the diverse medical symptoms as-
sociated with ASD (Anitha et al., 2013, 2012; Frye and Rossignol,
2011). It is known that the elevated oxidative metabolism could be
accompanied by an increase in reactive oxygen species (ROS) that are
primarily generated by mitochondria.

It has been reported that mitochondria continually fuse and divide,
and their quality, distribution, size, and motility are finely tuned
(Fischer et al., 2012). Depending on the physiological conditions, mi-
tochondrial fusion-fission equilibrium can be perturbed and mi-
tochondrial dynamics can be changed (Suen et al., 2008). It is also
suggested that PPA can have both beneficial and toxic effects on mi-
tochondrial function, depending on the concentration, exposure dura-
tion, and microenvironment redox state (Frye et al., 2016). It is possible
that oxidative stress induced by a high concentration of PPA causes
dysfunction of mitochondrial components or the production of 3NP, an
irreversible inhibitor of succinate dehydrogenase, although we could
not assess 3NP generation in this in vitro cell culture system. In this

A - 2 q ASCL1 - 6 A LENG Fig. 3. Changes in gene expression related to
oS k) PPA-induced Notch signaling in SH-SY5Y cells.
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study, 5 mM PPA exposure induced cytotoxic effects and decreased ATP
levels in SH-SY5Y cells (Supplementary Table S2), which was sugges-
tive of mitochondrial dysfunction, and it is known that mitochondrial
dysfunction induces changes in the number and size of mitochondria
via mitochondrial dynamics. These mitochondrial dynamics may in-
fluence complex signaling pathways, affect gene expression, and define
cell differentiation. Recent findings suggest that the crosstalk between
mitochondria and nuclear signaling such as Notch signaling pathway is
bidirectional (Basak et al., 2014; Kasahara and Scorrano, 2014).

In this study, it was observed that PPA induced mitochondrial
dysfunction and increased gene expression related with mitochondrial
biogenesis signaling, including PGC-la. TFAM, COX4 and SIRT3.
SIRT3, a NAD +-dependent protein deacetylase and one of the mam-
malian sirtuins, is reported to be a downstream target gene of PGC-1a
and mediates the PGC-1a effects in mitochondrial biogenesis (Austin
and St-Pierre, 2012; Kong et al., 2010). It is known that forkhead
transcription factor FOX03, which transactivates antioxidant genes
such as catalase and manganese superoxide dismutase, is a direct target
of SIRT3 in the mitochondria. It also suggested that the SIRT3-mediated
deacetylation of FOXO3 modulates mitochondrial quantity and quality
through the nuclear translocation of FOXO3. (Rangarajan et al., 2015;
Tseng et al., 2013). We also observed that exposure to PPA results in
increased FOXO03 nuclear localization in SH-SY5Y cells (Supplementary
Figure S8),

Renault et al. (2009) suggested that FOXO3 regulated the neuronal
stem cell pool by the induction a program of genes that preserves
quiescence, prevents premature differentiation, and controls oxygen
metabolism (Renault et al., 2009). In addition, Webb et al. (2013) re-
ported that FOXO3 shared common targets genes involved in the Notch
pathway with the proneuronal bHLH transcription factor ASCL1 in
genome-wide in primary cultures of adult neural progenitor cells
(NPCs), and that FOXO3 inhibited ASCL1-dependent neurogenesis in
NPCs and in vivo (Webb et al., 2013). The ASCL1 is one of core tran-
scription factor that have been used to drive trans differentiation of
mammalian fibroblasts directly into neurons. It has been suggested that
ASCL1 is a crucial regulator of multiple aspects of neurogenesis in the
central and peripheral nervous systems (Ali et al., 2014). It is also
suggested that ASCL1 has the effect of enhancing neurite growth by
damaged or surviving neurons as pro-neural factor (Tang, 2017). It has
also been reported that Hesl expression oscillates driving cyclic ex-
pression of the proneural gene Ascll, and high Hesl expression and
resultant Ascll suppression promote quiescence in neural stem cells
(Dhanesh et al., 2016; Sueda et al., 2019). Furthermore, in an unbiased
genome-wide study combining chromatin immunoprecipitation with
microarrays (ChIP-chip) for ASCL1 binding sites in in vivo study, it was
observed that ASCL1 directly regulates genes associated with all of the
major steps of neurogenesis such as Notch signaling which contributes
to cell-cell communication in the residual neuronal stem cells during
neurodevelopment (Castro et al., 2011; Juliandi et al., 2010).

Notch signaling is triggered when the ligands, e.g., Delta-like 1,
expressed on the neighboring cell surface interact with Notch receptors.
Upon ligand binding, Notch receptors undergo successive proteolytic
cleavage and release the intracellular domain of Notch (NICD). The
NICD translocates to the nucleus and activates the expression of Notch-
mediated target genes such as the Hes family (Kageyama et al., 2007).
Notch signaling is also essential for cell survival, stem cell maintenance,
differentiation and development (Kopan and Ilagan, 2009). Notch sig-
naling is also known to negatively regulate neurogenesis by promoting
stem cell proliferation and gliogenesis (Pierfelice et al., 2011; Shimojo
et al.,, 2011). It has been reported that LFNG, a key modifier of the
Notch receptor, is selectively expressed in hippocampal neural stem
cells (NSCs) and affects NSC recruitment, cell cycle duration, and
terminal fate (Semerci et al., 2017). It has also been suggested that the
expression of Lfng is regulated downstream of proneural genes by
promotion of Notch activation in the neural progenitors. (Nikolaou
et al., 2009). SIRT3-mediated nuclear translocated FOXO3 may induce
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LFNG expression in this study because the LFNG gene is suggested as a
target of FOXO3 transcription factor in the CHEA transcription factor
targets database from Harmonizome database (Ma’ayan, 2016;
Rouillard et al., 2016). In addition, other epigenetic change should be
considered because it has been observed that miR 4472, which may be a
candidate for LFNG expression negative regulation, was downregulated
by PPA exposure in the miRNA array results in this study (Supple-
mentary Tables 6 and 7). Epigenetic modification due to environmental
effects is proposed as one of the important mechanisms of the patho-
genesis of neurodevelopmental disorders such as ASD which may be
affected by an interaction between genetic vulnerability and environ-
mental factors for pathogenesis. In conclusion, it is suggested that acute
PPA exposure may induce neurodevelopmental change by the bidirec-
tional cross talk of mitochondria and Notch signaling pathway via
FOXO03.
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