
Contents lists available at ScienceDirect

Experimental Neurology

journal homepage: www.elsevier.com/locate/yexnr

Research Paper

MicroRNA-34a mediates ethanol-induced impairment of neural
differentiation of neural crest cells by targeting autophagy-related gene 9a

Huadong Fana,b, Fuqiang Yuana,b, Yang Yuna,b,d, Ting Wua,b, Lanhai Lua,b, Jie Liua,b,
Wenke Fengb,c, Shao-yu Chena,b,⁎

a Department of Pharmacology and Toxicology, University of Louisville Health Science Center, Louisville, KY 40202, USA
bUniversity of Louisville Alcohol Research Center, Louisville, KY 40202, USA
c Department of Medicine, University of Louisville, Louisville, KY 40292, USA
d College of Environment and Resource, Research Center of Environment and Health, Shanxi University, Taiyuan, Shanxi, China

A R T I C L E I N F O

Keywords:
Autophagy
Ethanol
Neural crest cell
Differentiation
miR-34a
Atg9a

A B S T R A C T

Neural crest cells (NCCs) are multipotent progenitor cells that are sensitive to ethanol and are implicated in Fetal
Alcohol Spectrum Disorders (FASD). The objective of this study is to test whether ethanol exposure can inhibit
the neural differentiation of NCCs by inhibiting autophagy and whether miR-34a is involved in ethanol-induced
inhibition of autophagy in NCCs. We found that ethanol exposure resulted in the inhibition of neural differ-
entiation of NCCs. Exposure to ethanol also significantly decreased autophagy in NCCs, as indicated by a de-
creased LC3II/I ratio and an elevated expression of p62 protein. Knockdown of p62 restored the expression of the
neurogenesis genes, NF and Mash1, in ethanol-exposed NCCs, suggesting that ethanol exposure can inhibit the
neural differentiation of NCCs by inhibiting autophagy. We also found that ethanol exposure resulted in a sig-
nificant increase in miR-34a expression in NCCs. Inhibition of miR-34a restored the expression of Atg9a, a direct
target of miR-34a and significantly decreased ethanol-induced inhibition of autophagy in NCCs. Down-regula-
tion of miR-34a also prevented ethanol-induced inhibition of neural differentiation of NCCs. These results de-
monstrate that ethanol-induced inhibition of neural differentiation of NCCs is mediated by the miR-34a through
targeting Atg9a.

1. Introduction

Fetal alcohol spectrum disorders (FASD) is a term that describes a
series of disorders that can be observed in an individual who was
prenatally exposed to alcohol (Chen et al., 2004; Herrmann et al., 1980;
Spiegel et al., 1979). The neural crest cells (NCCs) are originated from
the junction between neural and epidermal ectoderm in neurula-stage
of vertebrate embryos, contributing to various differentiated cell types,
including peripheral neurons, glia, melanocytes, chondrocytes and
connective tissue (Achilleos and Trainor, 2012; Zhang et al., 2014).
NCCs are one of the most vulnerable cell populations to ethanol ex-
posure (Chen et al., 2000; Dunty Jr et al., 2001). Studies have de-
monstrated that ethanol-induced excessive apoptosis in NCCs is one of
the major mechanisms underlying the pathogenesis of FASD
(Cartwright and Smith, 1995; Chen et al., 2013a; Dunty Jr et al., 2001;
Kotch and Sulik, 1992).

NCCs can differentiate to form the facial bones, cartilage and the

sensory components of certain cranial nerves. The neurons contained in
varied ganglia, including trigeminal ganglia, dorsal root ganglia, and
sympathetic ganglia of the peripheral nervous system (PNS), are mostly
originated from NCCs (Bhatt et al., 2013; Pavan and Raible, 2012). In
addition to the impairment of the central nervous system (CNS) in
FASD, studies using zebrafish model had shown that ethanol exposure
significantly decreased the cranial ganglia volume, suggesting inhibi-
tion of neural differentiation in PNS (Muralidharan et al., 2013).
Ethanol exposure also resulted in significant apoptosis in the neural
crest and placodal components of the cranial sensory ganglia in mice
(Dunty Jr et al., 2001). While there is considerable evidence to support
that impairment of neural differentiation also contributes to the pa-
thogenesis of FASD, the ethanol-induced impairment of neural differ-
entiation of NCCs and the underlying mechanisms have remained elu-
sive.

Autophagy is a process that is considered to be an adaptive response
when eukaryotic cells undergo various stress stimuli such as nutrition
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or energy deprivation, lack of cell growth factors, excessive reactive
oxygen species, overloaded malfunctioned sub-cellular organs and
misfolded protein aggregation or any other potentially detrimental
physical or chemical factors (He and Klionsky, 2009; Kaur and Debnath,
2015; Kundu and Thompson, 2008). Autophagy is a highly regulated
process with a series of well-known autophagy-related genes (Atgs)
involved (He and Klionsky, 2009; Xie and Klionsky, 2007). Emerging
evidence showed that there is molecular crosstalk between autophagy
and apoptosis (Denton et al., 2015; Marino et al., 2014). While some
genes including beclin1, bcl2 family and some genes encoding cellular
kinase are common regulators for both autophagy and apoptosis (Oral
et al., 2016), in some cases, activation of autophagy prevents cells from
apoptosis (Denton et al., 2015). In addition to its protecting role in
certain cell context, autophagy plays a crucial role in neurogenesis. It
had been shown that developmental defects of the neural tube can be
restored by activating autophagy system (Xu et al., 2013). A number of
the studies have also demonstrated that activating autophagy promoted
neuronal differentiation and embryonic neurogenesis (Li et al., 2016;
Lu et al., 2013; Vazquez et al., 2012; Wang et al., 2013), while the
inhibition of autophagy or the accumulation of certain autophagy
substrates such as p62 protein prevented neural differentiation (Wang
et al., 2016; Zhao et al., 2010). Jang et al. also demonstrated that the
commitment of human embryonic stem cells to neuroectoderm fate
required the activation of autophagy (Jang et al., 2016). Among core
autophagy-related proteins, Atg9a is a multi-spanning transmembrane
protein that participates in the recruitment of membranes during the
initiation of autophagy and is required for the formation of the au-
tophagosome (Imai et al., 2016; Nishimura et al., 2017; Pavel and
Rubinsztein, 2017).

MicroRNAs (miRNAs) are small non-coding RNA of 22–24 nucleo-
tides that can regulate gene expression through binding to 3′ un-
translated region of the target mRNA (Chim et al., 2010; Kim, 2005).
miRNAs are involved in various biological processes, including cell
proliferation, differentiation, apoptosis, development, and tumorigen-
esis (Esquela-Kerscher and Slack, 2006; Kim, 2005). Emerging evidence
demonstrated the roles of miR-34a in apoptosis and embryonic stem
cells differentiation (Chang et al., 2007; Raver-Shapira et al., 2007;
Tarantino et al., 2010; Welch et al., 2007). A recent report had shown
that elevation of miR-34a promoted cochlear cell death by impairing
autophagy through repressing Atg9a (Pang et al., 2017). It has also been
shown that the elevation of miR-34a impaired neuronal differentiation
via Atg9a-dependent mechanism (Morgado et al., 2015).

In this study, we determined whether ethanol exposure can inhibit
the neural differentiation of NCCs by down-regulating autophagy and
whether miR-34a is involved in ethanol-induced inhibition of autop-
hagy and neural differentiation of NCCs. We found that exposure to
ethanol significantly decreased the neural differentiation of NCCs.
Ethanol exposure also resulted in the inhibition of autophagy in NCCs.
Knockdown of p62 restored the expression of neuronal markers NF and
Mash1 in ethanol-exposed NCCs and prevented ethanol-induced in-
hibition of the neural differentiation of NCCs. We also found that in-
hibition of miR-34a restored the expression of Atg9a, and significantly
decreased ethanol-induced inhibition of autophagy and neural differ-
entiation of NCCs. These results demonstrate that ethanol-induced in-
hibition of neural differentiation of NCCs is mediated by the miR-34a
through targeting Atg9a, leading to the inhibition of autophagy in
NCCs.

2. Materials and methods

2.1. Cell culture and treatment

NCCs (Joma1.3 cells) were cultured as previously described (Chen
et al., 2013b). Cells were grown on culture dishes coated with fi-
bronectin and maintained in Dulbecco's modified Eagle's medium
(DMEM): Ham's F12 (1:1) at 37 °C in 5% CO2/95% air. For ethanol

treatment, NCCs were treated with 50 or 100mM ethanol. The stable
ethanol levels were maintained by placing the cell culture dishes or
plates in a plastic desiccator containing ethanol in distilled water, as
described previously (Yan et al., 2010).

2.2. Induction of neuronal differentiation from NCCs

Neuronal differentiation of NCCs was conducted as described by
Maurer et al. (Maurer et al., 2007). Briefly, cells were seeded at ap-
proximately 30% confluence onto dishes sequentially coated with Poly-
D-Lysin (1mg/mL, Sigma-Aldrich, Billerica, MA, USA) and fibronectin
(1 mg/mL, Bedford, MA, USA). After cells were cultured in NCC
medium for 24 h, BMP-2 (50 ng/mL, R&D system, Minneapolis, MN,
USA) was added to the culture medium to induce neuronal differ-
entiation. To determine the effects of ethanol exposure on neural dif-
ferentiation of NCCs, NCCs pre-treated with BMP-2 for 24 h were
treated with 100mM ethanol for 4, 8, 24 or 48 h. After 6 days of dif-
ferentiation in BMP-2-containing medium, a neuronal marker, Neuro-
filament (NF), was used to detect the neural differentiation of NCCs.

2.3. qRT-PCR and Western Blotting

Quantitative Real-time PCR was performed as previously described
(Yuan et al., 2018). Briefly, the mRNAs were extracted from NCCs by
using RNeasy Mini Kit (Qiagen, Valencia, CA, USA) following the
manufacturer's protocol. The cDNAs were synthesized by using the
QuantiTect® Reverse Transcription Kit (Qiagen, Valencia, CA, USA).
Primers used for qRT-PCR analyses were: Neurofilament-MF: forward:
5′-GCAGCCAAACTGAACACAGA-3′; reverse: 5′-CCATCTCCCACTTGGT
GTTT-3′. Mash1: forward: 5′-TTGAACTCTATGGCGGGTTC-3′; reverse:
5′-GGGCTTAGGTTCAGACACCA-3′. Atg9a: forward: 5′-TGAGAGCACA
GCTTTCCTGG-3′; reverse: 5′-ATCTCGGTGGACGCGTATTC-3′. The qRT-
PCR reaction was performed using FastStart SYBR Green Master (Roche
Applied, Indianapolis, IN, USA) on a Rotor-Gene 6000 Real-Time PCR
system (Corbett Life Science, Sydney, Australia), and the relative gene
expression was calculated using ΔΔCT method.

Western Blotting was performed by the standard protocol as pre-
viously described (Yuan et al., 2017). NCCs were washed with

Fig. 1. BMP-2-induced neural differentiation of NCCs was inhibited by ethanol
exposure. NCCs pre-treated with BMP-2 (50 ng/mL) for 24 h were treated with
or without 100mM ethanol for 4, 8, 24 or 48 h. After 6 days of differentiation,
the protein expression of neurofilament (NF) was determined by Western Blot.
Data are expressed as fold change over control and represent the mean ± SEM
of three separate experiments. *, p < .05, **, p < .01 vs. control.
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phosphate-buffered saline (PBS) and then lysed in a buffer containing
50mM Tris-HCl (pH 7.5), 150mM NaCl, 1% Nonidet P-40, 0.5% so-
dium deoxycholate and protease inhibitors (Cocktail, Roche, In-
dianapolis, IN, USA). The whole cell lysates were centrifuged at
12,000×g for 10min at 4 °C, and the proteins in supernatants were
separated by 12% SDS-PAGE and then transferred onto PVDF mem-
branes (Millipore, USA). Primary antibodies used for this study were as
follows: Mouse monoclonal anti-Neurofilament antibody (CST, Beverly,
MA, USA), mouse monoclonal anti-Mash1 antibody (Invitrogen, Wal-
tham, MA, USA), rabbit monoclonal anti-Atg9a antibody (CST, Beverly,
MA, USA), rabbit polyclonal anti-LC3B antibody (CST, Beverly, MA,
USA), rabbit polyclonal anti-p62 antibody (Abcam, Cambridge, MA,
USA), and mouse monoclonal anti-β-actin antibody (Santacruz, Santa
Cruz, CA, USA). After incubation with secondary antibodies, the pro-
teins were visualized using a SuperSignal West Femto kit (Thermo
Fisher, Waltham, MA, USA) under Gel Doc™ XR Imaging System (Bio-
RAD, Hercules, CA, USA). The densitometry of the blots was analyzed
using Adobe Photoshop CS software (Adobe Systems, San Jose, CA,
USA).

2.4. Immunofluorescence

NCCs from control and treated groups were washed with PBS and
then fixed with 4% PFA followed by adding 0.25% TritonX-100 for
10min. After blocking in 4% fetal bovine serum for 1 h, the cells were
incubated with rabbit polyclonal anti-p62 (1: 300, Abcam, Cambridge,
MA, USA), rabbit polyclonal anti-LC3B (1:300, CST, Beverly, MA, USA),
or mouse monoclonal anti-Neurofilament antibody (CST, Beverly, MA,
USA) for 2 h at room temperature, followed by incubation with FITC-
conjugated goat anti-rabbit secondary antibody (1: 300, Invitrogen,
Waltham, MA, USA) or Alexa Fluor 594-conjuagated donkey anti-
mouse antibody (1:500, Thermo Fisher, Waltham, MA, USA) for 1 h at
room temperature. Cells were then counterstained with DAPI and
photographed under an inverted fluorescence microscope (Olympus
IMT-2, Tokyo, Japan).

2.5. Analysis of microRNA expression

The expression of miRNA was analyzed as described previously
(Chen et al., 2015). Briefly, total RNA was isolated from NCCs using the
mirVana™ miRNA Isolation Kit (Thermo Fisher, Waltham, MA, USA),
according to the manufacturer's instructions. Total RNA was reverse-
transcribed by using the TaqMan® MicroRNA Reverse Transcription Kit
(Applied Biosystems, Foster, CA, USA) in a reaction mixture containing
a miR-specific stem-loop reverse transcription primer (has-miR-34a:
RT-000426, Thermo Fisher, Waltham, MA, USA). Quantitative PCR
amplification was performed using TaqMan® Universal PCR Master Mix
kit (Applied Biosystems, Foster, CA, USA) with a sequence-specific
Taqman probe (has-miR-34a: TM-000426, Thermo Fisher, Waltham,
MA, USA) on a Rotor-Gene 6000 Real-Time PCR system (Corbett Life
Science, Sydney, Australia). Data were normalized with snoRNA202 as
endogenous control, and the relative expression of miR-34a was cal-
culated using the ΔΔCT method.

2.6. Cell transfection

For transient transfection of NCCs, control and p62 siRNA
(Dharmacon, Lafayette, CO, USA), miR-34a mimic (Ambion, Foster, CA,
USA), or miR-34a inhibitor (Ambion, Foster, CA, USA) were transfected
into NCCs, respectively, by using Lipofectamine 2000 (Invitrogen,
Waltham, MA, USA), according to the manufacturer's instructions. The
cells were harvested 24 h after transfection for additional treatment and
analysis.

2.7. Dual luciferase reporter assays

miR-34a target sites in the 3′-UTR regions of Atg9a mRNA were
predicted by using the online database, Target Scan (http://www.
Targetscan.org/), as described previously (Chen et al., 2015). The 3′-
UTR of Atg9a containing putative miR34a binding sites were amplified
from mouse genomic DNA using the following primers: 5′-GACTACTA
GTCAGCCCAGTCCCAGTACTGCCATCTTTGCATCCACCCAAGCTTG
CTA-3′; 5′-TAGCAAGCTTGGGTGGATGCAAAGATGGCAGTACTGGGAC
TGGGCTGACTAGTAGTC-3′ and cloned into pMIR-Luciferase-Report
plasmid (Applied Biosystems, Foster, CA, USA). Renilla luciferase pRL-
TK control vector was used as a control. The constructs (200 ng of
plasmid/well of 24-well plates) were co-transfected with 20 ng Renilla
luciferase pRL-TK control vector (Promega, Madison, WI, USA) and
50 nmol of miR-34a mimics or control mimics (Ambion, Austin, TX,
USA) into NCCs by Lipofectamine 2000 (Invitrogen, Waltham, MA,
USA) according to the manufacturer's instruction. Luciferase activity
was measured 48 h after the transfection by using the Dual-luciferase
assay kit (Promega, Madison, WI, USA) with a Lumat LB9507 Ultra
Sensitive Tube Luminometer (Berthold Technologies, Bad Wildbad,
Germany). The relative activity of luciferase of each sample was nor-
malized to the pRL-TK driven Renilla luciferase activity.

2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism software
(GraphPad, San Diego, CA, USA). All data were expressed as
means ± SEM of at least three independent experiments. Comparisons
between groups were analyzed by one-way ANOVA. Differences be-
tween groups were considered significant at p < .05.

3. Results

3.1. Ethanol exposure significantly inhibited neural differentiation of NCCs

To determine whether ethanol can inhibit neural differentiation of
NCCs, NCCs pre-treated with BMP-2 for 24 h were treated with 100mM
ethanol for 4, 8, 24 or 48 h. This ethanol concentration was chosen
because previous studies have indicated that a peak maternal blood
ethanol concentration of 400–500mg/100mL (approximately
85–105mM) is required to induce major malformation with the char-
acteristics of fetal alcohol syndrome in mouse embryos (Dunty Jr et al.,
2001; Kotch and Sulik, 1992; Sulik et al., 1981). This relatively high
concentration is not beyond that which can be observed in chronic

Fig. 2. Ethanol exposure significantly decreased
Atg9a mRNA and protein expression in NCCs. NCCs
were treated with 50 or 100mM ethanol for 24 h.
The mRNA (A) and protein (B) expression of Atg9a
was determined by qRT-PCR or Western Blot, re-
spectively. Data are expressed as fold change over
control and represent the mean ± SEM of three se-
parate experiments. *, p < .05, **, p < .01 vs.
control.
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alcoholics (Adachi et al., 1991). After 6 days of differentiation in BMP-
2-containing medium, the expression of neurofilament (NF), a neuronal
marker, was determined by Western blot. As shown in Fig. 1, while
exposure of NCCs to ethanol for 4 h did not result in a change in NF
expression, ethanol treatment for 8, 24 or 48 h resulted in a significant
decrease in NF expression, indicating that ethanol treatment can inhibit
neural differentiation of NCCs.

3.2. Ethanol exposure significantly decreased the mRNA and protein
expression of Atg9a in NCCs

To examine whether ethanol treatment can inhibit autophagy in
NCCs, we first determined whether ethanol exposure can down-regulate
Atg9a, a multi-spanning membrane protein essential for autophagy.
Using real-time PCR analysis, we found that exposure to 50 or 100mM
ethanol for 24 h resulted in a significant decrease in mRNA expression

Fig. 3. Ethanol exposure resulted in the inhibition of autophagy and elevated expression of p62 in NCCs. (A) NCCs were treated with 50 or 100mM ethanol and the
expression of LC3 I and LC3 II was determined 4, 8 and 24 h following the ethanol exposure by Western Blot. (B) The formation of autophagosomes was detected by
immunofluorescences staining with anti-LC3 antibody (for LC3 puncta). Bar, 10 μm. (C) NCCs were treated with 100mM ethanol for 24 h and the expression of p62
was determined by immunofluorescence staining with the p62 antibody (left panel) and DAPI (middle panel), respectively. Bar, 10 μm. (D) NCCs were treated with
100mM ethanol for 4, 8 and 24 h and the expression of p62 was determined by Western Blot. Data are expressed as fold change over control and represent the
mean ± SEM of three independent experiments. ns, no statistical difference, *, p < .05, **, p < .01 vs. control.
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of Atg9a (Fig. 2A). Ethanol exposure also significantly decreased the
protein expression of Atg9a (Fig. 2B). These results demonstrate that
ethanol exposure can down-regulate the expression of the gene crucial
for the induction of autophagy.

3.3. Ethanol exposure resulted in the inhibition of autophagy and elevated
expression of p62 and in NCCs

To determine whether ethanol treatment can inhibit autophagy, the
ratio of LC3II/I was analyzed in ethanol-exposed NCCs. LC3 is a soluble
protein that is distributed ubiquitously in cells and tissues. During au-
tophagy, LC3I, a cytosolic form of LC3 is converted to LC3-phosphati-
dylethanolamine conjugate, LC3II. LC3II is then recruited to autopha-
gosomal membranes. The LC3II level is correlated with the number of
autophagosomes, and an increased LC3II/I ratio is considered as a

hallmark of autophagy (Fader and Colombo, 2009; Xie and Klionsky,
2007). We found that exposure to 100mM ethanol for 8 or 24 h resulted
in a significant decrease in LC3II/I ratio (Fig. 3A). We also found that
treatment with 100mM ethanol resulted in a significant inhibition of
autophagosome formation (Fig. 3B), indicating that ethanol exposure
can inhibit autophagy in NCCs. In addition, immunofluorescence and
Western Blot analysis showed that exposure to 100mM ethanol sig-
nificantly increased the protein expression and aggregation of p62, a
selective autophagy substrate, in NCCs (Fig. 3C, D), further confirming
that ethanol exposure can inhibit autophagy in NCCs.

3.4. Knockdown of p62 diminished ethanol-induced inhibition of neural
differentiation of NCCs

To determine whether ethanol-induced inhibition of neural

Fig. 4. Knockdown of p62 diminished ethanol-induced inhibition neural differentiation of NCC. NCCs transfected with control siRNA or p62-siRNA were treated with
or without 100mM ethanol for 24 h. The protein expression of NF and p62 were analyzed by Western Blot (A) and immunofluorescence staining (B). Bar, 10 μm. The
mRNA (C) and protein (D) expression of Mash1 was determined by RT-PCR and Western Blot, respectively. Data are expressed as fold change over control and
represent the mean ± SEM of three separate experiments. *, p < .05, **, p < .01 vs. control.
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differentiation of NCCs was mediated by the elevation of p62 resulting
from the inhibition of autophagy, NCCs transfected with p62 siRNA
were treated with 100mM ethanol for 24 h. We found that knockdown
of p62 by siRNA significantly diminished ethanol-induced down-reg-
ulation of NF (Fig. 4A), which was confirmed by the results from im-
munofluorescence staining that clearly demonstrated that the cells ex-
pressed lower levels of p62 protein have a higher levels of NF (Fig. 4B).
Moreover, a neurogenesis marker gene Mash1 was also robustly re-
stored by knockdown of p62 (Fig. 4C and D), indicating that neural
differentiation of NCCs can be restored by reducing the autophagy
substrate p62.

3.5. Ethanol exposure significantly increased the expression of miR-34a in
NCCs

To investigate whether miR-34a is involved in ethanol-induced in-
hibition of autophagy and subsequent suppression of neural differ-
entiation of NCCs, miR-34a expression was examined in ethanol-ex-
posed NCCs. As shown in Fig. 5, exposure to 50 or 100mM ethanol

significantly increased miR-34a expression in NCCs, indicating that
ethanol exposure at the concentrations that can inhibit autophagy and
neural differentiation of NCCs can significantly increase the expression
of miR-34a.

3.6. Atg9a is a direct target of miR-34a in NCCs

Bioinformatic prediction revealed that Atg9a is a direct target of
miR-34a. To validate that Atg9a is a direct target of miR-34a in NCCs,
the 3′-UTR of Atg9a mRNA that contains a miR-34a binding site was
cloned into the pMIR-Report vector to create a luciferase reporter
system. Co-transfection of the 3′-UTR of Atg9a mRNA and miR-34a
mimic into NCCs resulted in a significant reduction in luciferase activity
as compared to the cells co-transfected with Atg9a 3′-UTR and a control
miRNA (Fig. 6A). In contrast, co-transfection of NCCs with miR-34a
mimic and pMIR-Report control did not alter the luciferase activity,
validating that Atg9a is a direct target of miR-34a in NCCs.

3.7. Inhibition of miR-34a restored the expression of Atg9a and
significantly decreased ethanol-induced inhibition of autophagy in NCCs

We next determined whether down-regulation of miR-34a can re-
store the expression of Atg9a and decrease ethanol-induced inhibition
of autophagy in NCCs exposed to ethanol. NCCs transfected with miR-
34a inhibitor were treated with 100mM ethanol for 24 h. We found that
down-regulation of miR-34a by miR-34a inhibitor significantly in-
creased the expression of Atg9a in ethanol-treated NCCs. Inhibition of
miR-34a expression also diminished ethanol-induced inhibition of au-
tophagy in NCCs, as indicated by an increased LC3II/I ratio (Fig. 7).
These results indicate that ethanol-induced up-regulation of miR-34a
contributes to the inhibition of autophagy in ethanol-exposed NCCs by
targeting Atg9a.

Fig. 5. Ethanol exposure significantly increased the expression of miR-34a in
NCCs. NCCs were treated with 50 or 100mM ethanol for 24 h. The expression of
miR-34a was determined by qRT-PCR. Data are expressed as fold change over
control and represent the mean ± SEM of three separate experiments. *,
p < .05, **, p < .01, vs. control.

Fig. 6. Atg9a is a direct target of miR-34a in NCCs. (A) The predicted binding
sites of miR-34a in the 3′-UTR of Atg9a mRNA. (B) Luciferase reporter assays
validated the binding of miR-34a to the 3′-UTR of Atg9a in NCCs. Data are
expressed as a percentage of control and represent the mean ± SEM of three
separate experiments. **, p < .01, vs. control.

Fig. 7. Inhibition of miR-34a restored the expression of Atg9a and significantly
reversed ethanol-induced autophagy inhibition in NCCs. NCCs transfected with
control inhibitor or miR-34a inhibitor were treated with 100mM ethanol for
24 h. The protein expression of Atg9a and LC3 II/I was determined by Western
Blot. Data are expressed as fold change over control and represent the
mean ± SEM of three separate experiments. *, p < .05, **, p < .01 vs. con-
trol.
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3.8. Down-regulation of miR-34a prevented ethanol-induced inhibition of
neural differentiation of NCCs

To determine the role of miR-34a in modulating ethanol-induced
inhibition of neural differentiation of NCCs, NCCs transfected with miR-
34a inhibitor were treated with 100mM ethanol for 24 h. We found that
down-regulation of miR-34a significantly increased mRNA expression
of the neurogenesis genes, NF and Mash1 (Fig. 8A, C). Treatment with
miR-34a inhibitor also resulted in a significant increase in the protein
expression of NF and Mash1 in ethanol-exposed NCCs (Fig. 8B, D).
These data demonstrate that down-regulation of miR-34a can diminish
ethanol-induced inhibition of neural differentiation of NCCs.

4. Discussion

The NCCs are multipotent progenitors that give rise to a diverse cell
lineage, including craniofacial cartilage and bone, melanocytes, per-
ipheral and enteric neurons, and glia. While growing evidence de-
monstrates that ethanol-induced excessive apoptosis in NCCs con-
tributes significantly to craniofacial abnormalities observed in the
individuals with FASD, the role of the ethanol-induced impairment of
neural differentiation of NCCs in the pathogenesis of FASD has re-
mained elusive. In this study, we have shown that neural differentiation
of NCCs was significantly inhibited by ethanol exposure, as indicated by
a dramatic decrease in the expression of NF, a neuronal marker. These
findings clearly demonstrate that ethanol exposure can impair the
neural differentiation of NCCs.

Increasing evidence has shown that autophagy plays a pivotal role
in stem cells differentiation. Studies have shown that the depletion of
Eva1a, an autophagy-related gene, impaired the generation of newborn
neurons both in vivo and in vitro (Li et al., 2016). It has also been
reported that an increase in the autophagy-activating genes, including
atg6, atg7, and atg8, was observed in mouse embryonic olfactory bulb
(OB) during the period of neuronal differentiation (Vazquez et al.,
2012). Activation of autophagy is also required for apoptotic cells

clearance and normal neural differentiation during early otic develop-
ment and the inhibition of autophagy impaired neurogenesis (Aburto
et al., 2012). Furthermore, ablation of FIP200, another gene that is
essential for autophagy induction, resulted in a progressive loss of
neural stem cells and impairment in neuronal differentiation (Wang
et al., 2013). Trehalose, an autophagy inducer, can prevent neural tube
defects by promoting autophagy-mediated neurogenesis (Xu et al.,
2013). In our present study, we found that exposure to ethanol resulted
in a significant decrease in mRNA and protein expression of Atg9a, a
multi-spanning membrane protein essential for autophagy. Ethanol
exposure also resulted in a significant decrease in LC3II/I ratio, in-
dicating that ethanol can inhibit autophagy in NCCs. We also found that
ethanol treatment significantly decreased the protein expression and
aggregation of p62, a selective autophagy substrate, in NCCs, con-
firming that ethanol exposure can inhibit autophagy in NCCs.

p62 is a multi-functional scaffold protein that can bind to autophagy
regulator LC3 through the LC3-interacting region and be degraded by
autophagy (Moscat and Diaz-Meco, 2009). It was reported that the
accumulation of p62 impaired neural stem cells differentiation by in-
creasing ROS generation (Wang et al., 2016). In contrast, autophagy-
mediated degradation of p62 can promote the differentiation of human
embryonic stem cells to neuroectoderm (Jang et al., 2016). In this
study, we found that knockdown of p62 by siRNA restored the ex-
pression of NF and Mash1 in ethanol-exposed NCCs, indicating that
neural differentiation of NCCs can be restored by reducing the autop-
hagy substrate p62. These results demonstrated that abnormal p62
aggregate accumulation caused by the ethanol-induced autophagy in-
hibition plays a pivotal role in ethanol-induced inhibition of neural
differentiation of NCCs.

The key process of autophagy induction or activation is the forma-
tion of the intact double-membrane structure which can engulf mal-
functioned proteins or organelles and subsequently degrade them
through fusing with the lysosome (Imai et al., 2016; Nishimura et al.,
2017; Pavel and Rubinsztein, 2017). Among key autophagy-related
proteins, Atg9a plays a pivotal role in the assembling of autophagosome

Fig. 8. Down-regulation of miR-34a prevented ethanol-induced inhibition of neural differentiation of NCCs. NCCs transfected with control inhibitor or miR-34a
inhibitor were treated with 100mM ethanol for 24 h. The mRNA expression of NF (A) and Mash1 (C) were analyzed by qRT-PCR. The protein expression of NF and
Mash1 were determined by Western Blot (B) and (D). Data are expressed as fold change over control and represent the mean ± SEM of three separate experiments. *,
p < .05, **, p < .01 vs. control.
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and subsequent autophagy activation (Imai et al., 2016). Recent studies
have shown that defective trafficking of Atg9a impaired autophagy and
caused neuroaxonal dystrophy (De Pace et al., 2018; Mattera et al.,
2017). It has also been reported that Atg9a protein was increased and
autophagy was activated during neural differentiation (Morgado et al.,
2015). Our present study has shown that ethanol treatment decreased
Atg9a protein, inhibited autophagy, and subsequently impaired neural
differentiation of NCCs, suggesting that down-regulation of Atg9a
contributes to ethanol-induced inhibition of autophagy and neural
differentiation of NCCs.

MicroRNAs are small noncoding RNAs that regulate gene expression
and play important roles in the regulation of various cellular processes,
including apoptosis, proliferation, differentiation, and autophagy.
Studies have shown that miR-30a can decrease autophagic activity by
targeting autophagy-related gene 6 (BECN1) and reducing the expres-
sion of BECN1 and that the down-regulation of BECN1 by miR-30a
mimic diminished the activation of autophagy (Zhu et al., 2009). miR-
34a was also found to inhibit autophagy by directly binding to the 3′-
UTR of Atg9a and inhibiting the expression of Atg9a (Yang et al., 2013).
In addition, miR-34a has been shown to regulate Ang II-induced car-
diomyocyte hypertrophy by decreasing Atg9a expression and autop-
hagic activity (Huang et al., 2014). More importantly, miR-34a has
been demonstrated to regulate the neural stem cell differentiation by
inhibiting the expression of Atg9a (Morgado et al., 2015). Consistent
with these studies, we found that miR-34a expression was significantly
increased in ethanol-exposed NCCs. Inhibition of miR-34a by miR-34a
inhibitor restored the expression of Atg9a, significantly diminished
ethanol-induced inhibition of autophagy and prevented ethanol-in-
duced inhibition of neural differentiation of NCCs. Collectively, these
data demonstrated that miR-34a contributes to ethanol-induced in-
hibition of neural differentiation of NCCs by directly targeting Atg9a,
reducing the expression of Atg9a, and subsequently inhibiting autop-
hagic activity in ethanol-exposed NCCs.

In summary, our studies demonstrated for the first time that ethanol
exposure resulted in the inhibition of neural differentiation of mouse
NCCs. We have also shown that abnormal p62 aggregate accumulation
caused by the ethanol-induced autophagy inhibition plays a pivotal role
in ethanol-induced inhibition of neural differentiation of NCCs. In ad-
dition, ethanol exposure resulted in a significant increase in miR-34a
expression in NCCs. Inhibition of miR-34a restored the expression of
Atg9a and significantly decreased ethanol-induced inhibition of au-
tophagy in NCCs. Down-regulation of miR-34a also prevented ethanol-
induced inhibition of neural differentiation of NCCs. Together, these
results demonstrate that ethanol-induced inhibition of neural differ-
entiation of NCCs is mediated by the miR-34a through inhibiting au-
tophagy. The findings from this study suggest that inhibition of miR-
34a by microRNA inhibitor may represent an attractive novel ther-
apeutic target for the intervention and prevention of FASD.

Declaration of Competing Interest

None.

Acknowledgments

This work was supported by the National Institute of Health Grants
AA020265, AA021434, AA024337 (S.-Y.C.), AA032190, and AA022416
(W.F.) from the National Institute on Alcohol Abuse and Alcoholism.

References

Aburto, M.R., Sanchez-Calderon, H., Hurle, J.M., Varela-Nieto, I., Magarinos, M., 2012.
Early otic development depends on autophagy for apoptotic cell clearance and neural
differentiation. Cell Death Dis. 3, e394.

Achilleos, A., Trainor, P.A., 2012. Neural crest stem cells: discovery, properties and po-
tential for therapy. Cell Res. 22, 288–304.

Adachi, J., Mizoi, Y., Fukunaga, T., Ogawa, Y., Ueno, Y., Imamichi, H., 1991. Degrees of

alcohol intoxication in 117 hospitalized cases. J. Stud. Alcohol 52, 448–453.
Bhatt, S., Diaz, R., Trainor, P.A., 2013. Signals and switches in mammalian neural crest

cell differentiation. Cold Spring Harb. Perspect. Biol. 5.
Cartwright, M.M., Smith, S.M., 1995. Stage-dependent effects of ethanol on cranial neural

crest cell development: partial basis for the phenotypic variations observed in fetal
alcohol syndrome. Alcohol. Clin. Exp. Res. 19, 1454–1462.

Chang, T.C., Wentzel, E.A., Kent, O.A., Ramachandran, K., Mullendore, M., Lee, K.H.,
Feldmann, G., Yamakuchi, M., Ferlito, M., Lowenstein, C.J., Arking, D.E., Beer, M.A.,
Maitra, A., Mendell, J.T., 2007. Transactivation of miR-34a by p53 broadly influences
gene expression and promotes apoptosis. Mol. Cell 26, 745–752.

Chen, S.Y., Periasamy, A., Yang, B., Herman, B., Jacobson, K., Sulik, K.K., 2000.
Differential sensitivity of mouse neural crest cells to ethanol-induced toxicity.
Alcohol 20, 75–81.

Chen, S.Y., Dehart, D.B., Sulik, K.K., 2004. Protection from ethanol-induced limb mal-
formations by the superoxide dismutase/catalase mimetic, EUK-134. FASEB J. 18,
1234–1236.

Chen, X., Liu, J., Chen, S.Y., 2013a. Over-expression of Nrf2 diminishes ethanol-induced
oxidative stress and apoptosis in neural crest cells by inducing an antioxidant re-
sponse. Reprod. Toxicol. 42, 102–109.

Chen, X., Liu, J., Chen, S.Y., 2013b. Sulforaphane protects against ethanol-induced oxi-
dative stress and apoptosis in neural crest cells by the induction of Nrf2-mediated
antioxidant response. Br. J. Pharmacol. 169, 437–448.

Chen, X., Liu, J., Feng, W.K., Wu, X., Chen, S.Y., 2015. MiR-125b protects against ethanol-
induced apoptosis in neural crest cells and mouse embryos by targeting Bak 1 and
PUMA. Exp. Neurol. 271, 104–111.

Chim, C.S., Wong, K.Y., Qi, Y., Loong, F., Lam, W.L., Wong, L.G., Jin, D.Y., Costello, J.F.,
Liang, R., 2010. Epigenetic inactivation of the miR-34a in hematological malig-
nancies. Carcinogenesis 31, 745–750.

De Pace, R., Skirzewski, M., Damme, M., Mattera, R., Mercurio, J., Foster, A.M., Cuitino,
L., Jarnik, M., Hoffmann, V., Morris, H.D., Han, T.U., Mancini, G.M.S., Buonanno, A.,
Bonifacino, J.S., 2018. Altered distribution of ATG9A and accumulation of axonal
aggregates in neurons from a mouse model of AP-4 deficiency syndrome. PLoS Genet.
14, e1007363.

Denton, D., Xu, T., Kumar, S., 2015. Autophagy as a pro-death pathway. Immunol. Cell
Biol. 93, 35–42.

Dunty Jr., W.C., Chen, S.Y., Zucker, R.M., Dehart, D.B., Sulik, K.K., 2001. Selective vul-
nerability of embryonic cell populations to ethanol-induced apoptosis: implications
for alcohol-related birth defects and neurodevelopmental disorder. Alcohol. Clin.
Exp. Res. 25, 1523–1535.

Esquela-Kerscher, A., Slack, F.J., 2006. Oncomirs - microRNAs with a role in cancer. Nat.
Rev. Cancer 6, 259–269.

Fader, C.M., Colombo, M.I., 2009. Autophagy and multivesicular bodies: two closely
related partners. Cell Death Differ. 16, 70–78.

He, C., Klionsky, D.J., 2009. Regulation mechanisms and signaling pathways of autop-
hagy. Annu. Rev. Genet. 43, 67–93.

Herrmann, J., Pallister, P.D., Opitz, J.M., 1980. Tetraectrodactyly and other skeletal
manifestations in the fetal alcohol syndrome. Eur. J. Pediatr. 133, 221–226.

Huang, J., Sun, W., Huang, H., Ye, J., Pan, W., Zhong, Y., Cheng, C., You, X., Liu, B.,
Xiong, L., Liu, S., 2014. miR-34a modulates angiotensin II-induced myocardial hy-
pertrophy by direct inhibition of ATG9A expression and autophagic activity. PLoS
One 9, e94382.

Imai, K., Hao, F., Fujita, N., Tsuji, Y., Oe, Y., Araki, Y., Hamasaki, M., Noda, T., Yoshimori,
T., 2016. Atg9A trafficking through the recycling endosomes is required for autop-
hagosome formation. J. Cell Sci. 129, 3781–3791.

Jang, J., Wang, Y., Lalli, M.A., Guzman, E., Godshalk, S.E., Zhou, H., Kosik, K.S., 2016.
Primary cilium-autophagy-Nrf2 (PAN) Axis activation commits human embryonic
stem cells to a neuroectoderm fate. Cell 165, 410–420.

Kaur, J., Debnath, J., 2015. Autophagy at the crossroads of catabolism and anabolism.
Nat. Rev. Mol. Cell Biol. 16, 461–472.

Kim, V.N., 2005. MicroRNA biogenesis: coordinated cropping and dicing. Nat. Rev. Mol.
Cell Biol. 6, 376–385.

Kotch, L.E., Sulik, K.K., 1992. Experimental fetal alcohol syndrome: proposed pathogenic
basis for a variety of associated facial and brain anomalies. Am. J. Med. Genet. 44,
168–176.

Kundu, M., Thompson, C.B., 2008. Autophagy: basic principles and relevance to disease.
Annu. Rev. Pathol. 3, 427–455.

Li, M., Lu, G., Hu, J., Shen, X., Ju, J., Gao, Y., Qu, L., Xia, Y., Chen, Y., Bai, Y., 2016.
EVA1A/TMEM166 regulates embryonic neurogenesis by autophagy. Stem Cell Rep.
6, 396–410.

Lu, Y., Yuan, X., Sun, Q., Ou, Y., 2013. Autophagy activator promotes neuronal differ-
entiation of adult adipose-derived stromal cells. Neural Regen. Res. 8, 882–889.

Marino, G., Niso-Santano, M., Baehrecke, E.H., Kroemer, G., 2014. Self-consumption: the
interplay of autophagy and apoptosis. Nat. Rev. Mol. Cell Biol. 15, 81–94.

Mattera, R., Park, S.Y., De Pace, R., Guardia, C.M., Bonifacino, J.S., 2017. AP-4 mediates
export of ATG9A from the trans-Golgi network to promote autophagosome forma-
tion. Proc. Natl. Acad. Sci. U. S. A. 114, E10697–E10706.

Maurer, J., Fuchs, S., Jager, R., Kurz, B., Sommer, L., Schorle, H., 2007. Establishment and
controlled differentiation of neural crest stem cell lines using conditional transgen-
esis. Differentiation 75, 580–591.

Morgado, A.L., Xavier, J.M., Dionisio, P.A., Ribeiro, M.F., Dias, R.B., Sebastiao, A.M.,
Sola, S., Rodrigues, C.M., 2015. MicroRNA-34a modulates neural stem cell differ-
entiation by regulating expression of synaptic and autophagic proteins. Mol.
Neurobiol. 51, 1168–1183.

Moscat, J., Diaz-Meco, M.T., 2009. p62 at the crossroads of autophagy, apoptosis, and
cancer. Cell 137, 1001–1004.

Muralidharan, P., Sarmah, S., Zhou, F.C., Marrs, J.A., 2013. Fetal Alcohol Spectrum

H. Fan, et al. Experimental Neurology 320 (2019) 112981

8

http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0005
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0005
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0005
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0010
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0010
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0015
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0015
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0020
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0020
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0025
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0025
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0025
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0030
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0030
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0030
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0030
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0035
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0035
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0035
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0040
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0040
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0040
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0045
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0045
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0045
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0050
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0050
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0050
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0055
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0055
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0055
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0060
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0060
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0060
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0065
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0065
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0065
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0065
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0065
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0070
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0070
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0075
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0075
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0075
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0075
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0080
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0080
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0085
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0085
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0090
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0090
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0095
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0095
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0100
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0100
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0100
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0100
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0105
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0105
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0105
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0110
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0110
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0110
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0115
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0115
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0120
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0120
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0125
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0125
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0125
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0130
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0130
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0135
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0135
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0135
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0140
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0140
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0145
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0145
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0150
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0150
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0150
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0155
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0155
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0155
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0160
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0160
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0160
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0160
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0165
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0165
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0170


Disorder (FASD) associated neural defects: complex mechanisms and potential ther-
apeutic targets. Brain Sci. 3, 964–991.

Nishimura, T., Tamura, N., Kono, N., Shimanaka, Y., Arai, H., Yamamoto, H., Mizushima,
N., 2017. Autophagosome formation is initiated at phosphatidylinositol synthase-
enriched ER subdomains. EMBO J. 36, 1719–1735.

Oral, O., Akkoc, Y., Bayraktar, O., Gozuacik, D., 2016. Physiological and pathological
significance of the molecular cross-talk between autophagy and apoptosis. Histol.
Histopathol. 31, 479–498.

Pang, J., Xiong, H., Lin, P., Lai, L., Yang, H., Liu, Y., Huang, Q., Chen, S., Ye, Y., Sun, Y.,
Zheng, Y., 2017. Activation of miR-34a impairs autophagic flux and promotes co-
chlear cell death via repressing ATG9A: implications for age-related hearing loss. Cell
Death Dis. 8, e3079.

Pavan, W.J., Raible, D.W., 2012. Specification of neural crest into sensory neuron and
melanocyte lineages. Dev. Biol. 366, 55–63.

Pavel, M., Rubinsztein, D.C., 2017. Mammalian autophagy and the plasma membrane.
FEBS J. 284, 672–679.

Raver-Shapira, N., Marciano, E., Meiri, E., Spector, Y., Rosenfeld, N., Moskovits, N.,
Bentwich, Z., Oren, M., 2007. Transcriptional activation of miR-34a contributes to
p53-mediated apoptosis. Mol. Cell 26, 731–743.

Spiegel, P.G., Pekman, W.M., Rich, B.H., Versteeg, C.N., Nelson, V., Dudnikov, M., 1979.
The orthopedic aspects of the fetal alcohol syndrome. Clin. Orthop. Relat. Res. 58–63.

Sulik, K.K., Johnston, M.C., Webb, M.A., 1981. Fetal alcohol syndrome: embryogenesis in
a mouse model. Science 214, 936–938.

Tarantino, C., Paolella, G., Cozzuto, L., Minopoli, G., Pastore, L., Parisi, S., Russo, T.,
2010. miRNA 34a, 100, and 137 modulate differentiation of mouse embryonic stem
cells. FASEB J. 24, 3255–3263.

Vazquez, P., Arroba, A.I., Cecconi, F., de la Rosa, E.J., Boya, P., de Pablo, F., 2012. Atg5
and Ambra1 differentially modulate neurogenesis in neural stem cells. Autophagy 8,
187–199.

Wang, C., Liang, C.C., Bian, Z.C., Zhu, Y., Guan, J.L., 2013. FIP200 is required for
maintenance and differentiation of postnatal neural stem cells. Nat. Neurosci. 16,
532–542.

Wang, C., Chen, S., Yeo, S., Karsli-Uzunbas, G., White, E., Mizushima, N., Virgin, H.W.,
Guan, J.L., 2016. Elevated p62/SQSTM1 determines the fate of autophagy-deficient
neural stem cells by increasing superoxide. J. Cell Biol. 212, 545–560.

Welch, C., Chen, Y., Stallings, R.L., 2007. MicroRNA-34a functions as a potential tumor
suppressor by inducing apoptosis in neuroblastoma cells. Oncogene 26, 5017–5022.

Xie, Z., Klionsky, D.J., 2007. Autophagosome formation: core machinery and adaptations.
Nat. Cell Biol. 9, 1102–1109.

Xu, C., Li, X., Wang, F., Weng, H., Yang, P., 2013. Trehalose prevents neural tube defects
by correcting maternal diabetes-suppressed autophagy and neurogenesis. Am. J.
Physiol. Endocrinol. Metab. 305, E667–E678.

Yan, D., Dong, J., Sulik, K.K., Chen, S.Y., 2010. Induction of the Nrf2-driven antioxidant
response by tert-butylhydroquinone prevents ethanol-induced apoptosis in cranial
neural crest cells. Biochem. Pharmacol. 80, 144–149.

Yang, J., Chen, D., He, Y., Melendez, A., Feng, Z., Hong, Q., Bai, X., Li, Q., Cai, G., Wang,
J., Chen, X., 2013. MiR-34 modulates Caenorhabditis elegans lifespan via repressing
the autophagy gene atg9. Age (Dordr.) 35, 11–22.

Yuan, F., Chen, X., Liu, J., Feng, W., Wu, X., Chen, S.Y., 2017. Up-regulation of Siah1 by
ethanol triggers apoptosis in neural crest cells through p38 MAPK-mediated activa-
tion of p53 signaling pathway. Arch. Toxicol. 91, 775–784.

Yuan, F., Chen, X., Liu, J., Feng, W., Cai, L., Wu, X., Chen, S.Y., 2018. Sulforaphane
restores acetyl-histone H3 binding to Bcl-2 promoter and prevents apoptosis in
ethanol-exposed neural crest cells and mouse embryos. Exp. Neurol. 300, 60–66.

Zhang, D., Ighaniyan, S., Stathopoulos, L., Rollo, B., Landman, K., Hutson, J., Newgreen,
D., 2014. The neural crest: a versatile organ system. Birth Defects Res. C Embryo
Today 102, 275–298.

Zhao, Y., Huang, Q., Yang, J., Lou, M., Wang, A., Dong, J., Qin, Z., Zhang, T., 2010.
Autophagy impairment inhibits differentiation of glioma stem/progenitor cells. Brain
Res. 1313, 250–258.

Zhu, H., Wu, H., Liu, X., Li, B., Chen, Y., Ren, X., Liu, C.G., Yang, J.M., 2009. Regulation
of autophagy by a beclin 1-targeted microRNA, miR-30a, in cancer cells. Autophagy
5, 816–823.

H. Fan, et al. Experimental Neurology 320 (2019) 112981

9

http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0170
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0170
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0175
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0175
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0175
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0180
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0180
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0180
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0185
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0185
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0185
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0185
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0190
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0190
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0195
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0195
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0200
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0200
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0200
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0205
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0205
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0210
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0210
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0215
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0215
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0215
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0220
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0220
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0220
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0225
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0225
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0225
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0230
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0230
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0230
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0235
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0235
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0240
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0240
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0245
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0245
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0245
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0250
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0250
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0250
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0255
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0255
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0255
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0260
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0260
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0260
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0265
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0265
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0265
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0270
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0270
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0270
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0275
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0275
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0275
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0280
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0280
http://refhub.elsevier.com/S0014-4886(19)30133-5/rf0280

	MicroRNA-34a mediates ethanol-induced impairment of neural differentiation of neural crest cells by targeting autophagy-related gene 9a
	Introduction
	Materials and methods
	Cell culture and treatment
	Induction of neuronal differentiation from NCCs
	qRT-PCR and Western Blotting
	Immunofluorescence
	Analysis of microRNA expression
	Cell transfection
	Dual luciferase reporter assays
	Statistical analysis

	Results
	Ethanol exposure significantly inhibited neural differentiation of NCCs
	Ethanol exposure significantly decreased the mRNA and protein expression of Atg9a in NCCs
	Ethanol exposure resulted in the inhibition of autophagy and elevated expression of p62 and in NCCs
	Knockdown of p62 diminished ethanol-induced inhibition of neural differentiation of NCCs
	Ethanol exposure significantly increased the expression of miR-34a in NCCs
	Atg9a is a direct target of miR-34a in NCCs
	Inhibition of miR-34a restored the expression of Atg9a and significantly decreased ethanol-induced inhibition of autophagy in NCCs
	Down-regulation of miR-34a prevented ethanol-induced inhibition of neural differentiation of NCCs

	Discussion
	mk:H1_21
	Acknowledgments
	References




