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Abstract

During embryonic development, 2 populations of multipotent stem cells, cranial neural crest cells (NCCs) and epibranchial placode
cells (PCs), are anatomically adjacent to each other. The coordinated migration of NCCs and PCs plays a major role in the
morphogenesis of craniofacial skeletons and cranial nerves. It is known that ethanol-induced dysfunction of NCCs and PCs is a key
contributor to the defects of craniofacial skeletons and cranial nerves implicated in fetal alcohol spectrum disorder (FASD). However,
how ethanol disrupts the coordinated interaction between NCCs and PCs was not elucidated. To fill in this gap, we established a
well-designed cell coculture system to investigate the reciprocal interaction between human NCCs (hNCCs) and human PCs (hPCs),
and also monitored the migration behavior of NCCs and PCs in zebrafish embryos. We found that ethanol exposure resulted in a
disruption of coordinated hNCCs-hPCs interaction, as well as in zebrafish embryos. Treating hNCCs-hPCs with exosomes derived
from ethanol-exposed hNCCs (Exo"*°") mimicked ethanol-induced impairment of hNCCs-hPCs interaction. We also observed that
SDF1, a chemoattractant, was downregulated in ethanol-treated hPCs and zebrafish embryos. Meanwhile, miR-126 level in Exo®*°H
was significantly higher than that in control exosomes (Exo“°"). We further validated that Exo®*°"-encapsulated miR-126 from
hNCCs can be transferred to hPCs to suppress SDF1 expression in hPCs. Knockdown of SDF1 replicated ethanol-induced
abnormalities either in vitro or in zebrafish embryos. On the contrary, overexpression of SDF1 or inhibiting miR-126 strongly rescued
ethanol-induced impairment of hNCCs-hPCs interaction and developmental defects.
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Fetal alcohol spectrum disorders (FASD) are among the most dev-
astating consequences of maternal ethanol exposure during
pregnancy. One of the hallmarks of FASD is the birth defects of
craniofacial skeletons and cranial sensory system. The neural
crest cells (NCCs) are multipotent progenitor cells that can give
rise to a diversity of neural and nonneural cell types, such as mel-
anocytes, neurons, glial, and mesenchymal cells that form cra-
niofacial skeletons and dermis (Delfino-Machin et al., 2007; Hall,
2008; Teng and Labosky, 2006). The majority of the cranial mes-
enchyme are made up by NCCs, which contributes significantly
to the craniofacial structures (Teng and Labosky, 2006). Cranial
placodes are thickened regions of ectoderm originated at the bor-
der between the neural plate and neural crest that include the
olfactory, lens, otic, trigeminal, and epibranchial placodes
(O'Neill et al., 2012). The epibranchial placode cells (PCs) can later
differentiate into the distal ganglia of facial (VII), glossopharyng-
eal (IX), and vagus (X) cranial nerves (D’Amico-Martel and Noden,
1983; Harlow et al., 2011; Harlow and Barlow, 2007; Schlosser and
Northcutt, 2000). NCCs and PCs are both highly migratory cell

populations throughout their development, and they remain in
close proximity to each other and interact in a reciprocal manner,
which is crucial for the coordinated morphogenesis of head and
functional sensory systems (Steventon et al., 2014). In addition, it
has been demonstrated that a PCs-derived paracrine chemokine,
SDF1, plays a key role in mediating the interaction between PCs
and NCCs (Theveneau et al., 2013). Up to now, most studies just
focused on ethanol-induced excessive apoptosis or migration
impairment in NCCs (Cartwright and Smith, 1995a,b; Dunty et al.,
2001; Rovasio and Battiato, 2002). How ethanol exposure disrupts
the coordinated migration of NCCs and PCs in embryonic devel-
opment and the detailed mechanism of ethanol-induced concur-
rence of the dysfunction of NCCs and PCs that leads to
craniofacial and cranial nerve defects remains largely unknown.
Exosomes are approximately 40-150nm, endosome-derived,
small extracellular vesicles secreted by most cells (Jeppesen et al.,
2019). Exosomes carry a variety of biologically active molecules,
including proteins, lipids, and miRNAs, and can transfer these
molecules from one cell to another to facilitate cell-cell
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communication (Lener et al., 2015; Mateescu et al.,, 2017; Rufino-
Ramos et al., 2017). For instance, exosomes have been shown to
mediate the communication between neurons and oligodendro-
cytes (Fruhbeis et al, 2013); During embryogenesis, they have
been implicated in important classes of developmental signals
such as WNT, HH, and Notch (McGough and Vincent, 2016). It
has also been reported that maternal exosomes in diabetes that
cross the maternal-fetal barrier can result in cardiac defects in
embryos (Shi et al., 2017).

miRNAs are a class of small non-coding RNA molecules that
can regulate gene expression and play a pivotal role in numerous
biological events (Bartel, 2004). Among exosome cargoes, miRNAs
have been considered to be crucial in the therapeutic effects of
exosomes (Zhang et al., 2019). Studies have shown that exosomes
can be taken up into neighboring or distant cells and release
miRNAs to modulate the function of recipient cells (Bang et al.,
2014; Costa-Silva et al., 2015; Fong et al., 2015; Zhang et al., 2015).
A number of miRNAs have been demonstrated to be involved in
the modulation of SDF1-mediated signaling (Lewellis et al., 2013;
Staton et al., 2011). For instance, miR-342 and miR-137 can act as
a tumor suppressor by targeting SDF1 (Dong et al., 2016; Tian
et al., 2018), whereas miR-126 can directly inhibit SDF1 expression
and enhance the migration of the CD34" cells (van Solingen et al.,
2011). In particular, exosome-encapsulated miR-126 transferred
from endothelial cells to leukemia cells reduced SDF1 expression
and cell migration which can be restored by miR-126 inhibitor
(Taverna et al., 2014). These evidences indicate that exosome-
derived miRNAs play an important role in exosome-mediated
cell-cell communication.

Here, we aimed to uncover an exosome-mediated mechanism
by which ethanol exposure destroys the coordinated hNCCs-hPCs
interaction in vitro, and to elucidate whether the restoration of
the SDF1-mediated chemotaxis signaling can prevent ethanol-
induced teratogenesis in vivo. Using a coculture system for
hNCCs-hPCs, we showed that ethanol exposure results in a sig-
nificant increase of hNCCs-derived exosome cargo, miR-126,
which can be horizontally transferred to hPCs to specifically
inhibit SDF1 expression, leading to an impairment of coordinated
migration between hNCCs and hPCs. We also demonstrated that
a recovery of SDF1 expression through interfering with miR-126/
SDF1 axis can reverse ethanol-induced disruption of hNCCs-hPCs
interaction and developmental defects. Besides, we established
an efficient way for delivering miR-126 inhibitors using the
grape-derived exosome-like nanoparticles (GELNs) as a carrier,
which might be a translatable strategy for the intervention for
FASD.

Materials and methods
hNCCs and hPLs induction from hESCs

Human Neural crest cells (hNCCs) and human placode cells
(hPCs) were both differentiated from human embryonic stem
cells (hESCs) purchased from WiCell (Madison, Wisconsin). hESCs
were cultured in mTeSR1 (StemCell Technologies, Inc.,
Vancouver, Canada) on hESC-qualified Matrigel (BD Biosciences,
San Jose, California) coated plates. The differentiation procedures
are as follows: For hNCCs induction, the hESCs were adapted to
accutase dissociation and single-cell culture before subsequent
differentiation (Lee et al., 2010). Briefly, hESCs cultures were dis-
aggregated by accutase for 10 min. The nonadherent hESCs were
washed and plated on matigel-coated dishes. hESCs at 85% con-
fluence were ready to be passaged for hNCCs induction. The

Lietal. | 185

hESCs culture medium (mTeSR1) was then replaced with hNCCs-
induction medium (DMEM/F-12 Medium; 14.3 M r-glutamine + B-
mercapyoethanol; MEM non-essential amino acid; 10 ug/ml Fgf2;
10pg/ml heregulin B-1; 200 pug/ml Long R3-IGF1; 10mM CHIR
99021; 10mM SB421542; penicillin and streptomycin) and change
daily. Once reaching proper confluence (75%-85%), the differenti-
ating cells were passaged and maintained in the hNCCs-
induction medium. After 10days, the hNCCs identity was deter-
mined by hNCCs-specific marker, HNK1 and p75, through immu-
nocytochemistry. For hPCs induction, the initial differentiation
medium includes knock out serum replacement media (KSR) sup-
plemented with 10uM TGF-B inhibitor SB431542 (Tocris,
Minneapolis, Minnesota) and 250ng/ml of Noggin (R&D,
Minneapolis, Minnesota) (Dincer et al., 2013). Cells were grown in
hPLs-induction medium for 7 days with medium changed daily
and Noggin was withdrawn at Day 3 of differentiation. At Day 7,
the hPC identity was examined by hPCs marker Six1 using immu-
nocytochemistry.

Establishment of coordinated migration system in vitro

The coordinated migration of hNCCs and hPCs in vitro was eval-
uated by using the CytoSelect Wound Healing Assay Kit, which
can be used as a coculture system for 2 types of cells (Cell
Biolabs, San Diego, California). At first step, an insert was put
into a cell culture plate. hNCCs and hPCs were then seeded into
each side of the insert and were cultured to form a monolayer.
Next, the insert was removed to generate a 0.9-mm cell-free gap
between hNCCs and hPCs. Then the cocultured hNCCs and hPCs
were ready for downstream experiments to evaluate the coordi-
nated migration between hNCCs and hPCs. Finally, the cocul-
tured hNCCs-hPCs were fixed and costained with antibodies
against specific markers of hNCCs (HNK1) and hPCs (Six1), and
then the images were captured under a fluorescent microscope
(Olympus IMT-2, Tokyo, Japan).

Quantification of NCCs-PCs migration in vitro and in vivo
For the in vitro system (described above), the coordinated migra-
tion of hNCCs-hPCs was driven by the chemoattractant force ini-
tiated by the hPCs, therefore, the migratory ability of hNCCs
reflects whether the coordinated migration between hNCCs and
hPCs is disrupted or not. The migratory ability of hNCCs was
measured by the migration ratio of hNCCs. The migration ratio
was defined as follows: migration ratio of hNCCs = number of
hNCCs inside gap/number of hNCCs outside gap (per scope). The
exact number of hNCCs in each image was counted using Image]J
software. In addition, the coordinated migration of NCCs and PCs
in vivo was examined by analyzing the migration patterns of
NCCs and PCs at 30 hpf (hours post fertilization) by whole mount
in situ hybridization (twistla probe for NCCs and sox3 probes for
PCs). All embryos in each group were photographed under a ster-
eoscopic microscope (Olympus SZX16, Japan). The migratory dis-
tance (measured by cellSens software), being equivalent with a
relative migratory length from the dorsal site of neural tube to
the ventral position (migration along the DV axis [%]), was the
parameter reflecting the migratory ability of NCCs and PCs
in vivo.

Isolation, characterization, and labeling of hNCCs-Exo and
GELNs

Exosomes from hNCCs (hNCCs-Exo): Differential ultracentrifugation
and direct immunoaffinity capture (DIC) methods are 2 connecting
steps for crude exosome isolation and further immuno-purification
of the crude exosomes, respectively (Jeppesen et al., 2019). During
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differential ultracentrifugation process, the collected fresh condi-
tioned media (from hNCCs) were undergone centrifugation at the
speed of 300 x g, 2000 x g and 10 000 x g step by step, and the
supernatants from each previous step were kept for the next step
until the 10 000 x g centrifugation step was performed. Finally, the
supernatants from 10 000 x g centrifugation were further ultracen-
trifuged at the speed of 120 000 x g for 70min. The pellet was col-
lected, resuspended in PBS and then ultracentrifuged for 1h at
120 000 x gusing Beckman Coulter ultracentrifuge with fixed angle
rotor (Type 70 Ti Rotor, Beckman, Germany). The final volume of
PBS used for resuspending the pellet was equal to 1/1000 of the ini-
tial volume of the hNCCs-conditioned media. All the centrifugation
steps were performed at 4°C. The crude exosomes obtained above
were proceeded to be purified by DIC method in the next step. The
key idea of DIC is that exosomes can be directly immuno-captured
by their specific surface marker, CD63. In this step, exosomes
obtained from ultra-centrifugation were further immune-purified
by CD63 Exo-Flow Capture Kit (EXOFLOW300A-1, SBI, Palo Alto,
California) according to the manufacturer’s instructions. Exosomes
from grapes (GELNS): Grapes skins were removed and homogenized
in a high-speed blender for 1min at 4°C. The collected juice was
sequentially centrifuged at 2000 x g for 20min and then 10 000 x g
for 1h to exclude debris. The supernatants were filtered through a
1-um membrane filter (Millipore, Bedford, Massachusetts). Then the
filtered supernatants were pelleted at 120 000 x g for 1h, washed
once with PBS and then purified and separated using sucrose gra-
dients centrifugation (8%, 30%, 45%, and 60%, respectively). Band 1
at 8/30% and band 2 at the 30/45% interface were considered to be
pure GELNs for collection. For TEM characterization, purified exo-
somes in PBS were fixed in 2% PFA in PBS for 2h at room tempera-
ture. The fixed sample drop (10ul) was placed on the surface of
formvar carbon-coated copper grids (FCF200-CU, Electron
Microscopy Sciences, Pennsylvania) and allowed to absorb for 5min.
Then the grids were blotted by filter paper and placed on a drop of
Uranyless solution (cat. no. 22409, Electron Microscopy Sciences,
Pennsylvania) for 5min at room temperature. Finally, the grids were
blotted and dried for 5min and observed under an electron micro-
scope (Zeiss EM 900, Germany). To quantify hNCCs-Exo or GELNs, a
BCA protein assay kit (PIERCE, Rockford, Illinois) was used to meas-
ure protein content. For the cell migration assay, the work concen-
tration of exosomes was 1pg/10° cells, and for the microinjection
experiments, each zebrafish embryo was injected with 2ng of exo-
somes. To monitor the trafficking and uptake of exosomes, purified
hNCCs-Exo or GELNs were labeled with PKH67 (Sigma-Aldrich, St
Louis, Missouri) according to the manufacturer’s instructions.

microRNAs analysis of exosomes

DIC-purified exosomes were further proceeded for miRNA extrac-
tion using miRNeasy mini kit (Qiagen, Valencia, California) fol-
lowed the manufacturer’s procedures. Extracted total miRNAs
were first reverse-transcribed using the TagMan MicroRNA
Reverse Transcription Kit (Applied Biosystems, Foster, California)
in a reaction mixture containing a miR-specific stem-loop reverse
transcription primer (hsa-miR-126" RT-000451, Thermo Fisher,
Waltham, Massachusetts). Then quantitative PCR amplification
was performed using TagMan Universal PCR Master Mix kit
(Applied Biosystems, Foster, California) with a sequence-specific
Tagman probe (hsa-miR-126% TM-000451, Thermo Fisher) 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-126 was
calculated using the AACT method.

Loading of miR-126 inhibitors into exosomes, and the

in vitro or in vitro treatments with exosomes

For in vitro experiments, loading of miR-126 inhibitors (MH10401,
mirVana miRNA inhibitor, Thermo Fisher) into exosomes were
completed by Exo-Fect exosome transfection reagent (SBI, Palo
Alto, California) according to the manufacturer's protocol.
Briefly, hNCCs-Exo were initially re-suspended with sterile PBS.
In a clean 1.5ml tube, the following reagent containing 10 ul Exo-
Fect solution, 20 ul miRNA inhibitors (5 pM), 70 ul sterile PBS, and
50l (200 pg/ml) purified exosomes were mixed together to incu-
bate at 37°C in a shaker for 10 min, and then the tube was imme-
diately placed on ice. After stop the reaction by adding 30 ul of
the ExoQuick-TC reagent provided in the kit, the transfected exo-
somes were placed on ice for 30 min. Then the samples were cen-
trifuged at 13 000 x g for 3min. After the supernatants were
removed, the pellets composed of transfected exosome were
resuspended in 300 ul PBS and were ready for downstream experi-
ments. For in vitro treatments, 1pg of hNCCs-Exo (based on pro-
tein measurement) were added to 1 x 10° cells and cultured for
24h. For in vivo study, zebrafish embryos were microinjected with
GELNSs or PHK67-labeled GELNs (2 ng/embryo) at 4 hpf.

Dual luciferase reporter assays

miR-126 targeting sites in the 3’-untranslational region (3’-UTR)
of SDF1 mRNA were predicted by online database tool, Target
Scan (http://www.Targetscan.org/), as described previously (Fan
et al., 2019). The 3'-UTR of SDF1 containing putative miR-126
binding sites were amplified from human genomic DNA using
the following primers: 5-GTTACTGCCATCTTACTAGTCAACGCC
CAGTCCCAGTGCATCCCACAGCTACAGCTT-3" (forward primer);
5-TAGGCTGCAGGTGATGCGTAAAGTTGGCAGTAGAACGGTGGT

GAGTCACGCTGACTA-3' (reverse primer), and were cloned into
PMIR-Luciferase-Report plasmid (Applied Biosystems, Foster,
California) at Mlul/Spel restrictive enzyme site. Renilla lucifer-
ase pRL-TK control vector (Promega, Madison, Wisconsin) was
used as a control. The pMIR-Luciferase-SDF1 (3'-UTR) constructs
(200 ng of plasmid/well of 24-well plates) were co-transfected
with 20 ng pRL-TK control vector and 50 nmol of miR-126a
mimics or control mimics (Ambion, Austin, Texas) into hPCs by
Lipofectamine 2000 (Invitrogen, Waltham, Massachusetts)
according to the manufacturer’s procedures. Luciferase activity
was measured 48 h after the transfection using the Dual-
luciferase assay kit (Promega, Madison, Wisconsin) with a Lumat
LB9507 Ultra Sensitive Tube Luminometer (Berthold
Technologies, Bad Wildbad, Germany). The relative activity of
luciferase of each sample was normalized to the pRL-TK driven
Renilla luciferase activity.

Zebrafish maintenance and ethanol treatment

Adult AB zebrafish (Danio rerio) were obtained from the Zebrafish
International Resource Center (ZIRC) at the University of Oregon,
Eugene, Oregon and maintained in 14 h:10h light: dark cycle at
28°C. Fertilized eggs were collected after natural spawning and
used for this study. For ethanol treatment, the zebrafish embryos
were exposed to ethanol (1% v/v) during 5-24h post fertilization
(hpf). After ethanol exposure, the embryos were rinsed 3 times
and transferred to fresh system water. The embryos were col-
lected at 30 hpf, or 2days post fertilization (dpf) for the whole-
mount in situ hybridization (WISH) to view the migration patterns
of cranial neural crest and placodes, or the morphology of cranial
nerves, respectively. The embryos were also collected at 5 dpf for


http://www.Targetscan.org/

evaluating morphology of craniofacial cartilages using Alcian
Blue staining.

Microinjection of antisense morpholinos, in vitro-
synthesized mRNA, or labeled exosomes

Morpholinos used for knocking down gene expression were as fol-
lows: SDF1: CTACTACGATCACTTTGAGATCCAT (Doitsidou et al.,
2002). In vitro-synthesis of SDF1 mRNA was performed using
mMMESSAGE mMachine T7 Ultra Kit (cat. no. AM1345, Ambion,
USA) following the manufacturer’'s instructions. The primers
used for in vitro transcription of SDF1 mRNA were as follows: SDF1:
TAATACGACTCACTATAGGGATGGATCTCAAAGTGATCGTAGTA
(forward), TTAGACCTGCTGCTGTTGGGCTTT (reverse). Morpholinos
or synthesized mRNAs were microinjected into 1-cell stage zebrafish
embryos (0.3 pmol/egg). PKH-67-labeled exosomes containing miR-
126 inhibitors (2 ng/egg) were microinjected into zebrafish embryos
at4 hpf.

Whole-mount in situ hybridization

The procedure of the WISH were described as in Thisse and
Thisse (2014). The PCR primers used for synthesizing digoxigenin-
conjugated probes were as follows:

Twistla: CTCAGTCTCTGAACGAGGCG (forward), TAATACGAC
TCACTATAGGGTCCTGCTCCCATGTCGTAGT (reverse);

Sox3: CTCGGTGCTGACTGGAAACT (forward), TAATACGACTC
ACTATAGGGTGCGTGTATGCTGGTGACAT (reverse);

SDF1: TGCCAAATATGCGTCCCAGT (forward), TAATACGACTC
ACTATAGGGGAGCGTGAAGCAACAGTGTG (reverse);

Phox2b: GAGGAGCTCGCGCTTAAGAT (forward), TAATACGAC
TCACTATAGGGAGAGTCCGGAATGGAGGTGA (reverse).

The dechorionated zebrafish embryos were fixed in 4% paraf-
ormaldehyde at 4°C overnight and dehydrated in methanol for
2h. After rehydration, the embryos were permeated with protei-
nase K (10 pg/ml, Invitrogen, Carlsbad, California) and then pre-
hybridized for 5h at 60°C in a pre-hybridization buffer. The
embryos were then incubated with digoxigenin-conjugated
mRNA probes in hybridization buffer for 8h at 60°C. Before add-
ing the digoxigenin antibody (Roche, Basel, Switzerland), the
embryos were placed in blocking buffer (containing 2 mg/ml BSA
and 2% sheep serum) for 2h. Then the embryos were incubated
with digoxigenin antibody overnight at 4°C following by adding
NBT and BCIP buffer to develop the hybridized gene patterns.
Finally, the embryos were photographed under a stereoscopic
microscope (SZX16, Olympus, Japan).

Alcian Blue staining of the zebrafish cartilages

The zebrafish embryos were collected at 5 dpf and fixed with 4%
paraformaldehyde overnight at 4°C. The fixed embryos were
washed and dehydrated with 50% ethanol at room temperature
for 10min, followed by staining in 0.1% Alcian Blue solution at
room temperature overnight and washing in a bleach solution
(Walker and Kimmel, 2007). After the washing, 1ml solution of
20% glycerol and 0.25% KOH was added and incubated at room
temperature for 30min. The embryos were then photographed
under a stereoscopic microscope (SZX16, Olympus, Japan).

Dysmorphology assessment

For dysmorphology assessment, zebrafish embryos collected
from each group were examined under a stereoscopic microscope
(Olympus SZX16, Japan). All embryos were photographed, and
particular attention was paid to the craniofacial morphology

Lietal. | 187

including anomalies of craniofacial cartilages and cranial nerves.
Embryos collected at 2 dpf (days post fertilization) were used for
cranial nerve examination to monitor the morphology of VII, IX,
and X cranial nerves that are composed of neurons (marked with
Phox2b probe by in situ hybridization) generated largely from epi-
branchial placodes. In addition, larvae collected at 5 dpf were
used for craniofacial skeleton examination by Alcian Blue stain-
ing. Because 3 main streams of NCCs coordinate with epibran-
chial PCs to migrate to form pharyngeal arches (PA1-PA3) at their
terminal differentiation, the length and the morphology of carti-
laginous pharyngeal skeletons including Meckel’s cartilage (m),
palatoquadrate (pg), ceratohyal (ch), basibranchials (bb), hypo-
branchials (hb), and ceratobranchial (cb) were under our exami-
nation. Generally, a morphological deformity or a relatively weak
staining of cranial nerves, and a significantly shorter length or a
disappearance of certain craniofacial cartilages were all consid-
ered to be a developmental defect.

Statistical analysis

Statistical analyses were performed using GraphPad Prism soft-
ware (GraphPad, San Diego, California). All data were expressed
as means = SEM of at least 3 independent experiments. All data
from this study, except the data on the anomaly ratio of carti-
lages and cranial nerves, were analyzed by 1-way ANOVA.
Multiple comparison post-tests between groups were conducted
using Bonferroni's comparison test. Data on the anomaly ratio of
cartilages and cranial nerves were analyzed using 2-sided
Fisher's exact test. A p-value < .05 was considered statistically
significant.

Results

Ethanol exposure disrupted the coordinated migration of
NCCs and PCs in vitro and in zebrafish embryos

To examine whether ethanol can disrupt the coordinated migra-
tion of hNCCs and hPCs in vitro, hNCCs and hPCs were cultured
and treated with 50mM ethanol for 24h and the migration of
hNCCs and hPCs was analyzed in the CytoSelect Wound Healing
Assay Kit, as described in the Materials and methods section. We
designed a cell coculture system to evaluate the coordinated
migration between hNCCs and hPCs (Figure 1A). Briefly, hNCCs
(green) and hPCs (red) were simultaneously seeded in each semi-
section of the same cell dish with an insert (blue) to physically
insulate the 2 cell types. As the cells were attached to the bottom
of the dish, the insert was taken away to form a central cells-free
cleft on the dish bottom, and in the meantime, the hNCCs would
begin to migrate towards hPCs. In control group (Figure 1B, left
panel), we observed that hNCCs (stained with anti-HNK1 anti-
body, green) migrate towards hPCs (stained with anti-sox3 anti-
body, red) and hPCs move away from hNCCs, manifesting a
coordinated efficient directional migration between hNCCs and
hPCs in a “chase-and-run” manner as previously described by
Theveneau et al. (2013). However, directional migration of hNCCs
and hPCs were lost after they were exposed to ethanol for 24h
and both hNCCs and hPCs move randomly with a low directional-
ity and poor net displacement (Figure 1B, right panel), which was
also clearly shown in a higher magnified picture (Figure 1C, right
panel) that there’re less cells at hNCCs-hPCs interface. In order to
exactly characterize the migration difference between control
and ethanol-treated group, we calculated the migration ratio as
follow equation: migration ratio of hNCCs = number of hNCCs
inside gap/number of hNCCs outside gap (per scope). As shown in
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Figure 1. Exposure to ethanol significantly disrupted the coordinated migration in vitro and in vivo. A, A cartoon depicts hNCCs-hPCs coculture system
to evaluate the interaction between hNCCs and hPCs. An insert was put into a cell culture plate, and then hNCCs and hPCs were seeded into each side
of the insert and cultured to form a monolayer. The insert was then removed to generate a 0.9-mm cells-free gap between hNCCs and hPCs. hNCCs and
hPCs were cultured in the medium with or without ethanol and allowed to migrate for 24 h. B, hNCCs and hPCs were treated with or without ethanol
(50mM) for 24h and then fixed for immunofluorescence that costained with antibodies for hNCCs-specific marker HNK1 (green) and hPCs-specific
marker Six1 (red). Bright-field photos of the 2 cell groups were captured at the 0 time point when the monolayer of hNCCs and hPCs was just formed
(first row). The second to fourth row showed the photos of bright field and fluorescence field of control group or ethanol-treated group, in which hNCCs
and hPCs had migrated for 24 h. C, Higher magnification images manifested the hNCCs-hPCs orientation after they migrated for 24 h in control and
ethanol-exposed groups. Scale bar, 10 um. D, Quantification of disruption of coordinated migration of hNCCs and hPCs. The migratory ability of hNCCs
that chemoattracted by hPCs can be measured by the migration ratio of hANCCs. The migration ratio of hNCCs approximately equals to the number of
hNCCs passed through the gap over the total number of hNCCs. Data represent the mean = SEM of 3 independent experiments. ***p <.001 versus
control. E, Zebrafish embryos were treated with 1% ethanol at 5-24 h post fertilization (hpf), and then the embryos were collected for WISH at 30 hpf, a
time point that NCCs had already migrated to the ventral position of neural tube in developmentally normal embryos. Twistla was used as a specific
probe for detecting the NCCs in zebrafish embryos (arrows). Scale bar, 200 pm. Migration defects of NCCs were quantified in (F). The approximately
migratory distance of NCCs was measured as the migrated length towards Ventral position from the Dorsal site of neural tube (labeled as “migration
along the DV axis”). Data represent the mean + SEM of 3 independent experiments. **p < .01 versus control. G, After the same treatment as in (C), Sox3
was used as a specific probe for detecting the PCs in zebrafish embryos at 30 hpf (arrows), a time point that NCCs had already migrated to the ventral
position of neural tube in developmentally normal embryos. Scale bar, 200 um. H, Quantification of migration defects of PCs. The migratory distance of
PCs was also expressed as the migrated length towards ventral position from the dorsal site of neural tube (labeled as “migration along the DV axis”).
Data represent the mean + SEM of 3 independent experiments. *p < .01 versus control.
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Figure 1D, the migration ratio of hNCCs in ethanol-treated group the migration patterns of NCCs and PCs were displayed by the

was significant less than that in control group, indicating that NCC marker twistla and PC marker sox3 in 30 hpf zebrafish
ethanol can directly disrupt the coordinated migration of hNCCs embryos, respectively. Three streams of migratory NCCs had
and hPCs in vitro. We then investigated whether ethanol can migrated to the ventral site of neural tube in 30 hpf zebrafish

inhibit the coordinated migration in vivo. Using WISH technique, embryos in control group (Figure 1E, upper panel), whereas
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significantly disrupted the coordinated migration between hNCCs and hPCs. A, At first step, hNCCs were

treated with or without ethanol (50 mM) for 24 h, and then the hNCCs-cultured medium was collected for isolating hNCCs-derived exosomes. Second,
hNCCs and hPCs were seeded into the cell coculture system as described in Figure 1A, and treated with control hNCCs-derived exosomes (Exo“", 1 ng/
10° cells) or ethanol-treated hNCCs-derived exosomes (Exo™ ", 1g/10° cells) for 24 h. Finally, the cells were subject to immunofluorescence that
costained with antibodies for with hNCCs-specific marker HNK1 (green), and hPCs-specific marker Six1 (red). Bright-field photos of Exo“°"-treated group
or Exo"*“"_treated group were captured at the 0 time point when the monolayer of the 2 group cells was just formed (first row). The second to fourth
row displayed the photos of bright field and fluorescence field of Exo®"-treated group or Exo™*“"-treated group, in which hNCCs and hPCs had migrated
for 24 h. B, Quantification of migration defects of coordinated migration of hNCCs-PCs. Data represent the mean value of migration ratio = SEM of 3

ok

independent experiments. **p < .001 versus control.

exposure to 1% (v/v) ethanol at 5-24 hpf resulted in a significant
delay of NCCs’ migration, causing 3 streams of migratory NCCs
to accumulate near to the dorsal site of neural tube (Figure 1E,
lower panel). The migratory distance (dorsal-to-ventral axis) of
NCCs in ethanol-treated group was significantly shorter than
that in control group (Figure 1F). Similarly, the migration of PCs
was also strongly delayed under ethanol treatment (Figs. 1G and
1H). These data demonstrated that ethanol exposure can also
cause the migration defects of NCCs and PCs in vivo.

Treatment with exosomes derived from ethanol-exposed
hNCCs (hNCCs-Exo"*°") disrupted the coordinated
migration of hNCCs and hPCs

Exosomes can carry various biological molecules, such as pro-
teins or RNAs, for intercellular communication. Regarding their
emerging roles in embryonic development and neural system
(McGough and Vincent, 2016; Rajendran et al, 2014; Xu et al,,
2017), we hypothesized that NCCs-secreted exosomes may medi-
ate the interaction between NCCs and PCs. To determine the role
of hNCCs-Exo™™™ in ethanol-induced disruption of the coordi-
nated migration of NCCs and PCs, control PCs were cultured with
exosomes derived from control hNCCs (hNCCs-Exo°®") or hNCCs-
Exo™ " (1ug/10° cells) for 24h before they were cultured with
control hNCCs in our cell cocultured system as described above.
We found that exposure of control hPCs to hNCCs-Exo™°" signifi-
cantly disrupted the coordinated migration of control hNCCs and
hPCs (Figure 2A, right panel), and the migration ratio was strongly

decreased in hNCC-Exo™*“H-treated group (Figure 2B), suggesting
that hNCC-Exo®*°" may mediate ethanol-induced impairment of
hNCCs-hPCs interaction. To further confirm this, NCCs were pre-
treated with or without exosomes secretion inhibitor GW4869
(10uM) for 24h, to block the release of hNCCs-Exo before NCCs
were cocultured with hPCs and then exposed to 50 or 0mM etha-
nol for 24 h (Figure 3). As seen obviously, GW4869 restored coordi-
nated migration of hNCCs and hPCs (Figure 3A, the fourth panel)
compared with ethanol-treated group (Figure 3A, the second panel).
Together, these data provide a primary foundation indicating
that hNCCs-Exo™ " may contain certain inhibitory molecules
that contribute ethanol-induced disruption of coordinated migra-
tion of hNCCs and hPCs.

Ethanol exposure decreased the expression of SDF1 in hPCs
and in zebrafish embryos

To examine the effects of ethanol on the SDF1 expression, hPCs
were treated with or without 50 mM ethanol for 24 h. After that,
cells were harvested for protein analysis. We found that SDF1
level was significantly decreased (Figure 4A). Next, we detected
the SDF1 expression in zebrafish embryos. Zebrafish embryos
were first treated with or without 1% (v/v) ethanol at 5-24 hpf,
and then were collected at 30 hpf for qRT-PCR analysis and
WISH. The mRNA level of zebrafish embryos in ethanol-treated
group was much lower than in control group (Figure 4B).
Typically, the SDF1 expression pattern in control group resem-
bles to the pattern of Sox3 expression as they are both appeared
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Figure 3. GW4869, an exosome inhibitor, mitigates ethanol-induced impairment of hNCCs-hPCs interaction. A, Four groups of hNCCs and hPCs
cultured in the hNCCs-hPCs coculture system were set as control, ethanol (50 mM), control plus GW4869, or ethanol (50 mM) plus GW4869 (10 uM).
After the cells migrated for 24 h, hNCCs and hPCs were costained with antibodies for hNCCs-specific marker HNK1 (green) and hPCs-specific marker
Six1 (red). Bright-field photos were captured at the O time point when the monolayer of the 4-group cells was just formed (first row). The second to
fourth row showed the photos of bright field and fluorescence field for these 4 groups, in which hNCCs and hPCs had migrated for 24 h. B,
Quantification of migration inhibition of coordinated migration of hNCCs-PCs. Data represent the mean value of the migration ratio + SEM of 3

independent experiments. **p < .001 versus control.

in the position where epibranchial placodes located (Figure 4C,
upper right, arrows). However, in ethanol-treated group, the nor-
mal distribution of SDF1 was abolished (Figure 4C, lower right,
arrow). These results demonstrated that ethanol exposure can
destroy normal expression of SDF1 in vitro and in vivo.

Overexpression of SDF1 diminished ethanol-induced
disruption of the coordinated migration of NCCs and PCs in
zebrafish embryos

To investigate the role of SDF1 in mediating ethanol-induced
disruption of the coordinated migration of NCCs and PCs, SDF1
was overexpressed in zebrafish embryos by the microinjection

of in vitro-synthesized SDF1 mRNA. Overexpression of SDF1
significantly restored the normal migration pattern of NCCs
(Figure 5A, row 3 of left panel, arrows) and PCs (Figure 5A, row 3 of
right panel, arrows), as detected by their marker Twistla and Sox3,
respectively. SDF1 overexpression also strongly increased the
migratory distance from dorsal site to ventral site (DV axis) of
neural tube of NCCs and PCs (Figs. 5B and 5C). Together with
Figure 4, these data demonstrated that SDF1, a chemoattractant
cytokine, is essential for the coordinated migration of NCCs
and PCs and that reduction of SDF1 in PCs may contribute to
ethanol-induced disruption of the coordinated migration of NCCs
and PCs.
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Figure 4. Exposure to ethanol significantly decreased SDF1 level in hPCs and zebrafish embryos. A, hPCs were treated with or without ethanol (50 mM)
for 24 h and then the cells were lysed for immunoblot analysis using anti-SDF1 or anti-actin antibodies. B, Zebrafish embryos were treated with or
without ethanol (1% v/v) at 5-24 hpf. At 30 hfp, embryos were collected for detecting SDF1 expression by gqRT-PCR analysis. C, Zebrafish embryos were
treated with or without ethanol (1% v/v) at 5-24 hpf and then the embryos were fixed for WISH at 30 hpf, as indicated in control or ethanol-treated
group, the patterns of SDF1 expression (arrows) were detected using SDF1 probe. Scale bar, 200 um. Data are expressed as fold change over control and
represent the mean + SEM of 3 independent experiments. *p < .05, *p < .01 versus control.

Ethanol exposure resulted in a significant increase in the
expression of miR-126 in hNCC-Exo

It has been reported that miR-126 wrapped in exosomes can be
shuttled among different types of cells (Lee et al., 2012; Taverna
et al., 2014). Particularly, miR-126 is the most relevant miRNAs in
regulating migration of various tumor cells through its potential
target SDF1 (Taverna et al., 2014; Zhang et al., 2013). To determine
whether ethanol exposure can alter miR-126 expression, hNCCs-
Exo (Figure 6A) derived from control or ethanol-treated hNCCs
were isolated for gRT-PCR analysis. We found that the level of
miR-126 in hNCC-Exo™ ! was significantly higher than that in
hNCC-Exo“"" (Figure 6B), suggesting that ethanol exposure of
hNCCs can facilitates more miR-126 assembled into hNCCs-
derived exosomes.

Treatment with hNCCs-Exo™* dramatically increased the
levels of miR-126 and decreased the expression of SDF1 in
hPCs

To further determine whether elevated miR-126 in hNCCs-
Exo™™ @™ can be horizontally transferred into control hPCs to
suppress the SDF1 expression, hPCs were cultured with hNCCs-
Exof" (1ug/10° cells) for 24h. We observed that hPC can
efficiently uptake hNCCs-Exo®™©" (Figure 7A, labeled with green flu-
orescent PHK-67), and that the culture of hPCs with hNCCs-Exo®*H
significantly increased the levels of miR-126 (Figure 7B) and
reduced the mRNA and protein expression of SDF1 in hPCs
(Figs. 7D and 7E). Using dual luciferase reporter assay, we further
validated that SDF1 can be directly targeted by miR-126 in hPCs.

Taken together, these data indicated that ethanol-induced reduc-
tion of SDF1 in hPCs might be caused by the transfer of over-
loaded miR-126 of Exo"** from hNCCs to hPCs.

Inhibition of miR-126 significantly diminished the
disruption of the coordinated migration of hNCCs and hPCs
induced by hNCC-Exo**°H

To further explore the role of exosome-derived miR-126 in media-
ting ethanol-induced impairment of the coordinated migration of
NCCs and PCs, we examined if inhibition of miR-126 can diminish
such an effect induced by hNCCs-Exo™ ", We found that treat-
ment with miR-126 inhibitor-loaded hNCCs-Exo®*™H (Figure 8A,
the fifth panel) significantly diminished the disruption of the coor-
dinated migration of hNCCs and hPCs induced by hNCCs-Exof*H
(Figure 8A, the third panel), as well as the migration ratio was
largely recovered in the group that treated with miR-126 inhibi-
tor-loaded hNCCs-Exo™* (Figure 8B). These data provided a solid
evidence that ethanol-induced elevation of miR-126 in Exo®*“H
highly contributes to ethanol-induced disruption of coordinated
migration between hNCCs and hPCs.

Knockdown of SDF1 recapitulated ethanol-induced
disruption of coordinated migration of hNCCs and hPCs,
and mimicked developmental defects induced by ethanol in
zebrafish embryos

The above data have demonstrated that the Exo®"-miR-126-
SDF1 axis is involved in mediating ethanol-induced disruption of
NCCs-PCs interaction in vitro and in vivo. To further confirm the
role of SDF1 in ethanol-induced teratogenesis, we silenced SDF1
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Figure 5. Overexpression of SDF1 diminished ethanol-induced disruption of the coordinated migration between NCCs and PCs in zebrafish embryos. A,
Zebrafish embryos were divided into 3 groups. In addition to control group, embryos in the second group were treated with ethanol (1% v/v) at 5-24 hpf;
in the third group, embryos were first microinjected with in vitro-synthesized SDF1 mRNA (0.6 pmol/embryo) at 1-cell stage and then treated with
ethanol (1% v/v) at 5-24 hpf. At 30 hpf, the embryos were collected for WISH to visualize the migration pattern of NCCs and PCs probed with Twistla
and Sox3, respectively. Scale bar, 200 um. B and C, As the same statistic method in Figs. 1F and 1H, the approximately migratory distance of NCCs or
PCs was expressed as their migrated length toward ventral position from the dorsal site of neural tube (labeled as “migration along the DV axis”),
respectively. Data are expressed as the percentage of control and represent the mean + SEM. *p < .05, *p < .01 versus control.
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Figure 6. Ethanol exposure resulted in a robust increase of miR-126 level in hNCCs-Exo™* %", A, Representative of TEM image of hNCCs-Exo.
Magnification, 80 000x. Scale bar, 100nm. B, hNCCs were treated with or without ethanol (50 mM) for 24 h. Then the cultured media for hNCCs were
collected for exosomes isolation. After purification, exosomes of hNCCs-Ex0“°" and hNCCs-Exo®* " were lysed for detecting miR-126 expression by

gRT-PCR analysis. Data are expressed as fold change over control and represent the mean + SEM of 3 independent experiments. *p < .01 versus
control.

miR-126 expression in exosomes
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Figure 7. Treatment with hNCCs-Exo™°" significantly increased miR-126 level and decreased SDF1 expression in control hPCs. A, Representative
immunofluorescence image showed the uptake of PHK67-labeled hNCCs-Exo (green dots) by hPCs, and the nuclei were stained with DAPI (blue). Scale
bar, 10 um. B, hPCs were set as blank control, or treated with Exo“°" (1 pg/10° cells), or with Exo* " (1 ug/10° cells) for 24 h, and then the cells were
harvested for detecting miR-126 expression by qRT-PCR analysis. C, As shown in the schematic figure, there is a presumable binding site at 3’-UTR of
SDF1 for miR-126. 3’-UTR of SDF1-assembled pMIR-luciferase plasmid (pMIR-luciferase-SDF1 [3'-UTR]) and Renila luciferase plasmid (pRL-TK-luciferase)
were cotransfected with or without control mimic or miR-126 mimic into hPCs for 48 h. Then the cells were subject to dual luciferase reporter assays. D,
hPCs were treated with blank control, Exo (1 pg/10° cells), or Exo®*“" (1 1g/10° cells) for 24 h, and then the mRNA expression of SDF1 in hPCs were
determined by gRT-PCR analysis. E, Treated as the same condition within (B), hPCs were lysed for detecting the protein level of SDF1 by immunoblot.
Data are expressed as fold change over control and represent the mean = SEM of 3 separate experiments. **p < .01 versus control.

expression in hPCs or in zebrafish embryos. Before seeded into
the cell dishes of our cell coculture system, hPCs was transfected
with SDF1 siRNAs for 24h, and then both hNCCs and hPCs were
seeded into the same cell dish to proceed the migration assay.
We found that either knockdown of SDF1 (Figure 9A, middle col-
umn) or exposure to ethanol (Figure 9A, third column) can lead to a
severe disruption of coordinated migration between hNCCs and
hPCs, as well as a significant reduction of migration ratio of
hNCCs (Figure 9B). In vertebrate embryos like zebrafish and
mouse, normal development of head structures and cranial
nerves needs coordinated and highly organized migration and
terminal differentiation of NCCs and PCs. Seven pharyngeal
arches (PA1~PA7) in the zebrafish embryo derived largely from
NCCs that form the cartilaginous skeleton, whereas epibrachial
PCs, in coordinate with NCCs, would finally develop into distal
part of VII, IX, and X cranial nerves (Dunty et al., 2002; Schilling
et al., 1996). Therefore, the endpoints we selected to measure the
developmental anomalies resulting from coordinated migration
defects are: morphology of the cartilaginous pharyngeal skeleton
(resulting from NCCs), and the morphology of VII, IX, and X cra-
nial nerves (resulting from PCs). For this study, a significantly

shorter length of cartilages, a morphological deformity or a rela-
tively weak staining of cranial nerves was considered to be an
endpoint anomaly. In this study, after microinjecting SDF1 mor-
pholinos into 1-cell stage embryos, we assessed the morphologi-
cal changes of craniofacial skeletons and cranial nerves using
WISH and Alcian Blue staining, respectively. Knockdown of SDF1
(Figure 9C, middle column) or exposure to 1% (v/v) ethanol
(Figure 9C, right column) at 5-24 hpf resulted in significant defects
in craniofacial skeletons. The anomaly ratio of m, pqg, ch
(Meckle’s cartilage, palatoquadrate, and ceratohyal, derived from
the PA1 and PA2), cb, hb, and bb (ceratobranchial, hypobranchial
and basibranchial, derived from PA1-PA7) were significantly
higher in SDF1 MO and EtOH groups (Figure 9D). Moreover,
knockdown of SDF1 or ethanol exposure also induced cranial
nerve defects in zebrafish embryos. As indicated by ganglia-
specific marker Phox2b (Figure 9E, left column, arrows), the ganglia
of the cranial nerves VII, IX, and X are absent, or diffused, or
the ganglia volume was significantly decreased in treated
embryos (Figure 9E, second and third column). The anomaly ratio
of cranial nerves was also significantly higher in SDF1 MO or
EtOH groups (Figure 9F). Together, these data demonstrated that
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Figure 8. Inhibition of miR-126 in hNCCs-secreted Exo®™°" significantly diminished Exo"*“"-induced disruption of coordinated migration between

hNCCs and hPCs. A, hNCCs were treated with or without ethanol (50 mM) for 24 h and the hNCCs-cultured media were collected for isolating Exo“™ or
Exo®OH ExofOH were loaded with control inhibitor or miR-126 inhibitor. Immediately after hNCCs and hPCs were seeded in the hNCCs-hPCs coculture
system, they were treated with blank control, Exo“ (1 g/10° cells), Exo®*“" (1 1g/10° cells), Exo®** (1 ug/10° cells) plus control inhibitor (0.1 M), or
Exo™*" (1 ug/10° cells) plus miR-126 inhibitor (0.1puM). After 24 h migration, the cells were costained with antibodies for hNCCs marker HNK1 (green),
and hPCs marker Six1 (red). Bright-field photos were captured at the 0 time point when the monolayers of the 5 groups of cells were just formed (first
row). The second to fourth row showed the photos of bright field and fluorescence field for these 5 groups, in which hNCCs and hPCs had migrated for
24h. B, Quantification of migration defect of coordinated migration of hNCCs-PCs. Data represent the mean value of migration ratio + SEM of 3
independent experiments. **p < .001 versus control.

downregulating SDF1 can mimic the effect of ethanol-induced nerves, we microinjected in vitro-synthesized SDF1 mRNA into 1-

impairment of hNCCs-hPCs interaction, as well as craniofacial
and cranial anomalies of zebrafish embryos.

Overexpression of SDF1 diminished ethanol-induced
craniofacial and cranial nerve defects in zebrafish

To determine whether exogenous supplement of SDF1 can rescue
ethanol-induced malformations of craniofacial and cranial

cell stage zebrafish eggs. While ethanol resulted in various
deformities of m, pq, ch, cb, bb, and hb (Figure 10A, second row),
overexpression of SDF1 significantly diminished these anomalies
(Figure 10A, third row). Also, the length of m, pg, and ch were
largely recovered when supplemented with SDF1 mRNA
(Figs. 10C, D, and E). Similarly, the morphological deformities of
cranial nerves induced by ethanol (Figure 10B, second row) was



Lietal. | 195

A Control SDF1KD EtOH B
"y | S ] i i § ~ 80-
= i » @ ek
= : oo
D i O w
(== g 3 = D=,
m i r=
538
25 ®
o 55
= c oS
° S®
@ LE
=

D
_C
< —
N o X
T a
=5
58
o8
<5
c Control SDF1 MO EtOH .
ch pq = . 80+ o
> > e[ e
o bbb E‘g 404 %
E S g
Control SDF1 MO EtOH < § 201
5
- ™ - 0 T t T
x 3 (o) Q>
‘0
: & g5
. S

Figure 9. The knockdown of SDF1 mimicked the effect of ethanol-induced disruption of coordinated migration between hNCCs and hPCs, as well as the
effects of ethanol-induced anomalies of craniofacial skeletons and cranial nerves in zebrafish embryos. A, For the first and the third column, hNCCs-hPCs
coculture system were treated with or without ethanol (50 mM) for 24 h. For the middle column, before hPCs and hNCs were seeded into the coculture
system, SDF1 expression in hPCs was knocked down by SDF1 siRNA. Then, after 24 h migration of hNCCs and hPCs in the coculture system, these 2 cell
types were costained with antibodies for hNCCs marker HNK1 (green), and hPCs marker Six1 (red). Bright-field photos were captured at the O time point
when the monolayer of the cells in control, SDF1-knockdown, and ethanol-exposed groups was just formed (first row). The second to fourth row showed the
photos of bright field and fluorescence field for these 3 groups, in which hNCCs and hPCs had migrated for 24 h. B, Quantification of migration defect of
coordinated migration of hNCCs-PCs. Data represent the mean value of migration ratio = SEM of 3 independent experiments. **p < .001 versus control. C,
Zebrafish embryos were microinjected with SDF1 morpholinos at 1-cell stage or exposed to ethanol (1% v/v) at 5-24 hpf, and then the craniofacial cartilages
were stained with Alcian blue at 5 dpf (days post fertilization). m, Meckel's cartilage; pg, palatoquadrate; ch, ceratohyal; bb, basibranchials; hb,
hypobranchials; cb, ceratobranchial. Scale bar, 200 pm. D, Quantification of anomaly ratio. Data represent the ratio of cartilages deformities (including all
the morphological anomalies observed in m, pq, ch, bb, hb, and cb) in each group (embryos’ number of anomalies/total embryos’ number in each group).
**p <.001 versus control. E, After performing the same treatment within (C), the patterns of cranial nerves at 2 dpf (a time point that the normal
development of cranial nerves had completed) embryos were determined by WISH using cranial ganglia-specific probe Phox2b. VII, facial nerves; IX,
glossopharyngeal nerves; X, vagal nerves. Scale bar, 200 um. F, Quantification of the anomaly (weak or diffuse staining, or smaller volume of the ganglion)
ratio of cranial nerves. Data represent mean * SEM of 3 independent experiments. **p < .001 versus control.

significantly ameliorated by SDF1 overexpression (Figure 10B, figure out whether delivery of miR-126 inhibitors by GELNs can

third row), as well as the anomaly ratio was strongly decreased prevent ethanol-induced reduction of SDF1, and malformations
(Figure 10F). These data, in combination with Figure 9, demon- of craniofacial skeletons in zebrafish embryos, GELNs-loaded
strated that lack of SDF1 expression plays a pivotal role in miR-126 inhibitor (GELNs-miR-126 inhibitor) was used for deliver-
ethanol-induced teratogenesis. ing to zebrafish embryos. Using PKH67 as a green fluorescence

tag for GELNs, miR-126 inhibitor-loaded GELNs were microin-
jected into 1-cell stage zebrafish eggs. We found that the assem-
bly of GELNs-miR-126 inhibitor (AGmiR126I) can be efficiently
taken up by zebrafish embryos and distributed to the position
It has been reported that edible plant-derived exosome-like nano- where NCCs and PCs are located (Figure 11A, third row, arrows).
particles (EPDENSs) can be used for therapeutic or delivery pur- Interestingly, we observed that in AGmiR126I-injected group, the
poses (Ju et al., 2013; Wang et al.,, 2014; Zhuang et al.,, 2015). To level of SDF1 (Figure 11B) and the migration pattern of SDF1 were

Uptake of miR-126 inhibitor-loaded GELNSs significantly
rescued SDF1 expression, and diminished ethanol-caused
craniofacial anomalies in zebrafish embryos
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Figure 10. Overexpression of SDF1 diminished ethanol-induced defects of craniofacial skeletons and cranial nerves in zebrafish embryos. A, The first
row of control group showed a normal morphology of craniofacial cartilages (black arrows). In the second row, zebrafish embryos were treated with
ethanol (1% v/v) at 5-24 hpf. For the third row, the embryos were microinjected with in vitro-synthesized SDF1 mRNA (0.6 pmol/embryo) at 1-cell stage
and then treated with ethanol (1% v/v) at 5-24 hpf. Zebrafish embryos in these 3 groups were stained with Alcian Blue at 5 dpf for visualizing the
morphology of craniofacial cartilages. m, Meckel’s cartilage; pq, palatoquadrate; ch, ceratohyal; bb, basibranchials; hb, hypobranchials; cb,
ceratobranchial. Scale bar, 200 um. B, After the same treatment within (A), zebrafish embryos were subject to WISH at 2 dpf. The patterns of cranial
nerves were indicated by ganglia-specific probe Phox2b (white arrows in first and third row). VII, facial nerves; IX, glossopharyngeal nerves; X, vagal
nerves. Scale bar, 200 um. Statistics analyses of cartilaginous length were shown in (C), (D), and (E). F, Quantification of the anomaly (weak or diffuse
staining, or smaller volume of the ganglion) ratio of cranial nerves. Data represent mean * SEM of 3 independent experiments. * p < .05 versus control,

*p < .01 versus control, **p < .001 versus control.

strikingly restored (Figure 11C, third row, arrows) compared with
ethanol-treated group. Furthermore, the ethanol-induced severe
defects of craniofacial skeletons of zebrafish embryos were signif-
icantly diminished by exogenous supplement with AGmiR126I
(Figure 11D, third column), as well as an obvious improvement of
the length of m, pq, and ch (Figs. 11E-G). Collectively, these
results demonstrated that GELNs can be used as a carrier for
miR-126 inhibitor to efficiently attenuate ethanol-caused down-
regulation of SDF1 and subsequently to prevent ethanol-induced
teratogenesis.

Discussion

While craniofacial anomaly is considered as a key diagnostic fea-
ture of FASD, the defects of the cranial nerves might be associ-
ated with functional deficits that have been reported in up to 95%
of children with FAS, such as voice dysfunction, and impaired
tongue, mouth and larynx movements (Becker et al., 1990;
Church and Gerkin, 1988; Church and Kaltenbach, 1997; Lipson
et al., 1989). Over the past decades, by using different animal
models for FASD, investigators recapitulated craniofacial defects
or the dysfunctions of sensory system that were remarkably

similar to those of affected humans (Moore et al.,, 2001, 2007;
Muralidharan et al, 2013; Sulik, 2005; Sulik et al.,, 1981; 1986).
Mechanism study for these malformations and malfunctions
have revealed that exposure to ethanol results in excessive apop-
tosis in NCCs and PCs (Cartwright and Smith, 1995a,b; Chen et al.,
2013a,b, 2015; Dunty et al., 2001; Kotch and Sulik, 1992b; Rovasio
and Battiato, 2002; Sun et al., 2014; Yuan et al.,, 2017, 2018) and
that ethanol-induced apoptosis in NCCs contributes heavily to
the subsequent craniofacial defects (Cartwright and Smith,
1995a; Kotch and Sulik, 1992a; Sulik et al., 1981). In addition,
ethanol-induced cell death in NCCs and PCs resulted in anoma-
lies of cranial nerves, including the fusion of the trigeminal (V)
and the facial vestibulocochlear (VII-VIII) ganglia complex, a loss
of the dorsal root of the IX nerve and partial fusion between the
roots of the IX and X cranial nerves, and the disorganization of
the dorsal roots of the X nerve (Dunty et al, 2002). Moreover,
ethanol exposure has been demonstrated to strongly suppress
NCC migration, resulting in short travel distance and less direc-
tional movements of NCCs (Czarnobaj et al.,, 2014; Rovasio and
Battiato, 2002). Studies have also shown that fewer NCCs emi-
grated from the forebrain, midbrain and hindbrain in ethanol-
exposed embryos (Cartwright and Smith, 1995b; Rovasio and
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Figure 11. Uptake of miR-126 inhibitor-loaded GELNs diminished ethanol-induced repression of SDF1 expression, and rescued the defects of
craniofacial skeletons induced by ethanol in zebrafish embryos. A, For the first and second rows, zebrafish embryos were treated without or with
ethanol (1% v/v) at 5-24 hpf. In the third row, the embryos were microinjected with miR-126 inhibitor-loaded GELNs that labeled with PHK67 (PHK67-
GELNs-miR-126 inhibitor) at 1-cell stage and then were treated with ethanol (1% v/v) at 5-24 hpf. The embryos were dechorionized at 30 hpf and
photographed under a fluorescence microscope. The PHK67-GELNs-miR-126 inhibitors were distributed throughout the craniofacial position of the
embryos as indicated by the white arrows. Scale bar, 200 um. (B) For the first and second groups, zebrafish embryos were treated without or with
ethanol (1% v/v) at 5-24 hpf. For the third group, the embryos were microinjected with miR-126 inhibitor-loaded GELNs (GELNs-miR-126 inhibitor) at 1-
cell stage and then were treated with ethanol (1% v/v) at 5-24 hpf. The embryos of these 3 groups were collected at 30 hpf and subject to gRT-PCR
analysis for detecting SDF1 expression. C and D, As treated with the same methods in (B), zebrafish embryos were subject to WISH for visualizing the
expression pattern of SDF1 (indicated by black arrows in the 3 rows) detected by SDF1 probes at 30 hpf, or were stained by Alcian Blue to view the
morphology of craniofacial cartilages at 5 dpf, respectively. m, Meckel’s cartilage; pq, palatoquadrate; ch, ceratohyal; bb, basibranchials; hb,
hypobranchials; cb, ceratobranchial. Scale bars, 200 um. Statistics analyses of cartilaginous length of (D) were shown in (E), (F), and (G). Data represent
mean * SEM of 3 independent experiments. *p < .05 versus control, *p <.01 versus control, **p <.001 versus control.

Battiato, 1995). Real-time mapping of the abnormal NCC migra-
tion in ethanol-exposed zebrafish embryos demonstrated that
the migration of NCCs loses left-right symmetry and that NCCs
travel a shorter distance (Boric et al.,, 2013). Based on above evi-
dences, 3 points can be generated: (1) dysfunctions of NCCs and
PCs contribute to the craniofacial abnormalities and cranial
nerves, respectively; (2) NCCs migration was intensively studied
whereas PCs migration was seldom paid attention, although
these 2 tightly neighbored cell populations are simultaneously
affected by ethanol exposure; (3) how ethanol impact the NCCs-
PCs interaction remains poorly understood. In our study, we
acquired solid evidences demonstrating that ethanol exposure
can directly disrupt NCCs-PCs interaction and directional migra-
tion of NCCs and PCs in vitro or in vivo.

Reported by Ammann decades ago, FASD and DiGeorge
Syndrome share high similarities of clinical and laboratory fea-
tures in human (Ammann et al., 1982). Through acute maternal
alcohol administration, Sulik et al. reproduced the typical FASD
craniofacial phenotype that is similar to that noted in DiGeorge
anomaly (Sulik et al., 1986). Further genetic studies revealed that
disruption of a chemokine SDF1, and its receptor CXCR4-
mediated signaling plays a key role in the pathogenesis of
DiGeorge Syndrome (Toritsuka et al., 2013). Specifically, downre-
gulation of SDF1/CXCR4 signaling resulted in misrouting of phar-
yngeal NCCs migration and remarkable morphological defects in

the craniofacial skeletons and cranial sensory ganglia (Duband
et al., 2016; Escot et al., 2016). Repression of SDF1/CXCR4 signaling
has also been shown to impair NCCs migration (George et al.,
2007; Olesnicky Killian et al., 2009; Rezzoug et al., 2011) or to cause
major defects in many organisms (Braun et al., 2002; Escot et al.,
2013; George et al., 2007; Kasemeier-Kulesa et al., 2010; Rezzoug
et al.,, 2011). In particular, an outstanding study by Theveneau
and colleagues have demonstrated that SDF1-postive PCs can
attract CXCR4-positive NCCs to move toward PCs, which result in
a physical contact between these 2 cell populations and the sub-
sequent contact inhibition of locomotion (CIL), leading to the
moving away of PCs from the NCCs, a process termed “chase and
run” (Theveneau et al., 2013). This coordinated and efficient direc-
tional migration of cranial NCCs and epibranchial PCs toward lat-
eral and ventral regions of embryo is pivotal for craniofacial
development. In addition, it has been shown that alcohol con-
sumption can reduce blood SDF1 levels in patients (Xiao et al,
2008). Based on these existed findings, we come up with the
hypothesis that dysregulation of SDF1/CXCR4 signaling induced
by ethanol is highly correlated with the defects of craniofacial
structures and cranial sensory ganglia observed in FASD. As
expected, we found that ethanol exposure can decrease the SDF1
expression in hPCs and in zebrafish embryos. Furthermore, the
silence of SDF1 expression either in vitro or in vivo mimicked
ethanol-induced interruption of hNCC-hPC interaction or FASD-
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related morphological defects in zebrafish, respectively.
Conversely, restoration of SDF1 expression by delivering exoge-
nous SDF1 mRNA into zebrafish embryos protected against
ethanol-induced craniofacial anomalies.

PCs-secreted SDF1 is considered to be a motor to initiate the
PCs-guided NCCs migration. As demonstrated in our experi-
ments, NCCs and PCs synergistically migrate in a chemotaxis-
mediated mechanism, whereas ethanol exposure can disrupt
such a process. However, through what exact mechanism that
ethanol impairs the NCCs-PCs interaction is unclear. During
NCCs-PCs crosstalk, PCs can emit a chemoattractant signaling
molecule, SDF1, to NCCs, so it is of particular interest to quest
whether NCCs can also send feedback signal to PCs through the
similar way as the PCs utilize or through other unknown mecha-
nisms. With versatile biological activities, exosomes have
recently emerged as an important mode of intercellular commu-
nication especially in brain development and nervous system
(Budnik et al.,, 2016; Kramer-Albers and Hill, 2016; Morton and
Feliciano, 2016; Rajendran et al., 2014; Sharma et al., 2013), which
carry a defined but mixed cargo of bioactive molecules to modu-
late the molecular configuration and behavior of target cells. For
instance, during neurons communication, cells can deploy a
membrane protein, EphB2 receptor into exosomes to activate
ephrinB signaling resulting in growth cone collapse (Gong et al.,
2016; Pasquale, 2016). During embryogenesis of zebrafish, neu-
rons can secrete miR-132-containing exosomes to regulate endo-
thelial integrity of brain (Xu et al., 2017). Regarding these existed
knowledge, we came up with the idea that it is of high possibility
that NCCs-derived exosomes may transmit negative or positive
signal to PCs to regulate NCCs-PCs interaction. To address this
issue, we have demonstrated that ethanol-treated hNCCs-
derived exosomes (Exo™©") can strongly suppress the coordi-
nated migration of hNCCs and hPCs in our coculture system,
indicating that certain inhibitory signaling might be conducted
through Exo"™©H. Then, we proceeded to pretreat hNCCs with
exosome inhibitor, GW4869, to block exosome releasing. We
observed that ethanol-induced disruption on hNCCs-hPCs inter-
action was dramatically blocked, indicating that hNCCs-derived
exosomes play a key role in mediating ethanol’s detrimental
effect.

As mentioned above, exosomes have a biological effect that
can transfer their contents between cells as natural carriers,
most important of which are miRNAs. Among numerous
miRNAs, miR-126 was highly related with SDF1/CXCR4 signaling
in modulating cell migration and cancer metastasis (Li et al.,
2013; Liu et al., 2014; Qlan et al., 2016; Yuan et al., 2016). Also, stud-
ies have shown that SDF1 is directly repressed by miR-126 in
breast cancer cells and endothelial cells (van Solingen et al., 2011,
Zhang et al., 2013). More interestingly, exosomal shuttling of miR-
126 in endothelial cells can modulates adhesive and migratory
abilities of leukemia cells through targeting SDF1 (Taverna et al.,
2014). Taken together, these studies provided us a clue that miR-
126 might act as a negative regulator encapsulated in NCCs-
secreted exosomes during coordinated migration of NCCs and
PCs. To test this hypothesis, we examined the miR-126 level in
hNCC-derived exosomes and found that miR-126 level in Exo™*!
was significantly higher than that in control exosomes (Exo“°").
Furthermore, consistent with the other studies, we confirmed
that miR-126 can specifically inhibit SDF1 expression in
hPCs. Then we loaded ethanol-treated hNCCs-derived exosomes
with miR-126 inhibitors and demonstrated that inhibiting

exosome-shuttled miR-126 can significantly diminish ethanol-
induced impairment of hNCCs-hPCs interaction. Also in zebrafish
experiments, we observed that fruit-derived exosomal delivery of
miR-126 inhibitors into zebrafish embryos can strongly rescue
ethanol-induced repression of SDF1 and the subsequent craniofa-
cial defects.

Exosome therapy is recently emerging as a promising treat-
ment for many diseases. The advantages of exosome therapy
include that they are natural carriers of proteins and RNAs with a
favorable size and are well-tolerated in vivo (Shtam et al., 2013;
Valadi et al., 2007; Zhang et al., 2017). However, the difficulties in
large scale production of exosomes from mammalian cells limit
their clinical application. A promising solution for this problem is
to produce exosome-like nanoparticles from edible plants.
Recently, EPDENs that share similar properties as mammalian
exosomes have been reported in grapes, grapefruit, ginger, and
carrots (Ju et al., 2013; Mu et al., 2014; Wang et al., 2014; Zhuang
et al.,, 2015). Several studies have demonstrated that EPDENs can
be used for therapeutic or delivery purposes. For instance, it has
been demonstrated that systemic deliver siRNA by using ginger
exosome-like nanoparticles as a siRNA delivery vesicle could sup-
press tumor growth (Li et al., 2018). In our experiments, we used
GELNs as a carrier for miR-126 inhibitors, showing that GELNs-
encapsulated miR-126 inhibitors can be easily absorbed by zebra-
fish embryos and exert a strongly protective effect against
ethanol-induced craniofacial anomalies.

In summary, we uncovered a novel mechanism by which exo-
somal delivery of miR-126 act as a negative regulator for SDF1-
mediated chemotaxis process involved in ethanol-induced dis-
ruption of the coordinated NCCs-PCs interaction and develop-
mental defects. Moreover, efficient delivery of miR-126 inhibitors
by GELNs could potentially be a new strategy of intervention for
FASD.
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