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Abstract
Background—Fetal alcohol exposure produces multi-organ defects, making it difficult to
identify underlying etiological mechanisms. However, recent evidence for ethanol sensitivity of
the miRNA miR-9, suggests one mechanism whereby ethanol broadly influences development.
We hypothesized that loss of miR-9 function recapitulates aspects of ethanol teratology.

Methods—Zebrafish embryos were exposed to ethanol during gastrulation, or injected with anti-
miR-9 or nonsense control morpholinos during the 2-cell stage of development and collected
between 24 and 72 hours post fertilization (hpf). We also assessed the expression of
developmentally important, and known miR-9 targets, FGFR-1, FOXP2, and the non-targeted
transcript, MECP2. Methylation at CpG islands of mammalian miR-9 genes was assessed in fetal
murine neural stem cells (mNSCs) by methylation-specific PCR, and miRNA processing assessed
by qRT-PCR for pre-miR-9 transcripts.

Results—Ethanol treatment and miR-9 knockdown resulted in similar cranial defects including
microcephaly. Additionally, ethanol transiently suppressed miR-9, as well as FGFR-1 and FOXP2,
and alterations in miR-9 expression were correlated with severity of ethanol-induced teratology. In
mNSCs, ethanol increased CpG dinucleotide methylation at the miR-9-2 locus and accumulation
of pre-miR-9-3.

Conclusions—Ethanol exerts regulatory control at multiple levels of miR-9 biogenesis.
Moreover, early embryonic loss of miR-9 function recapitulated the severe range of teratology
associated with developmental ethanol exposure. Ethanol also disrupts the relationship between
miR-9 and target gene expression, suggesting a nuanced relationship between ethanol and miRNA
regulatory networks in the developing embryo. The implications of these data for the expression
and function of mature miR-9 warrant further investigation.
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I. Introduction
Maternal ethanol consumption during pregnancy can result in a spectrum of developmental
defects collectively known as Fetal Alcohol Spectrum Disorders (FASD) (Riley and McGee,
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2005). This spectrum of ethanol effects is observed in both clinical (Defendi, 2010), and
preclinical studies (Driscoll et al., 1990), and suggests that mechanisms underlying FASD
are complex. However, recent studies, identifying microRNAs (miRNAs) as novel
developmental targets of ethanol (Balaraman et al., 2012; Sathyan et al., 2007; Tal et al.,
2012), suggest that miRNAs may mediate some teratogenic effects of maternal ethanol
consumption.

MiRNAs are small, non-protein coding RNAs that control the expression of target gene
networks through silencing (for review, see (Miranda et al., 2010)). We previously showed
that ethanol suppressed several miRNAs, including miR-9, in mammalian (murine) neural
stem cells (mNSCs) (Balaraman et al., 2012; Sathyan et al., 2007), and that the ethanol
sensitivity of these miRNAs partly accounted for ethanol’s effects on mNSC maturation
(Camarillo and Miranda, 2008; Prock and Miranda, 2007; Santillano et al., 2005). MiR-9 is
an evolutionarily conserved miRNA (Christodoulou et al., 2010), that is sensitive to ethanol
both during development (Sathyan et al., 2007; Tal et al., 2012; Wang et al., 2009) and in
the adult (Pietrzykowski et al., 2008). Because of gene duplication events, the identical
mature miRNA is coded by three genes in mammals (miR-9-1, 9-2 and 9-3), and by seven
genes in zebrafish. MiR-9 has recently been found to specify the midbrain-hindbrain
boundary in zebrafish (Leucht et al., 2008), and control neurobehavioral development (Tal et
al., 2012). MiR-9-2/3 knockout mice exhibit fetal growth retardation, microencephaly, and
other features that are also common to FASD (Shibata et al., 2011). Such data, in
conjunction with studies showing miR-9 is important for cell growth in mesoderm (Bazzoni
et al., 2009) and endoderm (Plaisance et al., 2006), suggest this miRNA may broadly
mediate ethanol effects during development. Since mature miR-9 exhibits absolute sequence
identity in vertebrates, we used the experimentally tractable zebrafish embryo to model
mammalian prenatal ethanol exposure during gastrulation and to assess whether
manipulation of miR-9 expression mimicked the effects of ethanol exposure. We also
assessed the effects of ethanol on methylation at miR-9 gene loci and on the regulation of
pre-miRNA transcripts. Because of evolutionary divergence in miR-9 gene number between
teleosts and mammals, assessment of these upstream events in teleost miR-9 regulation has
limited implications for understanding the susceptibility of mammalian miR-9 loci. For this
reason, and because the mammalian brain is an important target of both ethanol and miR-9,
we employed mNSCs to study the effects of ethanol on mammalian miR-9 gene methylation
and the expression of pre-miRNA transcripts.

Our data indicate that the early embryonic loss of miR-9 in zebrafish recapitulates many
anatomical features associated with developmental ethanol exposure, and that ethanol
disrupts the predicted relationship between miR-9 and its identified mRNA targets FGFR-1
and FOXP2. Moreover, in mNSCs, ethanol increases CpG methylation associated with the
mammalian miR-9-2 locus, and interferes with the processing of pre-miR-9 transcripts.

Methods
Zebrafish and mice (C57Bl/6/SJ) were maintained in AAALAC-approved housing facilities,
and all experimental procedures were approved by the Institutional Animal Care and Use
Committee.

Zebrafish embryo model
Zebrafish (Danio rerio) are a well-established model for studying teratology and
developmental genetics (Ton et al., 2006). Though zebrafish have seven miR-9 genes
compared to three in the mammal, the mature miR-9 sequence is identical to mammalian
miR-9 (Christodoulou et al., 2010). Therefore, zebrafish make a good model for the study of
both ethanol teratology and for miR-9 loss of function studies. Adult wild-type Danio rerio
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male and female breeders were maintained in separate tanks with filtered, recirculating
artificial seawater (60mg Instant Ocean® [Spectrum Brands, Cincinnati, OH] per liter
distilled water) at a temperature of 26°–28°C, on a light/dark cycle of 14L:10D. Fish were
fed both freshly hatched brine shrimp (artemia) and commercial tropical fish food daily. For
breeding purposes, two males and two females were placed in a false bottom breeding
container with a divider to separate the sexes, prior to the start of the dark cycle. The divider
was removed immediately prior to the onset of the light cycle of the following day, allowing
for fertilization to occur. Approximately 20 minutes after the onset of the light phase,
embryos were collected from the bottom of the breeding container, rinsed, and maintained at
28°C.

Zebrafish embryo ethanol exposure paradigm
At 3.5 hours post fertilization (hpf) embryos were randomly assigned to either treatment or
control group (maintained under identical environmental conditions, at the same
developmental stages as the ethanol-treated group). Ethanol at a concentration of 430mM
(2% w/v or 2,000 mg/dL) was added to artificial sea water (Bradfield et al., 2006). Based on
published data showing that under these conditions, ~29% of ethanol reaches the embryo
(Reimers et al., 2004), the ethanol exposure level to the developing embryo is estimated at
130mM. Embryos were exposed for 4 hours during gastrulation (3.5 to 7.5 hpf), after which
point they were rinsed with fresh artificial seawater and allowed to develop until 24, 48, or
72 hpf (roughly corresponding to the end of the 1st, and the middle of the 2nd, and 3rd

trimesters of human development (Kimmel et al., 1995)) and then sacrificed.

MiR-9 knockdown
Zebrafish embryos were generated as described above. At the 1–2 cell stage (confirmed by
microscopic evaluation), embryos were injected with miR-9 morpholino
(ACTCATACAGCTAGATAACCAAAGA), or 5-base mismatch control morpholino
(ACTCATAGACCTACATAACGAAACA) (Gene Tools, Philomath, OR) at a
concentration of 2mM, selected based on previous publications (Leucht et al., 2008) and
preliminary testing for efficacy of miR-9 knockdown. Morpholinos were suspended in an
injection medium (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5.0 mM
HEPES buffer pH 7.6) along with 3% sterile-filtered green food-grade coloring, to visualize
location of injection, and delivered using a beveled, glass pipette, at the juncture of the
developing blastomere and yolk sac (Phillips et al., 2001). A third group of non-manipulated
controls was also acquired, in which embryos were generated in the absence of any
experiment manipulation and allowed to develop.

Real-time PCR
Real-time reverse transcription (RT)-PCR analyses was performed for miR-9 with the
Exiqon LNA® miRNA amplification system, and for mRNA utilizing a SYBR green-based
amplification detection, using a MyiQ single-color real-time PCR detection system (Bio-
Rad, Hercules, CA). For mature miR-9, reverse transcriptase was used to synthesize miR-9
specific or control specific (U6 snRNA) cDNA using the Exiqon miRCURY® LNA®
microRNA PCR detection system (Exiqon, Woburn, MA) as per manufacturer’s
instructions. For quantification of the premature miRNAs (pre-miR-9-1, pre-miR-9-2, and
pre-miR-9-3), cDNA was synthesized using qScript cDNA supermix reverse transcription
reaction according to manufacturer’s protocol, at an average concentration of 12.5ng RNA/
μL total cDNA (Quanta Biosciences, Gaithersburg, MD). We also assessed the expression of
three mRNAs that are highly expressed during embryogenesis across species (Hendrich and
Tweedie, 2003; Ota et al., 2010; Shu et al., 2007) and are implicated in pervasive
developmental disorders in humans (Allan et al., 2008; Haesler et al., 2004; Hagberg, 2002;
Poot et al., 2009; Riley et al., 2007). These include a previously identified miR-9 target
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FGFR-1 (Leucht et al., 2008; Rodriguez-Otero et al., 2011), a predicted vertebrate conserved
miR-9 target, FOXP2 (www.targetscan.org), and an mRNA not predicted to be targeted by
miR-9 in either mouse or zebrafish, MECP2. U6 snRNA served as a normalization control
for miRNA, and 18s for mRNA. Each sample was analyzed in triplicate. Thermal-stability
analysis was performed to confirm the amplification of a single PCR product. RNA
expression was quantified by calculating Delta (Δ) CT, the difference between the cycle
threshold (CT value) of the miRNA, or mRNA of interest, and the normalization control.
ΔΔCT, the difference between ΔCT of the control and the ΔCT of the ethanol-treated
samples, and fold-change (2ΔΔCT), were calculated according to previously published
protocols (Balaraman et al., 2012; Sathyan et al., 2007).

In situ hybridization
MiR-9 expression was detected in zebrafish and in GD12.5 mouse brain sections using in
situ hybridization with biotinylated LNA® probes (Exiqon, Woburn, MA) according to the
manufacturer’s instructions. Whole embryos were permeabilized prior to in situ by
incubation in 10 μg/ml Proteinase K at 38°C for 30 minutes. Briefly, tissue sections or
whole embryos were incubated in pre-hybridization blocking cocktail (50% formamide, 1 M
NaCl, 1x Denharts, 0.5mg/ml yeast tRNA, 0.3% Triton x-100) for 2 hours at 52°C. Tissue
sections and whole embryos were hybridized at 52°C overnight (>16 hours) in hybridization
solution (including anti-miR-9 probes diluted to a concentration of 25ng/ml in
prehybridization solution). Tissue sections and whole embryos were then processed through
a series of wash steps; in 5x SSC for 5 minutes, followed by 50% formamide, 1xSSC and
0.1% Tween-20 at 52°C for 30 minutes, in 0.2xSSC for 30 minutes, followed with 3 washes
in PBS each for 5 minutes. Tissues were then incubated in streptavidin conjugated
rhodamine (1:500, Vector Labs, Burlingame, CA) or anti-biotin antibody conjugated to
Alkaline Phosphatase (1:500, Abcam, Cambridge, MA) for 1 hour and processed for
immunofluorescence or enzyme-linked histochemistry. Fluorescent-labeled sections were
mounted in Vectashield with DAPI (4′,6-diamidino-2-phenylindole, Vector Labs,
Burlingame, CA). All solutions included RNAse Inhibitor (Promega Inc, Madison, WI).

The neurosphere model of fetal murine cortical neuroepithelium
mNSCs were derived from the dorsal portion of the gestational day (GD) 12.5 fetal mouse
telencephalon according to previously published protocols (Camarillo et al., 2007; Prock and
Miranda, 2007; Santillano et al., 2005; Sathyan et al., 2007). Cortical neurosphere cultures
were assigned to either a control (0 mg/dL ethanol), or 70mM (0.32%, or 320 mg/dL)
ethanol-treated group, for either 24 hours (acute ethanol exposure) or for 5 days (chronic
ethanol exposure). This concentration mimics levels of ethanol reached during chronic
alcoholism (Adachi et al., 1991).

Bisulfite conversion of genomic DNA and Methylation-specific PCR for mammalian Mir-9
genes

Genomic DNA was isolated from mNSCs using the ZR Genomic DNA II kit™ (Zymo
Research, CA, USA). The EZ DNA methylation kit (Zymo research, CA, USA) was used to
detect cytosine methylation. Briefly, two micrograms of genomic DNA per sample were
subject to sodium bisulfite treatment (Zhang et al., 2007). DNA was denatured with a
dilution buffer containing 2 M NaOH and incubated overnight at 50°C with CT conversion
reagent, followed by a purification, desulfonation, and elution. The bisulfite-modified DNA
was used immediately for PCR or stored at −80°C. After bisulfite treatment, the methylation
status of specific CpG sites in genomic DNA was analyzed by methylation-specific PCR. In
brief, the bisulfite-converted genomic DNA was amplified by PCR using two sets of locus-
specific Methylation Specific Primers (MSP), which recognize methylated or unmethylated
DNA, respectively. MSPs within predicted CpG di-nucleotide containing regions associated
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with mammalian 5′-end transcription factor/RNA polymerase II binding regions identified
by the Encode project (UCSC Genome Browser, http://genome.ucsc.edu, (ENCODE Project
Consortium, 2011)), were designed using Methyl Primer Express ® software version 1.0
(Applied Biosystems, CA, USA). Each forward and reverse MSP primer was designed to
cover between two to four CpG di-nucleotide repeats (Table 1). Universal methylated mouse
DNA standard and control primers (Zymo research, CA, USA) were used to access the
efficiency of bisulfite – mediated conversion of DNA. The PCR conditions were as follows:
1 cycle at 95°C for 5 min; 40 cycles at 95°C for 30 s, 30 s at the desired annealing
temperature (48°C and 49°C for methylated and unmethylated primers for mir-9-1, mir-9-2
and mir-9-3 respectively), 72°C for 1 min; and 1 cycle at 72°C for 7 min. PCR samples were
resolved by electrophoresis in 2% agarose gel and visualized with ethidium bromide.

Statistical Analyses
For data obtained from real-time RT-PCR, statistical analyses were performed on ΔCT
values. The data were analyzed using one– or two-way ANOVA; and planned, pair-wise
comparisons were conducted using t-tests when applicable (GraphPad Prism version 5.0 for
Windows, San Diego, CA; p-value *<0.05, **<0.01, ***<0.001). Data were expressed both
as ΔCT to represent the original data, and as fold-change (2ΔΔCT), to visually represent the
relationship between exposure condition and gene expression.

Results
Embryonic ethanol exposure suppresses the expression of MiR-9 in vivo (zebrafish)

We (Balaraman et al., 2012; Sathyan et al., 2007), and others (Tal et al., 2012; Wang et al.,
2009), showed that ethanol suppresses miR-9 expression during development. In the in vivo
zebrafish model, we validated this finding. Following a four-hour period of ethanol exposure
during gastrulation (3.5–7.5 hpf), zebrafish embryos were collected at 24, 48, or 72 hpf to
assay miR-9 expression. The analysis showed a significant main effect of age of the embryo
(24 vs. 48 vs. 72 hpf) on miR-9 expression, [F(2, 46)=16.29, p < 0.001]. With regard to
ethanol’s effects, planned comparisons showed that ethanol significantly down-regulated
miR-9 at 48 hpf [t(16)=3.46, p < 0.005], but not at other embryonic ages. The data suggest
that early exposure to ethanol during gastrulation (~3.5 to 7.5 hpf) results in a delayed
decrease in miR-9 expression at 48 hpf (Figure 1A shows fold-change and inset, 1B, shows
the ΔCT).

In situ hybridization (Figure 2a) shows that at 48hpf miR-9 is expressed in the developing
zebrafish, in brain and yolk sac (blue reaction product, Figure 2 a and c). No hybridization
was observed with the nonsense control probe (Figure 2b). In control zebrafish, within the
cephalic region specifically, miR-9 expression was observed throughout the forebrain, with
a ridge of hybridization observed adjacent and posterior to the midbrain/hindbrain boundary
(MHB, Figure 2c, white arrow), similar to that observed elsewhere (Leucht et al., 2008).
Following ethanol exposure, zebrafish that exhibited the least anatomical defects
nevertheless exhibited a disorganized pattern of miR-9 expression including the appearance
of multiple boundary-like ridges of miR-9 (red arrows), anterior to the MHB. This mis-
expression of miR-9 suggests defects in spatial patterning of the developing brain. As
observed previously in a variety of animal models, and in humans, ethanol exposure also
resulted in varying degrees of microcephaly accompanied by either microphthalmia or
anophthalmia. No neural miR-9 expression was observed in any of these fetuses (Figure 2 e–
h), and the ridge of miR-9 expression adjacent to the MHB was similarly abrogated.
Similarly, ethanol exposure resulted in loss of miR-9 hybridization product in the yolk sac
compared to unexposed controls (Figure 2 i vs. j and k, arrows point to posterior yolk sac
specifically)..
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We next verified the observed association between severity of ethanol-induced defects and
miR-9 expression by real-time RT-PCR. Ethanol exposed embryos were assessed for the
presence of six readily scored anatomical defects (cyclopia, pericadial/yolk sac edema,
truncation of tail, vertebral curvature, and cephalic/MHB defects) at 48 hpf, and sorted into
two groups, unaffected to mildly affected (<2 defects), and severely affected (>3 defects).
MiR-9 expression in each group, as determined by RT-PCR, was then compared to untreated
controls. Our data indicate that ethanol exposure, whether resulting in mildly affected or
severely affected embryos, resulted in a statistically significant alteration in miR-9
expression relative to control animals (ΔCT, F(2,11)=21.77, p<0.0001). Surprisingly, the
mildly affected embryos exhibited a 12-fold increase in miR-9 expression (p<0.02, Figure
3), whereas the severely affected animals, with >3 scored defects, exhibited a 48-fold
suppression of miR-9 expression relative to untreated controls (p<0.004). The group
classified as unaffected to mildly affected was also statistically different from the heavily
affected group (p<0.00004).

Loss of miR-9 recapitulates anatomical phenotypes associated with embryo exposure to
ethanol

Since ethanol exposure during gastrulation significantly suppressed miR-9, and because
miR-9 is expressed in neural and non-neural tissues during embryonic development, we
hypothesized that suppression of miR-9 would mimic the gross anatomical defects observed
in the severely affected embryos following ethanol exposure. Antisense, anti-miR-9
morpholinos injected at the one- to two-cell stage of zebrafish development resulted in
significant 10-fold decrease in miR-9 expression at 48 hpf compared to nonsense control
morpholino ([t(10) = 2.25, p < 0.05]). The suppression of miR-9 in zebrafish embryos in vivo
resulted in anatomical defects including microcephaly and anophthalmia at 24 and 48 hpf
(Figure 4 a,b, arrows), similar to those observed following exposure to ethanol during the
gastrulation (Figure 2f–h). Other defects that overlapped with ethanol exposure phenotypes
included tail truncation, pericardial edema and vertebral curvature (data not shown). No
gross structural changes were observed in control embryos injected with a mismatched
control oligonucleotide when compared with non-manipulated controls (Figure 4 c–f).

MiR-9 target gene regulation by ethanol
MiRNAs silence mRNAs through transcript degradation or translational repression. Since
ethanol suppressed miR-9, we predicted that target mRNAs would be induced following
ethanol exposure. We assessed the expression of three important developmental genes,
FOXP2, FGFR-1 and MECP2 (Haesler et al., 2004; Hendrich and Tweedie, 2003; Ota et al.,
2010; Riley et al., 2007; Shu et al., 2007). FOXP2 is predicted to be a strong, vertebrate-
conserved target of miR-9, with two 7mer-m8 sites in the proximate 3′UTR
(www.targetscan.org), while FGFR-1 has been shown to be a miR-9 target in the zebrafish
(Leucht et al., 2008). The 3′UTR of MECP2 in contrast, exhibits a presumptive miR-9
binding site in the human, but is not predicted to be a miR-9 target in zebrafish, or mouse,
and was therefore used to compare developmentally regulated miR-9 targets, to a non-
targeted, developmentally important gene. Contrary to our hypothesis, ethanol exposure did
not lead to an increase in FOXP2, or FGFR-1 transcripts in zebrafish embryos. Rather,
planned comparisons showed that ethanol transiently decreased the expression of FGFR-1
[t(6) = 4.03, p < 0.01], as well as FOXP2 [t(8) =2.80, p < 0.05] mRNA transcripts at 48 hpf.
Levels of mRNA for the non-miR-9 target MECP2 were unchanged at all developmental
stages regardless of ethanol treatment (Figure 5).
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Ethanol selectively promotes increased methylation of CpG dinucleotides in mammalian
miR-9 genes

We hypothesized that ethanol suppression of mature miR-9 coincides with changes in
methylation at one or more miR-9 genes. Though mature zebrafish miR-9 is identical to
mammalian miR-9, mammalian genomes contain only three miR-9 genes, while zebrafish
contain seven. Consequently, epigenetic modifications of zebrafish miR-9 genes have
limited implications for the regulation of mammalian miR-9 transcription. We therefore
used a mammalian model to study miR-9 gene methylation. In situ hybridization (Figure 6)
shows that miR-9 is expressed in ventricular zone (VZ) neural progenitors in the GD12.5
fetal murine brain. Moreover, we previously showed in two independently replicated
experiments, that ethanol at 70 mM significantly decreased miR-9 expression in mNSCs
derived from the fetal VZ (Balaraman et al., 2012; Sathyan et al., 2007). We therefore used
mNSCs (Figure 5c), to study methylation of the mammalian genomic miR-9 loci. In silico
analyses (UCSC genome browser; genome.ucsc.edu) revealed presumptive CpG
dinucleotide repeats associated with identified mammalian transcription factor binding
domains (ENCODE Project Consortium, 2011) at the 5′-end of each of the three pre-miR-9
genes. Methylation-specific PCR analysis indicated that under control conditions, the
miR-9-3 locus exhibits lower levels of methylation compared to the miR-9-1 and miR-9-2
loci (Figure 7A). Following a 5-day exposure to 70mM ethanol, methylation was
specifically and significantly increased at CpG dinucleotides associated with the miR-9-2
(t(5) = 3.92, p < 0.05), but not the miR-9-1 or miR-9-3 loci (Figure 7B).

Ethanol promotes accumulation of specific mammalian pre-miR-9 transcripts
Pre-miRNAs are short-lived, intermediate transcripts that are generated by Drosha/DGCR8
processing and are in turn, rapidly processed by Dicer complexes into mature miRNAs (for a
review, see (Miranda et al., 2010)). Normally, pre-miRNA transcripts are present in low
abundance in cells (Kim, 2005) and the accumulation of intermediate species is indicative of
disruptions in miRNA processing (Tomari and Zamore, 2005). We therefore tested the
hypothesis that a decrease in mature miR-9 was associated with disrupted miRNA
processing leading to accumulation of pre-miR-9 transcripts. Since the identical mature
miR-9 is processed from three independent genes in mammals, we examined the expression
of pre-miR-9-1, -9-2 and -9-3 following ethanol exposure. mNSCs were treated with 70 mM
ethanol, a dose previously shown to suppress miR-9 expression (Balaraman et al., 2012;
Sathyan et al., 2007), for 1 or 5 days. The results showed that under normal conditions pre-
miR-9-1 transcripts were 18-fold more abundant than pre-miR-9-2 transcripts, which were
in turn, 47-fold more abundant than pre-miR-9-3 transcripts. Ethanol exposure resulted in a
significant increase in pre-miR-9-3 transcript levels compared to control, (F(1, 17) =7.44, p <
0.05, Figure 8). There was a trend towards an increase, though not statistically significant
(F(1, 17) =3.13, p<0.095), in pre-miR-9-2 transcript levels. Pre-miR-9-1 was not altered by
ethanol. Moreover, there was no significant change in the expression of any of the pre-
miR-9 transcript isoforms with length of exposure to ethanol (i.e. 1 vs. 5 days).

Discussion
MiRNAs may be key to understanding the detrimental effects of prenatal ethanol exposure.
This current study confirms previous observations that ethanol suppresses miR-9 during
development (Balaraman et al., 2012; Sathyan et al., 2007; Tal et al., 2012) and
demonstrates that ethanol produces developmental defects in zebrafish that span a spectrum
of severity similar to that observed in mouse models (Randall and Taylor, 1979), and in
human populations (Roebuck et al., 1998). Our data demonstrate that loss of miR-9 is
associated with severe ethanol-induced developmental defects. We also present novel data
suggesting that, miR-9 loss of function in the zebrafish embryo recapitulates several
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morphological features associated with ethanol exposure, including microcephaly. This
study also presents evidence that miR-9 suppression is associated with increased
methylation of specific miR-9 genes and decreased processing of pre-miR-9 transcripts.

In our study, the timing of ethanol exposure, in the zebrafish embryo coincides with the
initiation of the mid-blastula transition (MBT) and overlapping gastrulation, and results in
delayed miR-9 suppression and morphological defects. During the MBT, maternal mRNAs
are cleared by newly synthesized embryonic miRNAs (Giraldez et al., 2006), the zygote
initiates de novo gene transcription to control subsequent embryo development (Kane and
Kimmel, 1993), and asynchronous cell division is initiated. During subsequent gastrulation,
the epithelial-to-mesenchymal transition (EMT, (Nakaya and Sheng, 2008)) results in the
emergence of a distinct ectoderm, mesoderm and endoderm. The underlying complexity of
the MBT and gastrulation, including emerging desynchronization in the timing of mitotic
events among neighboring progenitor cells, may contribute to the varying severity of
structural abnormalities observed following ethanol exposure.

MiR-9 is a neural-enriched miRNA that is also expressed in mesoderm and endoderm
derived tissues (Saunders et al., 2010; Zhang et al., 2011). Like ethanol (Mooney et al.,
2004; Santillano et al., 2005), miR-9 influences neural progenitor cell migration and
neurogenesis (Delaloy et al., 2010). Our observation that ethanol exposure during
gastrulation resulted in a delayed, transient suppression of miR-9 at 48 hpf, a period
associated with neural tube closure and neural crest migration (Kimmel et al., 1995),
suggests that ethanol exerts temporally displaced control over miRNA expression, to
perhaps influence important downstream neurodevelopmental programs. MiR-9 expression
was lost only in severely ethanol-affected animals, i.e., those that also exhibited
microcephaly and varying degrees of microphthalmia. In zebrafish with few or no scored
morphological defects, miR-9 expression was actually significantly increased, though in situ
hybridization showed that in these instances, miR-9 was still mis-expressed, perhaps
defining additional, aberrant molecular boundaries in the developing brain. The loss of
miR-9 expression adjacent to the MHB in microcephalic ethanol-exposed animals warrants
further investigation, because of the importance of the MHB as an organizer for hindbrain
development. Recent evidence suggests that miR-9 maintains the organizer function of the
MHB (Leucht et al., 2008), and consequently, loss of miR-9 may facilitate aberrant
development of known ethanol-sensitive hindbrain structures like the cerebellum.
Conversely, the increase in miR-9 in animals that were less affected by alcohol may
represent a neuroprotective adaptation.

Zebrafish, like humans, are genetically heterogeneous. While the source of variation in
alcohol teratogenesis and miR-9 regulation in zebrafish is unknown, case reports of prenatal
ethanol exposure in human monozygotic and dizygotic twins have previously documented a
genetic contribution to variations in susceptibility (Streissguth and Dehaene, 1993). It is
likely that common genetic susceptibility factors contribute to both miR-9 regulation and to
alcohol-induced teratology. Moreover, our data showing that the miR-9 knockdown
recapitulated the severe end of the range of alcohol-induced anatomical defects, including
microcephaly, suggests that disruption of miR-9 may constitute part of the pathway to
teratogenesis.

Emerging evidence suggests that mammalian miR-9 genes are regulated epigenetically by
DNA methylation (Lehmann et al., 2007). Though mature miR-9 is identical in all
vertebrates, the number of miR-9 genes varies between mammals and teleosts. We therefore
used a mammalian fetal mNSC model, wherein ethanol also suppresses miR-9 expression
(Balaraman et al., 2012; Sathyan et al., 2007), to assess evidence for differential methylation
sensitivity of mammalian miR-9 genes in developing neural tissue. Our data show that
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ethanol exposure increases methylation only in the mammalian miR-9-2 gene, indicating
that the miR-9-2 locus is specifically sensitive to ethanol. More comprehensive screens will
be required to fully assess the vulnerability of the miR-9-2 locus. However, these data have
significant developmental implications. In the fetal telencephalon, all miR-9 genes are
expressed in neural precursors of the ventricular zone (the neurosphere model equivalent),
whereas miR-9-2 alone is expressed in maturing neurons of the cerebral cortical plate
(Shibata et al., 2011). Therefore, transcriptional control of miR-9-2 appears to be
specifically critical for miR-9 function in differentiating neurons, whereas miR-9-1 and
miR-9-3 might preferentially contribute to miR-9 function in neural stem cells. Deletion of
miR-9-2/-9-3 leads to growth retardation and microencephaly (Shibata et al., 2011), features
associated with fetal ethanol exposure. Collectively, these data suggest that ethanol-induced
methylation at the miR-9-2 gene may interfere with mature miR-9 regulated neuronal
maturation.

Pre-miRNAs are processed by Dicer, into mature miRNAs, resulting in low steady-state
levels of pre-miRNAs. Our data show that ethanol exposure led to a significant
accumulation of pre-miR-9-3 and a marginal accumulation of pre-miR-9-2, suggesting
altered processing of pre-miR-9 transcripts. Altered processing of some pre-miRNA
transcripts has recently been found to predict glioma stage progression (Moore et al., 2012)
and may well be a factor in the etiology of neurodevelopmental disorders as well. The
mechanisms underlying the regulation of pre-miRNA processing are poorly understood. A
small but important body of evidence indicates that RNA editing by adenosine deaminases
selectively interferes with Dicer processing of some pre-miRNAs to mature miRNAs,
leading to the accumulation of these pre-miRNAs (e.g., (Kawahara et al., 2007)).
Additionally, miRNA-binding proteins like lin28 can selectively inhibit processing of the
let7 miRNA family (Viswanathan et al., 2008) without interfering with processing of other
miRNAs. The recruitment of such mechanisms by ethanol needs further investigation, and
may ultimately explain the selective vulnerability of pre-miR-9-3 but not pre-miR-9-1 to
ethanol. It is important to note that in the current study, the timing and dosing of ethanol
exposure is not identical between the in vivo and ex vivo models, though in both models,
our current and previous (Balaraman et al., 2012; Sathyan et al., 2007) data show that
ethanol suppresses the expression of miR-9. Such differences necessitate caution when
extrapolating the results from one paradigm to the other. It will be important to determine
the effect of developmental timing and ethanol dosage on pre-miR accumulation, as well as
the extent to which ethanol interferes with miRNA processing mechanisms. Together, the
methylation and pre-miRNA accumulation data do advance a hypothesis that the altered
epigenetic landscape of one miR-9 gene combined with disrupted miRNA processing from a
second miR-9 gene promote a common outcome, i.e., suppression of mature miR-9 by
ethanol.

We further tested in the zebrafish model, the extent to which ethanol regulated presumptive
miR-9 targets FGFR-1 and FOXP2, compared to the non-targeted MECP2. These mRNAs
were selected because of their association with pervasive developmental disorders in
humans (Allan et al., 2008; Haesler et al., 2004; Hagberg, 2002; Poot et al., 2009; Riley et
al., 2007). Because ethanol suppressed miR-9, we predicted ethanol would induce FGFR-1
and FOXP2, but not MECP2. Contrary to our prediction, ethanol significantly suppressed
miR-9 mRNA targets FGFR-1 and FOXP2, while the non miR-9 target, MECP2, remained
unaffected. These data suggest that ethanol specifically suppresses mRNAs that are also
targeted by miR-9, and in doing so, uncouples the regulatory function of miR-9. This
outcome is perhaps not surprising, since the stability of FGFR-1 and FOXP2 mRNAs are
likely controlled by multiple miRNAs that may over-compensate for the loss of miR-9.
FGFR-1 is important for stem cell differentiation and migration (Bansal et al., 2003) while
FOXP2 promotes neuronal differentiation in mouse models, in part, by binding to promoters
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of important neuron-specific miRNAs like miR-124 (Vernes et al., 2011). These data
collectively support the hypothesis that ethanol interferes with miR-9 dependent neural stem
cell maturation and with genes that support the maturation of neurons and neural networks.

Mature miR-9 is evolutionarily conserved in vertebrates, suggesting that its developmental
functions are also conserved. The vulnerability of miR-9 to ethanol in both teleosts and
mammals indicates that miR-9 may mediate broader developmental vulnerability of
vertebrate organisms to environmental disrupters other than ethanol, a concept supported by
studies demonstrating that miR-9 suppression is associated with retinoic acid induced spina-
bifida (Zhao et al., 2008), and induction, associated with nicotine exposure in fetal mNSCs
(Balaraman et al., 2012). These mechanistic relationships between miR-9 and developmental
disorders, further suggest that this miRNA may be a clinically relevant target for future
studies on the prevention and treatment of teratogen mediated birth defects.
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Figure 1.
MiR-9 Expression is down-regulated at 48 hpf following early Ethanol exposure in zebrafish
embryos. A) Ethanol exposure resulted in a ~14-fold decrease in miR-9 expression in
zebrafish embryos, compared to controls at 48 hpf. No changes to miR-9 expression
observed at 24 or 72 hpf. B) ΔCT value comparisons (increased ΔCT indicates lower miR-9
expression). Data expressed as mean±SEM, n=7–9. Asterisks indicate statistically
significant comparisons, p<0.05.
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Figure 2.
In situ hybridization for miR-9 at 48 hpf. Specific hybridization, visualized by alkaline-
phosphates linked histochemistry (blue color product), was detected with an anti-miR-9
probe (A) but not with a nonsense control probe (B). In control zebrafish, specific
hybridization was localized to the brain (D) and yolk sac (I). Within the brain (C),
hybridization was observed in telencephalon and diencephalon, with a prominent
hybridization ridge (white arrow) adjacent to the midbrain/hindbrain boundary. Ethanol
exposure resulted aberrant miR-9 expression along ectopic ridges (D, red arrows) in
zebrafish exhibiting the least dysmorphology. Ethanol exposure also resulted in a range of
microcephaly, microphthalmia and anophthalmia (D–H), with a complete loss in neural
miR-9 expression, including loss of hybridization adjacent to the midbrain/hindbrain
boundary in microcephalic zebrafish. MiR-9 expression was also observed in yolk sac (I,
white arrow points to hybridization in the posterior yolk sac). Ethanol exposure results in
loss of miR-9 expression (J,K).
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Figure 3.
Real-time RT-PCR analysis indicates that at 48 hpf, ethanol exposed zebrafish that show
mild anatomical defects (< 2 scored defects) exhibit a significant increase (fold change
relative to the mean of controls) in miR9 expression, whereas severely affected animals (>3
scored defects) exhibited significantly decreased miR-9 expression compared to non
exposed controls. Inset graph shows ΔCT relative to U6 snRNA. Lower ΔCTs indicate
higher levels of miRNA expression compared to higher ΔCTs. Data expressed as mean ±
SEM, n = 3–7/group. *, p<0.05; ***, p<0.0001.
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Figure 4.
MiR-9 knockdown mimics ethanol phenotype at 24 and 48 hpf. (a,b), sample miR-9
knockdown phenotypes at 24 and 48 hpf showing microcephaly and disorganization of
cranial structures (arrows). Embryos injected with 2 mM mismatched morpholinos (c,d)
were not different from wildtype controls (e,f) at the corresponding developmental stages.
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Figure 5.
FGFR-1 and FOXP2 are downregulated following ethanol exposure in zebrafish embryos.
A, C and E show fold-change relative to control and B, D and F show ΔCT (higher ΔCTs
indicate lower mRNA expression). Following ethanol exposure, FGFR-1 (A and B) and
FOXP2 (C and D) are downregulated at 48hpf while MECP2 (E and F) remains unchanged.
All mRNA levels remain unchanged at 24 and 72hpf. Data expressed as mean±SEM, n=4–5/
group. Asterisks indicate statistically significant comparisons of ΔCT, p<0.05.
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Figure 6.
MiR-9 is expressed in the fetal telencephalon during mammalian development, and in neural
and non-neural tissue during zebrafish development. A) DAPI stain localizes to nuclei. B)
MiR-9 is expressed in the ventricular zone of the fetal murine brain at gestational day 12.5.
C) Image of cultured neurospheres derived from the GD 12.5 mouse ventricular zone and
cultured ex vivo. D–E) DAPI staining to visualize nuclei (D) and nonsense control (E) and
in the fetal murine brain at GD 12.5, scale bar indicates 40 um. Abbreviations, LV, Lateral
ventricle; VZ, ventricular zone. Scale bars, 40 um;
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Figure 7.
Ethanol effects on methylation at miR-9 loci changes with ethanol exposure. A) Maps of
mammalian miR9 gene loci depicting the proximal 5′ sequence with predicted CpG
dinucleotides represented as vertical bars. Each 5′ region coincides with assessed RNA
polymerase II and transcription factor binding sites (UCSC genome browser,
genome.ucsc.edu). Arrows indicate forward and reverse methylation specific primers
Methyl Primer Express ® software version 1.0 (Applied Biosystems, CA, USA). Black bars
indicate location of the miR-9 gene. B) Size fractionation of PCR products shows that the 5′
regions of miR-9 genes exhibit evidence for differential methylation. MSP primers detect
high levels of methylation in miR-9-1 and miR-9-2 promoter regions compared to the
miR-9-3 locus. C) Quantitative analysis of miR-9 loci methylation. Graph represents ratio of
methylated to unmethylated CpG dinucleotides shown in A (n=3–4/group). Ethanol
exposure leads to a significant increase in methylation at the miR-9-2 locus.
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Figure 8.
Pre-mir-9 transcripts accumulate following chronic ethanol exposure in mammals. A and B)
Following 70mM ethanol exposure, miR-9-3 exhibits significant accumulation, while
miR-9-2 exhibits a near-significant increase in accumulation. In both paradigms, miR-9-1
levels remained unaffected by ethanol. Asterisks indicate statistically significant
comparisons of ΔCT, p<0.05 (lower ΔCT indicates increased expression of pre-miRNA),
n=4–5/group. Data from acute and chronic ethanol treatment conditions were combined
because, while there was a main effect of ethanol exposure on Pre-miR-9 accumulation,
there was not a statistically significant effect of time.
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