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Abstract

Background: Maternal consumption of alcohol during pregnancy is associated with a range of physical, cognitive
and behavioural outcomes in the offspring which are collectively called foetal alcohol spectrum disorders. We and
others have proposed that epigenetic modifications, such as DNA methylation and post-translational histone modi-
fications, mediate the effects of prenatal alcohol exposure on gene expression and, ultimately, phenotype. Here we
use an inbred C57BL/6J mouse model of early gestational ethanol exposure equivalent, developmentally, to the first
3-4 weeks of pregnancy in humans to examine the long-term effects on gene expression and epigenetic state in the
hippocampus.

Results: Gene expression analysis in the hippocampus revealed sex- and age-specific up-regulation of solute carrier
family 17 member 6 (Slc17a6), which encodes vesicular glutamate transporter 2 (VGLUT2). Transcriptional up-regulation
correlated with decreased DNA methylation and enrichment of histone H3 lysine 4 trimethylation, an active chro-
matin mark, at the Slc17a6 promoter. In contrast to Slic17a6 mRNA levels, hippocampal VGLUT2 protein levels were
significantly decreased in adult ethanol-exposed offspring, suggesting an additional level of post-transcriptional
control. MicroRNA expression profiling in the hippocampus identified four ethanol-sensitive microRNAs, of which
miR-467b-5p was predicted to target Slc17a6. In vitro reporter assays showed that miR-467b-5p specifically interacted
with the 3’UTR of Slc17a6, suggesting that it contributes to the reduction of hippocampal VGLUT2 in vivo. A signifi-
cant correlation between microRNA expression in the hippocampus and serum of ethanol-exposed offspring was
also observed.

Conclusions: Prenatal ethanol exposure has complex transcriptional and post-transcriptional effects on Slc17a6
(VGLUT2) expression in the mouse hippocampus. These effects are observed following a relatively moderate exposure
that is restricted to early pregnancy, modelling human consumption of alcohol before pregnancy is confirmed, and
are only apparent in male offspring in adulthood. Our findings are consistent with the idea that altered epigenetic
and/or microRNA-mediated regulation of glutamate neurotransmission in the hippocampus contributes to the cogni-
tive and behavioural phenotypes observed in foetal alcohol spectrum disorders. Although further work is needed
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in both mice and humans, the results also suggest that circulating microRNAs could be used as biomarkers of early

gestational ethanol exposure and hippocampal dysfunction.

Keywords: Developmental programming, DNA methylation, Histone modifications, Ethanol exposure, MicroRNA

Background
Structural and functional abnormalities of the central
nervous system are commonly observed in foetal alcohol
spectrum disorders [1]. Cognitive and behavioural out-
comes in individuals exposed to alcohol in utero include
intellectual impairment, adaptive dysfunction and defi-
cits in executive functioning, learning and memory [2].
The hippocampus has received considerable attention
in studies of gestational alcohol exposure due to its sen-
sitivity to alcohol and its role in learning and memory.
Alcohol-associated reductions in hippocampal volume
have been reported in humans exposed in utero, and
combined imaging and behavioural studies have linked
altered hippocampal volume with memory deficits [3,
4]. Animal studies have similarly documented ethanol-
induced reductions in hippocampal volume [5, 6] and
impaired hippocampal-dependent learning and memory
[7, 8]. Further, they have revealed that prenatal ethanol
exposure results in altered electrophysiological proper-
ties [9, 10], as well as cell loss [6] and compromised neu-
rogenesis [11, 12] in the hippocampus. Dysregulation of a
number of genes involved in glutamatergic signalling and
synaptic plasticity, including vesicular glutamate trans-
porter 1, complexin 1, excitatory amino acid transporters
1 and 3, and some N-methyl-p-aspartate (NMDA) recep-
tor subunits, has also been reported in rats [7, 13, 14]
but the mechanisms underlying these ethanol-induced
expression changes in the hippocampus are not known.
Epigenetic modifications, including DNA methylation
and post-translational histone modifications which pack-
age the DNA into chromatin, play an important role in
development by regulating transcription. MicroRNAs
(miRNAs), small ~22 nucleotide non-coding RNAs, also
fine-tune gene expression either by destabilising target
mRNAs or blocking translation [15]. DNA methylation,
post-translational histone modifications and miRNAs
have received increasing attention as potential media-
tors of the effects of environmental exposures on phe-
notype and disease risk. Consistent with this, global
levels of DNA methylation as well as histone H3 lysine
9 dimethylation and histone H3 lysine 27 dimethylation
were found to be disrupted in the hippocampus follow-
ing neonatal ethanol exposure in rats [16] and C57BL/6]
mice [17], respectively. Recent studies have further linked
ethanol-induced changes in histone H4 lysine 8 acety-
lation [18] and DNA methylation [19] with altered hip-
pocampal gene expression in C57BL/6] mice. There is

evidence that ethanol exposure can alter miRNA expres-
sion in cortical neuroepithelial precursor cells in culture
[20] and C57BL/6] whole brain [21-23], but its impact on
the hippocampus has not been fully explored [24].

To date, most studies of the effects of prenatal etha-
nol exposure on the hippocampus have used expo-
sures which either extended throughout pregnancy or
were equivalent to the third trimester of pregnancy in
humans. Evidence that the majority of women cease
alcohol consumption when pregnancy is confirmed
(~5 weeks gestation) [25] highlights a need for investi-
gations that target early gestational ethanol exposure.
This window of exposure incorporates early neurulation
and, crucially, embryonic epigenetic reprogramming,
when dynamic changes in epigenetic state are occur-
ring genome-wide. We previously established an inbred
C57BL/6] mouse model of prenatal ethanol exposure
that is based on voluntary maternal consumption of 10 %
ethanol (v/v) from 0.5 to 8.5 days post coitum (dpc) [26].
The estimated peak maternal blood alcohol concentra-
tion is relatively moderate at 120 mg/dl or 0.12 % [26]
and the exposure period is equivalent, developmen-
tally, to the first 3—4 weeks of a human pregnancy. We
found that ethanol-exposed offspring displayed signifi-
cant alterations in behaviour [27], craniofacial structure
and an increased probability of transcriptional silencing
at the epigenetically sensitive Agouti viable yellow (A")
allele [26]. Here we examine solute carrier family 17
member 6 (Slc17a6), which plays a role in excitatory neu-
rotransmission, synaptic plasticity and cognition [28],
and describe ethanol-induced changes in hippocam-
pal expression that are linked to altered promoter DNA
methylation, post-translational histone modifications
and miRNA levels.

Results

Prenatal ethanol exposure disrupts the developmental
silencing of Slc17a6 in the male hippocampus

The average daily consumption of 10 % (v/v) ethanol by
pregnant C57BL/6] females was 3.3 & 0.7 ml, which was
not significantly different to the volume of water con-
sumed by control mice (Additional file 1: Figure S1A).
There was no effect of ethanol on maternal body weight
gain during the exposure period (Additional file 1: Fig-
ure S1B) or litter size at weaning (Additional file 1: Fig-
ure S1C), indicating that the exposure had no significant
impact on maternal health or offspring viability.
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To examine the long-term effects of prenatal ethanol
exposure on the hippocampal transcriptome, microarray-
based gene expression analyses were performed on adult
male hippocampi [postnatal day (P) 87, n = 6 per group].
Only four genes, indolethylamine N-methyltransferase
(Inmt), melanoma inhibitory activity 1 (Mial), solute car-
rier family 17 member 6 (Slc17a6) and teashirt zinc finger
family member 2 (Tshz2), were found to be differentially
expressed (>1.5-fold, uncorrected P < 0.05) in ethanol-
exposed mice compared to controls (Additional file 1:
Table S1). None of these genes passed multiple testing cor-
rection suggesting that they may be false positives; how-
ever, qPCR analysis of hippocampal Slc17a6 expression
in additional cohorts of mice confirmed the significant
overall up-regulation of this gene in the ethanol-exposed
group (Fig. 1a). Interestingly, not all ethanol-exposed off-
spring were equally affected; the highest Slc17a6 expres-
sors were increased approximately threefold compared to
controls while others had basal levels of expression which
were equivalent to the controls. This variation in expres-
sion (F test, P < 0.001), even within litters, in inbred etha-
nol-exposed mice parallels our previous findings with A"
[25] lending further support to the idea that the influence
of early gestational ethanol exposure on gene expression is
stochastic. Altered expression of Slc17a6 was not detected
in adult ethanol-exposed female offspring, indicating that
the effect is also sex-specific (Additional file 1: Figure S2).

Slc17a6 (VGLUT?2) is one of three vesicular glutamate
transporters that function in the uptake of glutamate into
synaptic vesicles. It is primarily expressed in the hippocam-
pus during the first 2—3 weeks of postnatal development,
coincident with brain growth and maturation [29, 30]. A
developmental switch in expression then occurs in which
VGLUT2 is downregulated and VGLUT1 is up-regulated
to become the predominant VGLUT in the hippocam-
pus in adulthood [29, 30]. Consistent with the literature,
qPCR analysis in control male offspring showed a decrease
in hippocampal Slc17a6 expression from P21 (3 weeks of
age) to P87 (adulthood), which persisted until at least P120
(Fig. 1b). Expression of Slc17a6 in ethanol-exposed male
offspring was similar to controls at P21, but was significantly
increased at P87 and P120 (Fig. 1b; Additional file 1: Figure
S3), indicating that prenatal ethanol exposure disrupts the
developmental silencing of Slc17a6 in the hippocampus.
Expression of Slc17a7 (VGLUT1) was not changed in the
hippocampi of adult ethanol-exposed offspring in the initial
microarray experiment, so was not examined further.

Increased transcription of SIc17a6 correlates

with decreased promoter DNA methylation in adult
ethanol-exposed offspring

To examine whether Slc1746 expression was associ-
ated with a specific promoter DNA methylation pattern,
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Fig. 1 gPCR analysis of Slc77a6 expression in the male hippocam-
pus. a Slc17a6 expression in the male hippocampus at P87. A total
of 56 control mice and 52 ethanol-exposed (EtOH) mice from three
independent cohorts were assayed. Basal (fold change of ~1 relative
to controls) and high (>1.35-fold) Slc17a6 expressors in the ethanol-
exposed group are boxed. b Hippocampal Slc17a6 expression in
males at different ages. Controls (open circle) at P21 (n = 30 mice),
P87 (n = 56 mice) and P120 (n = 11 mice) and ethanol-exposed mice
(filled circle) at P21 (n = 36 mice), P87 (n = 52 mice), P120 (n =18
mice) are shown. Data were normalised to Hprt1 and are plotted as
mean and standard deviation. **P < 0.01 (t test, two-tailed)

clonal bisulphite sequencing was carried out on a region
extending from —144 to —20 bp relative to the transcrip-
tional start site identified by Li and colleagues in the
mouse brain [31]. The region (BS1) contains nine CpG
dinucleotides (Fig. 2a). Adult hippocampal samples were
divided into three groups for DNA methylation analy-
sis: controls, ethanol-exposed offspring that had basal
expression of Slc17a6 (fold change ~1 relative to con-
trols), and ethanol-exposed offspring that had increased
expression of Slcl17a6 (>1.35-fold compared to controls).
The rationale for separating ethanol-exposed mice into
two subgroups, representing unaffected offspring (basal
expressors) and affected offspring (high expressors),
was to reduce background “noise” and allow epigenetic
changes that are associated with transcriptional up-
regulation to be more easily detected. Ethanol-exposed
basal Slc17a6 expressors had an average of 4.7 % meth-
ylation per clone which was not significantly different
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from controls (average of 4.5 % methylation per clone)
(Fig. 2b). In contrast, ethanol-exposed high Slc17a6
expressors displayed a significant decrease in promoter

Fig. 2 DNA methylation at the Slc17a6 promoter. a Schematic
representation of the Slc17a6 gene. Solid boxes represent the 5’ and
3'UTRs and open boxes represent exons. A region spanning —255 to
490 bp relative to the transcriptional start site (TSS) is drawn below.
The region (BS1, —144 to —20 bp) and CpG sites (vertical arrows, CpGs
1-9) examined by clonal bisulphite sequencing are indicated, as is
the region used in in vitro reporter assays (CpGs 1-10, —144 bp to
+68 bp). Four different CpG methylation patterns were generated for
reporter assays using three bacterial methyltransferases (MTs), M.Sss/
MT, Hhal MT and Hpall MT either alone or in combination. Filled and
open circles represent methylated and unmethylated CpGs, respec-
tively. b DNA methylation in the adult hippocampus (P87 and 120).
Each line of nine CpGs represents the DNA methylation state of one
allele in one cell. Clones from controls (total n = 42 from 16 mice) as
well as basal (total n = 33 from 16 mice) and high (total n = 34 from
17 mice) Slc17a6 expressors in the ethanol-exposed (EtOH) group

are shown. A graph of % DNA methylation per clone is also shown.

¢ The impact of Slc17a6 promoter methylation (CpGs 1-10, —144 to
—+68 bp) on luciferase activity in vitro. The results of three independ-
ent experiments in CAD cells are shown. Data are presented as mean

and standard deviation. **P < 0.01 (¢ test, two-tailed)

DNA methylation, with an average of 0.7 % methylation
per clone (Fig. 2b). At P21, where hippocampal Slc17a6
transcription is high and there is no differential expres-
sion between groups, the average % methylation per
clone was not significantly different between control and
ethanol-exposed offspring (Additional file 1: Figure S4).
An in vitro reporter assay was used to investigate
whether DNA methylation at the Slc17a6 promoter
was capable of affecting gene expression. The promoter
region, spanning —144 to +68 bp and containing ten
CpG dinucleotides (nine of which were examined pre-
viously by clonal bisulphite sequencing) was inserted
upstream of a firefly luciferase reporter gene. Three
bacterial methyltransferases, including a CpG methyl-
transferase (M.Sss I), Hpall methyltransferase and Hhal
methyltransferase, were then used either alone or in
combination to generate four different promoter meth-
ylation patterns prior to transient transfection into a
murine neuronal cell line, Cath.a-differentiated (CAD).
The CAD cell line is derived from a CNS catecholamin-
ergic cell line, Cath.a, and expresses markers found in
differentiated neurons [32]. Transfection efficiency was
normalised by co-transfection with a plasmid containing
Renilla luciferase. Figure 2c shows that insertion of the
Slc17a6 promoter region upstream of the reporter gene
significantly increased luciferase activity compared to
vector only (P < 0.01), confirming its promoter activity.
DNA methylation had no effect on the luciferase activ-
ity of vector-only constructs, but it significantly reduced
luciferase activity in constructs containing the Slc17a6
promoter (P < 0.01, Fig. 2c). Moreover, the effect of DNA
methylation was the same regardless of whether all ten
CpGs in the Slc17a6 promoter were methylated (M.Sss 1)
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or only one CpG site was methylated (Hpall methyltrans-
ferase). Similar results were obtained with a second neu-
ronal cell line, Neuro 2a (Additional file 1: Figure S5). The
results indicate that small changes in DNA methylation
can have a dramatic effect on Slc17a6 promoter function.

Enrichment of histone H3 lysine 4 trimethylation
(H3K4me3), an active chromatin mark, at SIc17a6 is
associated with increased transcription

ChIP-qPCR was used to assay the hippocampal levels of
H3K4me3 (associated with transcriptional activation)
and histone H3 lysine 27 trimethylation (H3K27me3,
associated with transcriptional repression) at a region in
the Slc17a6 promoter (—240 to —94 bp; Fig. 3a) that has
previously been shown to be enriched for these marks in
adult C57BL/6 cerebellum [33, 34]. Chromatin was pre-
pared from the pooled hippocampi of twelve males per
group. H3K4me3, but not H3K27me3, was enriched at
Slc17a6 in both ethanol-exposed and control offspring
at P21, consistent with the high expression of Sic17a6
in both groups at this age (Fig. 3b, c). In adult control
offspring, H3K4me3 was significantly decreased and
H3K27me3 was significantly increased compared to P21
(Fig. 3b, ¢) coincident with the developmental silenc-
ing of Slc17a6. H3K4me3 and H3K27me3 levels in adult
ethanol-exposed basal Sic17a6 expressors were no differ-
ent to controls; however, ethanol-exposed high Sic17a6
expressors had a significant increase in H3K4me3 com-
pared to controls (Fig. 3b, c).

Prenatal ethanol exposure is associated with a reduction

in hippocampal VGLUT2 levels

Western blotting was used to investigate whether Slc17a6
mRNA levels correlated with VGLUT2 protein levels in
the adult male hippocampus (Fig. 4a). We found that,
compared to controls, VGLUT2 was significantly lower
in high Slc17a6 expressors in the ethanol-exposed group,
and showed a trend towards reduced levels (P = 0.06) in
basal Slc17a6 expressors in the ethanol-exposed group
(Fig. 4b). Pearson correlation analysis found no relation-
ship between Slc17a46 mRNA and VGLUT?2 protein levels
in the ethanol-exposed group (P > 0.05). The results indi-
cate that prenatal ethanol exposure is associated with a
reduction in VGLUT?2 protein regardless of the Slc17a6
mRNA levels in hippocampus. Moreover, they suggest
that there is post-transcriptional regulation of VGLUT?2.

Alterations in adult hippocampal miRNA expression

in response to prenatal ethanol exposure

Expression profiling was performed in the adult hip-
pocampus (n = 6 per group) and of 944 mature miRNAs
assayed, 488 were expressed in both the ethanol-exposed
and control groups. Of these, fifteen miRNAs were
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Fig. 3 Analysis of H3K4me3 and H3K27me3 at Sic17a6. a Schematic
representation of the Slc17a6 gene showing the region assayed by
ChIP-gPCR (—240 to —94 bp) relative to BS1 and the TSS is shown.
Horizontal arrows represent PCR primers. b H3K4me3 in the male
hippocampus at P21 and P87 + 120 (n = 12 mice/group, pooled).
A gene desert and Gapdh2 were used as a negative control (—Ctrl)
and positive control (+Ctrl), respectively. € H3K27me3 in the male
hippocampus at P21 and P87 + 120 (n = 12 mice/group, pooled). A
gene desert and Pax2 were used as negative and positive controls,
respectively. Data are shown as mean and standard deviation.

*P < 0.05 (t test, two-tailed)
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Fig. 4 Post-transcriptional regulation of Slc17a6. a Representative western blot of VGLUT2 (65 kDa) in the adult male hippocampus (n = 2 per
group). GAPDH (38 kDa) was used as a loading control. b Quantitation of VGLUT2 levels in controls (n = 10 mice), basal expressors of Slc17a6 in the
ethanol-exposed group (n = 4 mice) and high expressors of Slc17a6 in the ethanol-exposed group (n = 6 mice). € gPCR analysis of MiRNA expres-
sion in the adult male hippocampus (n = 28 in the ethanol-exposed group and n = 32 in the controls). Expression was normalised to U6 snRNA.

d miR-467b-5p targets the 3’UTR of Slc17a6 in an in vitro reporter assay. Luminescence is shown for vector only, vector containing the 3’UTR of
Slc17a6 (Target) and vector with a mutated Sic17a6 3’'UTR (Scramble) under three different co-transfection conditions: no co-transfection (None),
addition of a miR-467b-5p mimic (Mimic) or addition of a miR-467b-5p inhibitor (Inhibitor). Assays were done in quadruplicate, and the results from
three independent experiments in CAD cells are shown. Data are shown as mean and standard deviation. *P < 0.05, **P < 0.01 (t test, two-tailed)

differentially  expressed  (>1.5-fold,  uncorrected to be significantly up-regulated in ethanol-exposed mice
P < 0.0005, Additional file 1: Table S2). Seven miRNAs  (Fig. 4c).

were selected for qPCR validation experiments based on

factors such as expression fold change, P value, miRNA  Ethanol-sensitive miR-467b-5p targets Slc17a6

family membership and genomic location (Additional One of the ethanol-sensitive miRNAs, the mouse-
file 1: Table S2). Four out of seven miRNAs, miR-135a, specific miR-467b-5p, was predicted to bind to the
miR-135b, miR-467b-5p and miR-487b, were confirmed 3'UTR of SlcI17a6 by TargetScan (Release 6.2) [35].
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Therefore, the interaction was tested experimentally
using an in vitro reporter assay. Briefly, the predicted
miR-467b-5p target site (position 374-380 of Slc17a6
3'UTR, NCBI:NM_080853) or a mutated target site
(Scramble) was inserted into the 3'UTR of a firefly lucif-
erase reporter gene. The constructs were then tran-
siently transfected into a murine neural cell line, CAD,
which is known to express miR-467b-5p (determined
by qPCR). The specificity of the interaction was tested
by co-transfection with either a miR-467b-5p mimic or
inhibitor. Figure 4d shows that firefly luciferase activity
was significantly decreased when the putative target site
of miR-467b-5p was inserted adjacent to the reporter
compared to vector only or the Scramble construct. Fur-
thermore, the decrease in luminescence was augmented
by co-transfection of a miR-467b-5p mimic and partially
ameliorated by co-transfection of a miR-467b-5p inhibi-
tor (Fig. 4d). There was no effect of the mimic or inhibi-
tor on the vector only or Scramble constructs. Similar
results were obtained with a second neuronal cell line,
Neuro 2a (Additional file 1: Figure S6). Taken together,
the results indicate a specific interaction between miR-
467b-5p and the 3'UTR of Slc17a6 in vitro, and suggest
that a similar interaction contributes to reduced hip-
pocampal VGLUT2 protein levels in ethanol-exposed
adult males in vivo.

Ethanol-sensitive miRNA expression in the hippocampus is
mirrored in the serum of the same animal

We investigated whether ethanol-sensitive miRNAs in
the hippocampus were also differentially expressed in
serum. Three miRNAs, miR-135a, miR-135b and miR-
467b-5p, were significantly up-regulated (>twofold) in
the ethanol-exposed group compared to controls (Fig. 5).
Linear regression analysis showed significant linear
relationships between the hippocampus and serum for
miR-135a (R* = 0.84, P < 0.01), miR-135b (R* = 0.91,
P < 0.001) and miR-467b-5p (R*> = 0.60, P < 0.05) in
ethanol-exposed mice only. The results reveal that, for
these miRNAs, serum expression levels could be used
as a proxy for hippocampal expression levels in ethanol-
exposed offspring.

Discussion

Alcohol consumption by young women has dramatically
increased in recent years raising concern about prenatal
alcohol exposure, particularly before pregnancy is con-
firmed [36]. We have used voluntary maternal consump-
tion of 10 % (v/v) ethanol from fertilisation (0.5 dpc) to
8.5 dpc in C57BL/6] mice to model ethanol exposure
during the first 3—4 weeks of human gestation. The esti-
mated peak maternal blood alcohol concentration in this
model is 120 mg/dl or 0.12 % [26], approximately twice
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Fig. 5 Ethanol-sensitive miRNA expression in the serum of adult
male offspring. gPCR analysis of ethanol-sensitive miRNAs in the
serum of adult (PD 87 and 120) male ethanol-exposed (n = 21

mice) and control (n = 16 mice) offspring from three independent
cohorts. Expression was normalised to exogenously spiked synthetic
C. elegans miR-39 (Syn-cel-miR-39). Data are shown as mean and
standard deviation. **P < 0.01 (t test, two-tailed)

the legal driving limit in most countries. We previously
found that ethanol-exposed offspring had craniofacial
dysmorphology at P28-30 [26] and alterations in behav-
iour [27] in adulthood. Here, we have identified increased
Slc17a6 mRNA and decreased VGLUT?2 protein levels in
the hippocampi of adult male ethanol-exposed offspring.
Transcriptional activation of Slc17a6 was stochastic and
correlated with both reduced promoter DNA methyla-
tion and significant enrichment for H3K4me3, suggest-
ing a more open and accessible chromatin conformation.
At this stage, we do not know if the observed epigenetic
changes are a cause or consequence of the transcriptional
changes. The decrease in promoter DNA methylation at
Slc17a6 was modest, changing from an average of 4.5 %
methylation per clone in controls to an average of 0.7 %
methylation per clone in ethanol-exposed high expres-
sors; however, in vitro reporter studies demonstrated that
methylation at a single CpG site was sufficient to repress
Slc17a6 promoter activity. The mechanism by which
this occurs is unknown, but appears to be not specific
to any particular CpG site. To our knowledge, this is the
first report to link promoter DNA methylation and post-
translational histone modifications with Slc1746 tran-
scription, both normally and in response to an adverse
environmental exposure in pregnancy.

Protein levels are generally assumed to correspond
with mRNA levels but it is becoming increasingly appar-
ent that mRNA and protein abundances are often only
weakly correlated within a tissue [37, 38]. Moreover, the
mechanisms underlying these discrepancies are poorly
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understood. We found that hippocampal VGLUT2
protein levels were consistently decreased in ethanol-
exposed offspring regardless of Slc17a6 mRNA levels.
One possible explanation for this is post-transcriptional
regulation by miRNAs. Expression profiling in the adult
male hippocampus identified 15 candidate ethanol-sen-
sitive miRNAs, ten of which were members of the same
family and/or clustered to similar genomic locations,
suggesting that the effect of ethanol exposure on miRNA
expression is not random. Seven miRNAs representa-
tive of each family or genomic location were selected for
validation experiments and four miRNAs were confirmed
to be significantly up-regulated in ethanol-exposed oft-
spring. Of these, miR-467b-5p was predicted to target
Slc17a6, among other genes. MicroRNA-467b-5p is
positioned in a mouse-specific cluster of up to 65 miR-
NAs in intron 10 of the Scm-like with four mbt domains 2
(Sfmbt2) gene [39]. Five other miRNAs from this cluster
were also on our list of fifteen candidate ethanol-sensitive
miRNAs. These findings are consistent with Laufer and
colleagues, who identified differential expression at three
small non-coding RNA clusters, including Sfimbt2, in
mouse whole brain following prenatal ethanol exposure
[23]. In vitro reporter experiments confirmed a specific
interaction between the 3'UTR of SicI7a6 and miR-
467b-5p, implicating this miRNA in the down-regula-
tion of hippocampal VGLUT?2 in ethanol-exposed mice.
Together, the results suggest complex, independent tran-
scriptional and post-transcriptional effects at VGLUT2
in the mouse hippocampus in response to prenatal
ethanol exposure. Although the impact of miR-467b-5p
would not be reproduced in humans, our findings show
that such a mechanism is possible in the hippocampus
and could involve other ethanol-sensitive miRNAs.

Of the remaining validated ethanol-sensitive miR-
NAs, miR-135a and miR-135b are well-conserved and
predicted to target Complexin 1 and Complexin 2 (Tar-
getScan, Release 6.2), which are involved in modulat-
ing neurotransmitter release [40]. Complexin 1 and
Complexin 2 mRNAs were not differentially expressed
between groups in our initial microarray-based screen of
gene expression; however, it is possible that these miR-
NAs affect translation and protein levels are changed.
MicroRNA regulation of target protein translation (with
no effect on mRNA levels) has previously been reported
in the placenta in a mouse model of intrauterine calorie
restriction [41]. Analysis of putative target genes for miR-
487b did not reveal any candidates that are known to play
a role in hippocampal function.

There is increasing interest in the use of circulating
miRNAs in the diagnosis of human disease, particularly
cancer [42—-44]. Recent investigation of an ovine model of
binge ethanol exposure throughout pregnancy identified
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a number of plasma miRNAs in newborn lambs that
were sensitive and specific indicators of prenatal ethanol
exposure, and were predicted to target pathways involved
in growth [45]. We found that the three ethanol-sensitive
miRNAs with the highest average expression fold changes
in the hippocampus, including the well-conserved miR-
135a and miR-135b, were also significantly up-regulated
in serum. Interestingly, expression levels in both tissues
were significantly linearly correlated in the same animal
suggesting that, for these miRNAs, serum expression
could be used as a surrogate for expression levels in the
hippocampus.

Conclusions

Prenatal ethanol exposure affects hippocampal gene
expression and epigenetic state at multiple levels. Fur-
ther, these effects are observed following a relatively
moderate exposure early in pregnancy, and only in
adult male offspring. Our findings are consistent with
the idea that some of the cognitive and behavioural
phenotypes observed in foetal alcohol spectrum disor-
ders may be due to altered epigenetic and/or miRNA-
mediated control of glutamate neurotransmission in the
hippocampus. Although further work is needed in both
mice and humans, our findings also suggest that circu-
lating miRNAs could be used as noninvasive biomark-
ers of in utero ethanol exposure as well as hippocampal
dysfunction.

Methods

Animals and prenatal ethanol exposure

Animal work was conducted in accordance with the Aus-
tralian code for the care and use of animals for scientific
purposes, and was approved by an Animal Ethics Com-
mittee at The University of Queensland (MMRI/120/12/
NHMRC). Prenatal ethanol exposure in inbred C57BL/6]
mice was performed as described previously [26]. The
model is based on voluntary maternal consumption of
10 % (v/v) ethanol from fertilisation to 8.5 dpc. Briefly,
adult (8-week-old) C57BL/6] males and C57BL/6]
females (6-7 weeks) were purchased from the Animal
Resources Centre (Perth, Australia) and habituated to
a 12-h light/12-h dark cycle for a week before mating.
Males were paired with a single, nulliparous female over-
night and females were checked each morning for the
presence of a vaginal plug (defined as 0.5 dpc). At 0.5 dpc,
the male and female were separated and females were
randomly assigned to either the ethanol-exposed group
[10 % (v/v) ethanol] or control group (water). Pregnant
females were allowed free access to both food and liq-
uid, and the volume of liquid consumed was measured to
the nearest 0.2 ml every 24 h. Following 8 days of expo-
sure, ethanol-exposed females were given water for the
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remainder of the experiment. Female body weight was
measured at 0.5 and 8.5 dpc.

Microarray-based analysis of gene expression

Hippocampi were dissected from male ethanol-exposed
and control offspring (1 = 6 per group) at P87, snap-fro-
zen in liquid nitrogen and stored at —80 °C. Total RNA
was extracted using the RNeasy Plus Mini kit (Qiagen,
Netherlands). For each sample, 500 ng of total RNA was
used for complementary RNA (cRNA) synthesis using
the TotalPrep RNA Amplification kit (Illumina, USA) and
1.5 pg of cRNA was then hybridised to MouseWG-6 v2.0
Expression BeadChips (Illumina, USA) at 58 °C for 16 h
according to the manufacturer’s instructions. Data were
quantile normalised using Genome Studio v1.9.0 (Illu-
mina, USA) and differential expression was determined
using GeneSpring GX11 (Agilent, USA) on default set-
tings. Genes with uncorrected P values less than 0.05 and
expression fold changes greater than 1.5 were selected for
validation experiments.

Availability of supporting data

The microarray data sets supporting the results of this
article are available in the Gene Expression Omnibus
(GEO) repository under accession number GSE60000
(http://www.ncbi.nlm.nih.gov/geo/).

gPCR validation of differential gene expression

RNA (250 ng) was reverse transcribed in a 20 ul reaction
using 100 ng of random hexamer primers (Life Technol-
ogies, USA), 500 uM dNTP mix, 1x first strand buffer,
5 mM DTT, 40 units of RNaseOUT (Life Technologies,
USA) and 200 units of SuperScript III Reverse Tran-
scriptase (Life Technologies, USA). The cDNA was then
diluted 1 in 10 and 4 pl was used in the qPCR with 1x
SYBR green MasterMix (Life Technologies, USA), 0.3 uM
of forward/reverse primers (Additional file 1: Table S3)
and 0.2 pl of ROX dye (Life Technologies, USA). Cycling
parameters were 50 °C for 5 min, followed by 40 cycles of
denaturation at 95 °C for 15 s and annealing and exten-
sion at 60 °C for 1 min. Each reaction was performed in
triplicate. Gapdh and Hprtl were used as housekeepers,
and similar results were obtained with both genes. Analy-
sis was performed using the 2722T method.

Clonal bisulphite sequencing

A total of 1 pg of genomic DNA was converted with
sodium bisulphite using the EpiTect Bisulfite kit (Qiagen,
Netherlands) according to the manufacturer’s instruc-
tions. A region (BS1) extending from —144 to —20 bp rel-
ative to the transcriptional start site identified by Li and
colleagues in the mouse brain [31] was then amplified
using a semi-nested PCR strategy. The first round PCR
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was conducted in a 50 pl reaction that contained 3 ul
of converted genomic DNA, 1x BIOTAQ NH, buffer,
1.5 mM MgCl,, 200 uM dNTPs, 0.3 uM of each primer
(BS_F and BS_R1, Additional file 1: Table S3) and 1 U
BIOTAQ DNA Polymerase (Bioline, UK). Cycling param-
eters involved denaturation at 94 °C for 5 min followed
by 29 cycles of denaturation at 94 °C for 1 min, anneal-
ing at 58 °C for 1 min, and extension at 72 °C for 1 min.
A final extension step was carried out at 72 °C for 3 min.
First round PCR product (1 pl) was used as template
for a second round PCR using primers BS_F and BS_R2
(Additional file 1: Table S3) and the same reaction and
cycling conditions as the first round. Two independent
semi-nested PCRs were performed per sample to reduce
the impact of PCR bias on the results [46]. PCR products
were gel-purified, subcloned into the pGEM-T vector
(Promega, USA) and transformed into E. coli DH5a com-
petent cells according to standard protocols. Two to four
clones were sequenced per PCR and were analysed using
BiQ Analyzer with default settings [47].

In vitro reporter assays of promoter function

The Slc17a6 promoter (—144 to +68 bp) was ampli-
fied from mouse hippocampal genomic DNA using the
primers PM_F and PM_R (Additional file 1: Table S3)
and ligated to the pGL4.14 [luc2/Hygro] vector (Pro-
mega, USA) using Sfil restriction enzyme sites. A CpG
methyltransferase (M.Sssl), Hpall methyltransferase or
Hhal methyltransferase (New England Biolabs, USA)
were used either alone or in combination to methyl-
ate the promoter-containing construct and vector only
according to the manufacturer’s instructions. pGL4.14-
based plasmids (45 ng) and pGL4.74[hRluc/TK] (5 ng)
were transiently transfected into CAD cells using Lipo-
fectamine 2000 (Life Technologies, USA) according to
the manufacturer’s protocol. CAD cells were grown in
DMEM:HAMS F12 (1:1) with 8 % foetal bovine serum
and 2 mM glutamine. pGL4.74[hRluc/TK] contains
Renilla luciferase and was used to control for transfec-
tion efficiency. Transfections were performed in quad-
ruplicate. Luciferase assays were carried out 36 h after
transfection using the Dual-Glo luciferase assay sys-
tem (Promega, USA) according to the manufacturer’s
instructions.

ChIP-qPCR

ChIP-qPCR was performed using the ChIP-IT High-Sen-
sitivity Kit and ChIP-IT qPCR Analysis Kit (Active Motif,
USA) according to the manufacturer’s instructions.
Chromatin was prepared from the pooled hippocampi
of twelve males per group. Slc17a6 ChIP-qPCR primers,
ChIP_F and ChIP_R, are listed in Table S3 (Additional
file 1). The H3K4me3 and H3K27me3 antibodies, Mouse
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Negative Control Primer Set 1, Positive Control Primer
Set Gapdh-2 and Positive Control Primer Set Pax-2 were
all purchased from Active Motif. Reactions were per-
formed in triplicate. Data were analysed using an Excel-
based ChIP-IT qPCR Analysis Spreadsheet according to
the manufacturer’s instructions [48].

Western blotting

Individual hippocampi were homogenised in a urea pro-
tein lysis buffer, centrifuged at 13,000 rpm for 5 min at
4 °C and the supernatants were and stored at —80 °C.
Total protein concentration was determined using the
BCA Protein Assay (Thermo Fisher Scientific, USA) fol-
lowing the manufacturer’s instructions. 10 pg of total
protein was electrophoresed on a NuPage 4—-12 % Bis—
Tris gel (Life Technologies, USA) and transferred onto
PDVF membrane using the Hoefer miniVE (Hoefer,
USA). The membrane was incubated in Odyssey block-
ing buffer (LI-COR Biosciences, USA) at room tempera-
ture for 90 min, followed by incubation with a primary
guinea pig polyclonal anti-VGLUT?2 antibody (135404;
Synaptic Systems, Germany) diluted with 5 ml Odys-
sey blocking buffer at a ratio of 1:1000 and 0.1 % Tween
20 (Sigma-Aldrich, USA) at 4 °C overnight with gen-
tle rolling. The membrane was then washed four times
with PBS containing 0.1 % Tween 20 (5 min each at
room temperature). A fluorescent-labelled secondary
antibody, IRDye 680RD Donkey anti-guinea pig (LI-
COR Biosciences, USA) diluted with Odyssey blocking
buffer at a ratio of 1:10,000, supplemented with 0.01 %
SDS, was then incubated with the membrane in the dark
at room temperature for 45 min. The membrane was
washed again and scanned using the Odyssey system
(LI-COR Biosciences, USA). After scanning, the mem-
brane was rinsed with blocking buffer and incubated
with a primary mouse monoclonal anti-GAPDH anti-
body (MAB374; Millipore, USA) at room temperature
for an hour. A different fluorescent-labelled secondary
antibody, IRDye 800RD Donkey anti-mouse (LI-COR
Biosciences, USA), was incubated with the membrane
at room temperature for 45 min followed by four washes
as mentioned above. The membrane was re-scanned
and VGLUT?2 levels were calculated relative to GAPDH
levels.

MicroRNA profiling

Small RNA was isolated from the hippocampus using the
miRNeasy mini kit (Qiagen, Netherlands). RNA (200 ng)
was reverse transcribed using the miScript I RT kit (Qia-
gen, Netherlands) and genome-wide miRNA profiling
was conducted using the miScript miRNA PCR Array
(MIMM-3216ZE-12; Qiagen, Netherlands) according to
the manufacturer’s instructions. A total of 944 different
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mature miRNAs as well as six housekeeping genes were
assayed. Data were normalised to the average Ct of the
two most stably expressed housekeepers: RNU6-2 and
SNORD?Y5, and analysed by the 2722¢T method using an
Excel-based miScript PCR Array Data Analysis Template
[49].

TagMan gPCR validation of differential miRNA expression
c¢DNA was prepared using reverse transcription prim-
ers provided with TagMan MicroRNA Assays (Life
Technologies, USA) and the TagMan MicroRNA
Reverse Transcription kit (Life Technologies, USA)
according to the manufacturer’s instructions. The
c¢DNA was then diluted 10 times with RNase-free water
and 4.5 .l was mixed with 5 pl TagMan Universal Mas-
ter Mix II, no UNG (Life Technologies, USA) and 1x
TagMan MicroRNA Assay to obtain a 10 pl reaction.
PCR was performed on a ViiA 7 (Applied Biosystems,
USA) using 10 min denaturation at 95 °C, followed by
40 repeats of denaturation at 95 °C for 15 s and anneal-
ing and extension at 60 °C for 60 s. Reactions were per-
formed in triplicate. Data were normalised to RNU6-2
and relative expression was calculated by the 2744¢T
method.

Luciferase reporter assay of miRNA-target mRNA
interaction

Plasmid constructs containing the putative miR-
467b-5p target site (position 374-380 of Slc17a6 3'UTR,
NCBI:NM_080853) (Target) or a mutated target site
(Scramble), containing seven mismatches in the seed
region, were engineered using the pmirGLO vector sys-
tem (Promega, USA) according to the manufacturer’s
instructions. pmirGLO contains both a firefly luciferase
reporter gene (luc2) and a Renilla luciferase reporter
gene (hRluc-neo fusion). Inserts with Pmel (5') and Xbal
(3') sticky ends were generated by annealing 2 pg of sense
oligonucleotides and 2 g of antisense oligonucleotides
(Additional file 1: Table S3) in 46 pl of annealing buffer
at 37 °C for 15 min after denaturation at 90 °C for 3 min.
Annealed products, Target or Scramble, were ligated to
linearized pmirGLO that had been digested with Pmiel
and Xbal. The constructs or vector only (50 ng) were
transfected into 2 x 10* CAD cells using Lipofectamine
2000 (Life Technologies, USA) according to the manu-
facturer’s protocol. Co-transfection with a miR-467b-5p
mimic or an inhibitor (3.3 pmol) was performed using the
same conditions. Transfected cells were cultured for 24 h
and then subjected to a luciferase assay using the Dual-
Glo luciferase assay system (Promega, USA) according
to the manufacturer’s instructions. Assays were done in
quadruplicate. Firefly luciferase activity was normalised
to Renilla luciferase activity.
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Analysis of alcohol-sensitive miRNAs in serum

Serum was isolated from 500 pl of whole blood by
centrifugation at 8000 rcf for 15 min. Serum samples
(100 pl) were mixed with 3.5 pl of a synthetic spike-in
control, Caenorhabditis elegans microRNA 39 (Syn-
cel-miR-39) (1.6 x 10° copies/pl), before isolation of
total RNA using miRNeasy mini kit according to the
serum RNA extraction protocol (Qiagen, Netherlands).
Total RNA (170 ng) was reverse transcribed into cDNA
using the TagMan microRNA reverse transcription
kit (Life Technologies, USA) following manufacturer’s
instructions. Pre-amplification was performed using 1x
TagMan PreAmp Master Mix (Life Technologies, USA),
0.0075x pre-amplification primer pool and 2.5 pl of RT
products. Cycling parameters were 95 °C for 10 min,
55 °C for 2 min and 72 °C for 2 min, followed by 12
cycles of denaturation at 95 °C for 15 s and annealing
and extension at 60 °C for 4 min with a final deactivation
at 99.9 °C for 10 min. To amplify the miRNAs of interest,
2.5 pl of pre-amplification products (diluted 40 times)
was amplified using 1x TagMan microRNA assay in the
presence of 1x TagMan Universal Master mix II (No
AmpErase UNG) (Life Technologies, USA) following
manufacturer’s instructions. Reactions were performed
in triplicate. Data were normalised using Syn-cel-miR-39
and analysed using the 2722¢T method.

Statistics
All statistical analyses were conducted using R [50].

Additional file

Additional file 1: Figures S1-S6 and Tables S1-S3. Figure S1.
Maternal liquid consumption (A) and % weight gain (B) over the 8-day
exposure period. (C) Litter size at P21. Figure S2. S/c17a6 expression in
the female hippocampus at P87. Figure S3. Sic17a6 expression in the
male hippocampus at P21 and P120. Figure S4. Sic17a6 promoter DNA
methylation in the hippocampus at P21. Figure S5. The impact of Sic17a6
promoter methylation on luciferase activity in vitro. Figure $6. MicroRNA-
467b-5p targets the 3'UTR of Slc17a6 in an in vitro reporter assay. Table
S1. Differentially expressed genes in adult male hippocampi. Table S2.
Candidate ethanol-sensitive miRNAs in the hippocampus. Table S3.
Oligonucleotides used in this study.

Abbreviations

3'UTR: 3’ untranslated region; 5’UTR: 5" untranslated region; CAD: Cath.a-
differentiated; ChIP: chromatin immunoprecipitation; cRNA: complementary
RNA; Ctrl: control; dpc: days post coitum; EtOH: ethanol; H3K4me3: histone H3
lysine 4 trimethylation; H3K27me3: histone H3 lysine 27 trimethylation; miRNA:
microRNA; mRNA: messenger RNA; MTs: methyltransferases; P: postnatal day;
gPCR: quantitative PCR; RT: reverse transcription; Slc17a6: solute carrier family
17 member 6; TSS: transcriptional start site; VGLUT2: vesicular glutamate
transporter 2.

Authors’ contributions

CZ participated in the design of the study, carried out experiments and
drafted the manuscript. MFH helped to generate mouse cohorts used in the
study, and helped to revise the manuscript. MSV and THB generated tissues
for use in the study, and helped to revise the manuscript. SC conceived the

Page 11 of 12

study, participated in its design and coordination and helped to draft the
manuscript. All authors read and approved the final manuscript.

Author details

! Mater Research Institute, The University of Queensland, Translational
Research Institute, Level 4, 37 Kent St, Woolloongabba, QLD 4102, Australia.

2 Queensland Brain Institute, The University of Queensland, St Lucia, QLD 4072,
Australia.

Acknowledgements

This work was supported by an Australian National Health and Medical
Research Council Project Grant (1003038) to S. C. C. Z. was supported by
scholarships from The University of Queensland (International and Research
scholarships) and Mater Research-UQ (Frank Clair Scholarship). S. C. is sup-
ported by an Australian Research Council Future Fellowship.

Compliance with ethical guidelines

Competing interests
The authors declare that they have no competing interests.

Received: 30 June 2015 Accepted: 16 September 2015
Published online: 28 September 2015

References

1. Astley SJ. Profile of the first 1400 patients receiving diagnostic evaluations
for fetal alcohol spectrum disorder at the Washington State Fetal Alcohol
Syndrome Diagnostic and Prevention Network. Can J Clin Pharmacol.
2010;17(1):e132-64.

2. Mattson SN, Crocker N, Nguyen TT. Fetal alcohol spectrum disorders:
neuropsychological and behavioral features. Neuropsychol Rev.
2011;21(2):81-101. doi:10.1007/511065-011-9167-9.

3. Coles CD, Goldstein FC, Lynch ME, Chen X, Kable JA, Johnson KC, et al.
Memory and brain volume in adults prenatally exposed to alcohol. Brain
Cogn. 2011;75(1):67-77. doi:10.1016/j.bandc.2010.08.013.

4. Willoughby KA, Sheard ED, Nash K, Rovet J. Effects of prenatal alcohol
exposure on hippocampal volume, verbal learning, and verbal and spatial
recall in late childhood. J Int Neuropsychol Soc. 2008;14(6):1022-33.
doi:10.1017/51355617708081368.

5. Parnell SE, O'Leary-Moore SK, Godin EA, Dehart DB, Johnson BW, Allan
Johnson G, et al. Magnetic resonance microscopy defines ethanol-
induced brain abnormalities in prenatal mice: effects of acute insult
on gestational day 8. Alcohol Clin Exp Res. 2009;33(6):1001-11.
doi:10.1111/j.1530-0277.2009.00921 x.

6. Livy DJ, Miller EK, Maier SE, West JR. Fetal alcohol exposure and temporal
vulnerability: effects of binge-like alcohol exposure on the developing rat
hippocampus. Neurotoxicol Teratol. 2003;25(4):447-58.

7. Zink M, Ferbert T, Frank ST, Seufert P, Gebicke-Haerter PJ, Spa-
nagel R. Perinatal exposure to alcohol disturbs spatial learn-
ing and glutamate transmission-related gene expression in
the adult hippocampus. Eur J Neurosci. 2011;34(3):457-68.
doi:10.1111/}.1460-9568.2011.07776.x.

8. Savage DD, Becher M, de laTorre AJ, Sutherland RJ. Dose-dependent
effects of prenatal ethanol exposure on synaptic plasticity and learn-
ing in mature offspring. Alcohol Clin Exp Res. 2002;26(11):1752-8.
doi:10.1097/01.ALC.0000038265.52107.20.

9. Sutherland RJ, McDonald RJ, Savage DD. Prenatal exposure to moderate
levels of ethanol can have long-lasting effects on hippocampal synaptic
plasticity in adult offspring. Hippocampus. 1997,7(2):232-8. doi:10.1002/
(SICN1098-1063(1997)7:2<232:AID-HIP09>3.0.CO;2-O.

10. Richardson DP, Byrnes ML, Brien JF, Reynolds JN, Dringenberg HC.
Impaired acquisition in the water maze and hippocampal long-term
potentiation after chronic prenatal ethanol exposure in the guinea-pig.
Eur J Neurosci. 2002;16(8):1593-8.

11. Gil-Mohapel J, Titterness AK, Patten AR, Taylor S, Ratzlaff A, Ratzlaff T, et al.
Prenatal ethanol exposure differentially affects hippocampal neurogen-
esis in the adolescent and aged brain. Neuroscience. 2014;273:174-88.
doi:10.1016/j.neuroscience.2014.05.012.


http://dx.doi.org/10.1186/s13072-015-0032-6
http://dx.doi.org/10.1007/s11065-011-9167-9
http://dx.doi.org/10.1016/j.bandc.2010.08.013
http://dx.doi.org/10.1017/S1355617708081368
http://dx.doi.org/10.1111/j.1530-0277.2009.00921.x
http://dx.doi.org/10.1111/j.1460-9568.2011.07776.x
http://dx.doi.org/10.1097/01.ALC.0000038265.52107.20
http://dx.doi.org/10.1002/(SICI)1098-1063(1997)7:2%3c232:AID-HIPO9%3e3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1098-1063(1997)7:2%3c232:AID-HIPO9%3e3.0.CO;2-O
http://dx.doi.org/10.1016/j.neuroscience.2014.05.012

Zhang et al. Epigenetics & Chromatin (2015) 8:40

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

Klintsova AY, Helfer JL, Calizo LH, Dong WK, Goodlett CR, Greenough

WT. Persistent impairment of hippocampal neurogenesis in young adult
rats following early postnatal alcohol exposure. Alcohol Clin Exp Res.
2007,31(12):2073-82. doi:10.1111/j.1530-0277.2007.00528 x.

Naassila M, Daoust M. Effect of prenatal and postnatal ethanol exposure
on the developmental profile of mRNAs encoding NMDA receptor subu-
nits in rat hippocampus. J Neurochem. 2002;80(5):850-60.

Zink M, Arac G, Frank ST, Gass P, Gebicke-Harter PJ, Spanagel R. Perinatal
exposure to alcohol reduces the expression of complexins | and Il. Neuro-
toxicol Teratol. 2009;31(6):400-5. doi:10.1016/j.ntt.2009.08.001.
Mathonnet G, Fabian MR, Svitkin YV, Parsyan A, Huck L, Murata T, et al.
MicroRNA inhibition of translation initiation in vitro by targeting the
cap-binding complex elF4F. Science. 2007,317(5845):1764-7. doi:10.1126/
science.1146067.

Otero NK, Thomas JD, Saski CA, Xia X, Kelly SJ. Choline supplementa-

tion and DNA methylation in the hippocampus and prefrontal cortex

of rats exposed to alcohol during development. Alcohol Clin Exp Res.
2012,36(10):1701-9. doi:10.1111/.1530-0277.2012.01784.x.

Subbanna S, Shivakumar M, Umapathy NS, Saito M, Mohan PS, Kumar A,
et al. G9a-mediated histone methylation regulates ethanol-induced neu-
rodegeneration in the neonatal mouse brain. Neurobiol Dis. 2013;54:475-
85.doi:10.1016/j.nbd.2013.01.022.

Subbanna S, Nagre NN, Umapathy NS, Pace BS, Basavarajappa BS. Ethanol
exposure induces neonatal neurodegeneration by enhancing CB1R
Exon1 histone H4K8 acetylation and up-regulating CB1R function caus-
ing neurobehavioral abnormalities in adult mice. Int J Neuropsychophar-
macol. 2015. doi:10.1093/ijnp/pyu028.

Marjonen H, Sierra A, Nyman A, Rogojin V, Grohn O, Linden AM, et al.
Early maternal alcohol consumption alters hippocampal DNA meth-
ylation, gene expression and volume in a mouse model. PLoS One.
2015;10(5):20124931. doi:10.1371/journal.pone.0124931.

Sathyan P, Golden HB, Miranda RC. Competing interactions between
micro-RNAs determine neural progenitor survival and proliferation after
ethanol exposure: evidence from an ex vivo model of the fetal cerebral
cortical neuroepithelium. J Neurosci. 2007;27(32):8546-57. doi:10.1523/
JNEUROSCI.1269-07.2007.

Stringer RL, Laufer BI, Kleiber ML, Singh SM. Reduced expression of brain
cannabinoid receptor 1 (Cnr1) is coupled with an increased complemen-
tary micro-RNA (miR-26b) in a mouse model of fetal alcohol spectrum
disorders. Clin Epigenet. 2013;5(1):14. doi:10.1186/1868-7083-5-14.

Wang LL, Zhang Z, Li Q,Yang R, Pei X, Xu Y, et al. Ethanol exposure
induces differential microRNA and target gene expression and terato-
genic effects which can be suppressed by folic acid supplementation.
Hum Reprod. 2009;24(3):562-79. doi:10.1093/humrep/den439.

Laufer BI, Mantha K, Kleiber ML, Diehl EJ, Addison SM, Singh SM. Long-
lasting alterations to DNA methylation and ncRNAs could underlie the
effects of fetal alcohol exposure in mice. Dis Models Mech. 2013;6(4):977-
92.doi:10.1242/dmm.010975.

Kleiber ML, Diehl EJ, Laufer Bl, Mantha K, Chokroborty-Hoque A, Alberry B,
et al. Long-term genomic and epigenomic dysregulation as a conse-
quence of prenatal alcohol exposure: a model for fetal alcohol spectrum
disorders. Front Genet. 2014;5:161. doi:10.3389/fgene.2014.00161.

Floyd RL, Decoufle P, Hungerford DW. Alcohol use prior to pregnancy
recognition. Am J Prev Med. 1999;17(2):101-7.

Kaminen-Ahola N, Ahola A, Maga M, Mallitt KA, Fahey P, Cox TC, et al.
Maternal ethanol consumption alters the epigenotype and the pheno-
type of offspring in a mouse model. PLoS Genet. 2010;6(1):21000811.
doi:10.1371/journal.pgen.1000811.

Sanchez Vega MC, Chong S, Burne TH. Early gestational exposure to
moderate concentrations of ethanol alters adult behaviour in C57BL/6J
mice. Behav Brain Res. 2013;252:326-33. doi:10.1016/j.bbr.2013.06.003.
He H, Mahnke AH, Doyle S, Fan N, Wang CC, Hall BJ, et al. Neurode-
velopmental role for VGLUT2 in pyramidal neuron plasticity, dendritic
refinement, and in spatial learning. J Neurosci. 2012;32(45):15886-901.
doi:10.1523/JNEUROSCI.4505-11.2012.

Miyazaki T, Fukaya M, Shimizu H, Watanabe M. Subtype switching of
vesicular glutamate transporters at parallel fibre-Purkinje cell synapses in
developing mouse cerebellum. Eur J Neurosci. 2003;17(12):2563-72.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 12 of 12

Wojcik SM, Rhee JS, Herzog E, Sigler A, Jahn R, Takamori S, et al. An
essential role for vesicular glutamate transporter 1 (VGLUT1) in postnatal
development and control of quantal size. Proc Natl Acad Sci USA.
2004;101(18):7158-63. doi:10.1073/pnas.0401764101.

LiT, Bai L, Li J, Igarashi S, Ghishan FK. Sp1 is required for glucose-induced
transcriptional regulation of mouse vesicular glutamate transporter

2 gene. Gastroenterology. 2008;134(7):1994-2003. doi:10.1053/.
gastro.2008.02.076.

Qi'Y, Wang JK, McMillian M, Chikaraishi DM. Characterization of a CNS cell
line, CAD, in which morphological differentiation is initiated by serum
deprivation. J Neurosci. 1997;17(4):1217-25.

UCSC Genome Browser on Mouse July 2007 (NCBI37/mm9) assembly.
Histone mods by ChiP-seq from ENCODE/LICR, Release 3. http://genome.
ucsc.edu/cgi-bin/hgGateway. Accessed 11 Mar 2013.

Karolchik D, Barber GP, Casper J, Clawson H, Cline, Diekhans M, et al.

The UCSC Genome Browser database: 2014 update. Nucleic Acids Res.
2014;42(Database issue):D764-70. doi:10.1093/nar/gkt1168.

Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA
targets. Cell. 2005;120(1):15-20. doi:10.1016/j.cell.2004.12.035.

Alati R, Betts KS, Williams GM, Najman JM, Hall WD. Generational

increase in young women’s drinking: a prospective analysis of mother-
daughter dyads. JAMA Psychiatry. 2014;71(8):952-7. doi:10.1001/
jamapsychiatry.2014.513.

Chen G, Gharib TG, Huang CC, Taylor JM, Misek DE, Kardia SL, et al. Dis-
cordant protein and mRNA expression in lung adenocarcinomas. Mol Cell
Proteom MCP. 2002;1(4):304-13.

Ghazalpour A, Bennett B, Petyuk VA, Orozco L, Hagopian R, Mungrue IN, et al.
Comparative analysis of proteome and transcriptome variation in mouse.
PLoS Genet. 2011;7(6):21001393. doi:10.1371/journalpgen.1001393.
Lehnert S, Kapitonov V, Thilakarathne PJ, Schuit FC. Modeling the
asymmetric evolution of a mouse and rat-specific microRNA gene
cluster intron 10 of the Sfmbt2 gene. BMC Genom. 2011;12:257.
doi:10.1186/1471-2164-12-257.

Brose N. Altered complexin expression in psychiatric and neurological
disorders: cause or consequence? Mol Cells. 2008;25(1):7-19.

Chen PY, Ganguly A, Rubbi L, Orozco LD, Morselli M, Ashraf D, et al.
Intrauterine calorie restriction affects placental DNA methylation and
gene expression. Physiol Genomics. 2013;45(14):565-76. doi:10.1152/
physiolgenomics.00034.2013.

Chen X, Hu Z, Wang W, Ba Y, Ma L, Zhang C, et al. Identification of ten
serum microRNAs from a genome-wide serum microRNA expression
profile as novel noninvasive biomarkers for nonsmall cell lung cancer
diagnosis. Int J Cancer. 2012;130(7):1620-8. doi:10.1002/ijc.26177.
Redova M, Poprach A, Nekvindova J, lliev R, Radova L, Lakomy R, et al. Cir-
culating miR-378 and miR-451 in serum are potential biomarkers for renal
cell carcinoma. J Transl Med. 2012;10:55. doi:10.1186/1479-5876-10-55.
Choi JS, Nam MH, Yoon SY, Kang SH. MicroRNA-194-5p could serve as a
diagnostic and prognostic biomarker in myelodysplastic syndromes. Leuk
Res. 2015. doi:10.1016/j.leukres.2015.04.013.

Balaraman S, Lunde ER, Sawant O, Cudd TA, Washburn SE, Miranda RC.
Maternal and neonatal plasma microRNA biomarkers for fetal alcohol
exposure in an ovine model. Alcohol Clin Exp Res. 2014;38(5):1390-400.
doi:10.1111/acer.12378.

Warnecke PM, Stirzaker C, Melki JR, Millar DS, Paul CL, Clark SJ. Detection
and measurement of PCR bias in quantitative methylation analysis of
bisulphite-treated DNA. Nucleic Acids Res. 1997;25(21):4422-6.

Bock C, Reither S, Mikeska T, Paulsen M, Walter J, Lengauer T. BiQ Ana-
lyzer: visualization and quality control for DNA methylation data from
bisulfite sequencing. Bioinformatics. 2005;21(21):4067-8. doi:10.1093/
bioinformatics/bti652.

ChIP-IT gPCR analysis spreadsheet. http://www.activemotif.com/cata-
log/872/chip-it-qpcr-analysis-kit. Accessed 31 Jan 2014.

miScript miRNA PCR array data analysis. http://www.sabiosciences.com/
mirnaArrayDataAnalysis.php. Accessed 24 May 2012.

R Development Core Team. R: a language and environment for statistical
computing. Vienna: R Foundation for Statistical Computing; 2010.


http://dx.doi.org/10.1111/j.1530-0277.2007.00528.x
http://dx.doi.org/10.1016/j.ntt.2009.08.001
http://dx.doi.org/10.1126/science.1146067
http://dx.doi.org/10.1126/science.1146067
http://dx.doi.org/10.1111/j.1530-0277.2012.01784.x
http://dx.doi.org/10.1016/j.nbd.2013.01.022
http://dx.doi.org/10.1093/ijnp/pyu028
http://dx.doi.org/10.1371/journal.pone.0124931
http://dx.doi.org/10.1523/JNEUROSCI.1269-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.1269-07.2007
http://dx.doi.org/10.1186/1868-7083-5-14
http://dx.doi.org/10.1093/humrep/den439
http://dx.doi.org/10.1242/dmm.010975
http://dx.doi.org/10.3389/fgene.2014.00161
http://dx.doi.org/10.1371/journal.pgen.1000811
http://dx.doi.org/10.1016/j.bbr.2013.06.003
http://dx.doi.org/10.1523/JNEUROSCI.4505-11.2012
http://dx.doi.org/10.1073/pnas.0401764101
http://dx.doi.org/10.1053/j.gastro.2008.02.076
http://dx.doi.org/10.1053/j.gastro.2008.02.076
http://genome.ucsc.edu/cgi-bin/hgGateway
http://genome.ucsc.edu/cgi-bin/hgGateway
http://dx.doi.org/10.1093/nar/gkt1168
http://dx.doi.org/10.1016/j.cell.2004.12.035
http://dx.doi.org/10.1001/jamapsychiatry.2014.513
http://dx.doi.org/10.1001/jamapsychiatry.2014.513
http://dx.doi.org/10.1371/journal.pgen.1001393
http://dx.doi.org/10.1186/1471-2164-12-257
http://dx.doi.org/10.1152/physiolgenomics.00034.2013
http://dx.doi.org/10.1152/physiolgenomics.00034.2013
http://dx.doi.org/10.1002/ijc.26177
http://dx.doi.org/10.1186/1479-5876-10-55
http://dx.doi.org/10.1016/j.leukres.2015.04.013
http://dx.doi.org/10.1111/acer.12378
http://dx.doi.org/10.1093/bioinformatics/bti652
http://dx.doi.org/10.1093/bioinformatics/bti652
http://www.activemotif.com/catalog/872/chip-it-qpcr-analysis-kit
http://www.activemotif.com/catalog/872/chip-it-qpcr-analysis-kit
http://www.sabiosciences.com/mirnaArrayDataAnalysis.php
http://www.sabiosciences.com/mirnaArrayDataAnalysis.php

	Prenatal ethanol exposure alters adult hippocampal VGLUT2 expression with concomitant changes in promoter DNA methylation, H3K4 trimethylation and miR-467b-5p levels
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Prenatal ethanol exposure disrupts the developmental silencing of Slc17a6 in the male hippocampus
	Increased transcription of Slc17a6 correlates with decreased promoter DNA methylation in adult ethanol-exposed offspring
	Enrichment of histone H3 lysine 4 trimethylation (H3K4me3), an active chromatin mark, at Slc17a6 is associated with increased transcription
	Prenatal ethanol exposure is associated with a reduction in hippocampal VGLUT2 levels
	Alterations in adult hippocampal miRNA expression in response to prenatal ethanol exposure
	Ethanol-sensitive miR-467b-5p targets Slc17a6
	Ethanol-sensitive miRNA expression in the hippocampus is mirrored in the serum of the same animal

	Discussion
	Conclusions
	Methods
	Animals and prenatal ethanol exposure
	Microarray-based analysis of gene expression
	Availability of supporting data
	qPCR validation of differential gene expression
	Clonal bisulphite sequencing
	In vitro reporter assays of promoter function
	ChIP-qPCR
	Western blotting
	MicroRNA profiling
	TaqMan qPCR validation of differential miRNA expression
	Luciferase reporter assay of miRNA–target mRNA interaction
	Analysis of alcohol-sensitive miRNAs in serum
	Statistics

	Authors’ contributions
	References




