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Abstract

Congenital malformations are a prevalent cause of infant mortality in the United States and their
induction has been linked to a variety of factors, including exposure to teratogens. However, the
molecular mechanisms of teratogenicity are not fully understood. MicroRNAs are an important
group of small, non-coding RNASs that regulate mRNA expression. MicroRNA roles in early
embryonic development are well established, and their disruption during development can cause
abnormalities. We hypothesized that developmental exposure to teratogens such as valproic acid
alters microRNA expression profiles in developing embryos. Valproic acid is an anticonvulsant
and mood-stabilizing drug used to treat epilepsy, bipolar disorder and migraines. To examine the
effects of valproic acid on microRNA expression during development, we used zebrafish embryos
as a model vertebrate developmental system. Zebrafish embryos were continuously exposed to
valproic acid (1 mM) or vehicle control (ethanol) starting from 4 hours post-fertilization (hpf) and
sampled at 48 and 96 hpf to determine the miRNA expression profiles prior to and after the onset
of developmental defects. At 96 hpf, 95% of the larvae showed skeletal deformities, abnormal
swimming behavior, and pericardial effusion. Microarray expression profiling was done using
Agilent zebrafish miRNA microarrays. Microarray results revealed changes in miRNA expression
at both time points. Thirteen miRNAs were differentially expressed at 48 hpf and 22 miRNAs
were altered at 96 hpf. Among them, six miRNAs (miR-16a, 18c, 122, 132, 457b, and 724) were
common to both time points. Bioinformatic target prediction and examination of published
literature revealed that these miRNAs target several genes involved in the normal functioning of
the central nervous system. These results suggest that the teratogenic effects of valproic acid could
involve altered miRNA expression.
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1. Introduction

MicroRNAs (miRNAs) are a group of small non-coding RNAs of 18-25 nucleotides in
length that play important roles in embryonic development, physiology and disease.
MiRNAs act post-transcriptionally to regulate gene expression by inhibiting translation and
sometimes also inducing degradation of target messenger RNAs. Dysregulation of miRNA
biogenesis and/or expression has been implicated in the pathology of various cancers and
other metabolic, cardiovascular and neurodegenerative diseases (Calin and Croce, 2006;
Delay et al., 2012; Esteller, 2011; Lorenzen et al., 2012; Salta and De Strooper, 2012; Small
and Olson, 2011). Biogenesis of miRNASs begins with the transcription of miRNA genes into
primary miRNAs (pri-miRNASs) of approximately 300-1000 bp in length (Bartel, 2004; Krol
et al., 2010). In the nucleus, these pri-miRNAs are processed into 70-80 bp long transcripts
called precursor miRNAs (pre-miRNAS), which form distinctive hairpin loop structures by
folding back to themselves. The pre-miRNAs are exported into the cytoplasm, where they
are further processed by the endonuclease dicer, leading to the generation of 18-25 bp long
double-stranded miRNA. One of the strands in the duplex is incorporated into RNA-induced
silencing complex (RISC). The miRNA in the RISC complex binds to target messenger
RNA with extensive sequence complementarity. Each target messenger RNA contains
specific sites in the 3’ untranslated region to which the miRNA binds and directs post-
translational repression.

Although the mechanisms of miRNA action in physiology and disease are becoming well
understood, few studies have focused on understanding how environmental contaminants
affect miRNA expression during early development and whether altered expression of
miRNAs may be involved in the developmental toxicity and teratogenicity of chemicals.
Early embryogenesis is a sensitive phase in the life history of an organism during which
cellular proliferation, tissue differentiation, and other processes involved in morphogenesis
occur. MiRNAS have been shown to play an essential role in the regulation of these
processes by fine-tuning the gene expression patterns both spatially and temporally during
development (Wienholds and Plasterk, 2005). For example, members of the miRNA-430
family play an important role during maternal-zygotic transition by promoting clearance of
maternal RNAs at the onset of zygotic transcription (Giraldez et al., 2005). Similarly,
mIiRNA-9, 124, 132, 212 are important for normal development of the nervous system
(Coolen and Bally-Cuif, 2009; Wanet et al., 2012; Zeng, 2009). While the developmental
roles of individual miRNAs are well understood, the effects of developmental toxicants and
teratogens on miRNA expression have not been thoroughly investigated and are not well
understood. In addition, most of the studies conducted so far have been done using in vitro
cell culture systems; only a few studies have utilized in vivo developmental model systems
to study the effect of exposure to teratogens on miRNA expression (Gueta et al., 2010;
Jenny et al., 2012; Soares et al., 2012; Tal et al., 2012; Zhang et al., 2011; Zhao et al., 2011).

Exposure to teratogens leads to a wide variety of morphological and physiological defects
that are often characterized by defects in developmental signaling pathways and changes in
gene expression patterns. Recently, there is increasing evidence suggesting that miRNAs
play a role in mediating teratogenicity. For example, exposure of zebrafish embryos to
ethanol during early development (4—-24 hours post-fertilization) altered expression of
miRNAs involved in cell cycle regulation and apoptosis (Soares et al., 2012). Furthermore,
developmental exposure to ethanol was shown to affect larval behavior by altering miRNA
expression patterns (Tal et al., 2012). Similarly, we recently demonstrated that exposure of
zebrafish embryos to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a well-established
teratogen, altered expression of miRNAs that target genes involved in hematopoiesis and
cardiovascular development (Jenny et al., 2012). Other studies have explored embryonic
miRNA expression after exposure to microcystins (Zhao et al., 2011) and
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perfluorooctanosulfate (PFOS) (Zhang et al., 2011). All of these studies suggest that
perturbing miRNA expression is a potential mechanism of teratogenic action. Because
miRNAs are major regulators of gene expression, any perturbation to the biosynthesis of
miRNAs could directly affect gene expression and subsequently impact embryonic growth
and differentiation.

In this study, we tested the hypothesis that valproic acid (VPA,; 2-propylpentanoic acid), a
widely used anti-epileptic drug and a well-known teratogen, alters miRNA expression
patterns in developing embryos. Although first developed as an anti-epileptic drug, VPA is
now used in the treatment of variety of other disease states such as bipolar disorder,
migraine, cancer, and Alzheimer’s disease (Terbach and Williams, 2009; Wiltse, 2005). One
of the side effects of VPA is teratogenicity; administration of VPA during pregnancy
induces birth defects such as spina bifida and other neural tube defects (Ornoy, 2009;
Terbach and Williams, 2009). The teratogenicity of VPA has been shown to be due, at least
in part, to direct inhibition of histone deacetylases (HDACSs)(Gurvich et al., 2005; Gurvich
et al., 2004). HDACs are enzymes important in chromatin remodeling (Gurvich et al., 2004;
Marks et al., 2001a; Marks et al., 2001b), deacetylating the amino terminal ends of histones
and thereby repressing gene expression. Recent studies have demonstrated that VPA and
other HDAC inhibitors alter miRNA expression in neuronal cells in vitro (Agostini et al.,
2011a; Agostini et al., 2011b; Hunsberger et al., 2013). However, there are no published
studies reporting the VPA effects on miRNA expression in in vivo developmental model
systems. To test the hypothesis that VPA can alter miRNA expression during development,
we used zebrafish embryos, a well established model for studying vertebrate development
and developmental toxicity (de Esch et al., 2012; Levin et al., 2003; Levin et al., 2011;
Linney et al., 2004; Scalzo and Levin, 2004; Selderslaghs et al., 2013; Sylvain et al., 2011;
Tal and Tanguay, 2012). We exposed zebrafish embryos to VPA and quantified the miRNA
expression patterns at two different time points, prior to and after the onset of developmental
phenotypes. MicroRNA expression was profiled using Agilent zebrafish miRNA
microarrays. We demonstrate that developmental exposure to VPA altered the expression of
several miRNAs that are critical for normal functioning of the central nervous system.
Altered expression occurred prior to the onset of observable developmental defects.

2. Materials and Methods

2.1. Experimental animals

The wild-type TL (Tupfel/Long fin mutations) strain of zebrafish was used in this study.
Procedures used to conduct these experiments were approved by the Animal Care and Use
Committee of the Woods Hole Oceanographic Institution. Freshly fertilized eggs were
obtained from breeding of multiple tanks with 30 female and 30 male fish.

2.2. Exposure of zebrafish embryos to VPA

Several previous studies have documented effects of VPA on zebrafish development
(Brannen et al., 2010; Cowden et al., 2012; Gurvich et al., 2005; Herrmann, 1993; Li et al.,
2009; Selderslaghs et al., 2009; Teixido et al., 2013; Terbach et al., 2011)(Supplemental
Table 1). The concentrations required to cause teratogenic effects vary among studies, but
generally have been in the range of 0.1 — 3.0 mM. We therefore performed an initial
concentration-response experiment to determine the sensitivity of zebrafish embryos and
timing of VVPA effects in our hands. Zebrafish embryos were exposed to final concentrations
of 0.02, 0.05, or 1.0 mM VPA sodium salt (Sigma-Aldrich, St.Louis, MO) or carrier control
(ethanol, 0.001% v/v), starting at 4 hours post-fertilization (hpf) continuously until 144 hpf
(Fig. 1). Embryos were maintained at 28.5°C at a density of 3 embryos per mL in 0.3 x
Danieau's medium (pH 7.2). Water was exchanged daily and fresh vehicle- or VPA-
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containing medium was added. Embryos were observed daily for any phenotypic
abnormalities. No overt developmental phenotypes were observed in embryos exposed to
0.02 and 0.05 mM VPA. In 1 mM VPA exposed embryos, we observed developmental
phenotypes such as pericardial effusion, spinal curvature, decreased pigmentation starting
from 72 hpf. Based on these results, 1 mM was selected as the exposure concentration for
assessing the effect of VPA on miRNA expression. Embryos were exposed to 1 mM VPA as
described above. Each treatment consisted of four biological replicates with 50 embryos per
replicate. During exposure, VPA- and vehicle exposed zebrafish embryos were observed
under the microscope for any morphologic or behavioral abnormalities, as described below.
Embryos were sampled for RNA at 48 and 96 hpf, before and after the onset of
developmental deformities, by quickly euthanizing and flash freezing in liquid nitrogen.
Samples were stored at =80 °C until RNA isolation.

2.3. Assessment of phenotypes

Embryos exposed to VPA or vehicle were observed for morphological and behavioral
abnormalities at 24, 48, 72, and 96 hpf. Embryos were scored individually for several
phenotypes, including pericardial effusion, spinal curvature, reduced pigmentation, altered
swimming behavior, twitching, and startle reaction. Results are expressed as the percentage
of embryos exhibiting a phenotype at a specific time of observation. Not all phenotypes
were scored at each observation time.

2.4. Total RNA isolation

Total RNA was isolated using the TRIzol method (Invitrogen, CA) following
manufacturer’s instructions. Total RNA was quantified using a Nanodrop spectrophotometer
(Thermo Scientific, Wilmington, DE) and RNA quality was assessed using an Agilent 2100
Bioanalyzer. Only the samples with RNA integrity numbers between 9.5-10 were used in
microarray analysis.

2.5. Agilent microarray analysis

Agilent microRNA microarray hybridization and analysis was conducted as described
previously (Jenny et al., 2012). Briefly, Agilent oligonucleotide microRNA microarrays
were custom designed based on zebrafish mature microRNA sequences from miRbase v.16.
Each individual array contained a total of 548 unique probes representing 259 mature
microRNAs from zebrafish (245), Fugu rubripes (11) and Tetraodon nigriviridis (3). Total
RNA labeling and hybridization were carried out using Agilent's microRNA complete
labeling and hybridization kit (Agilent Technologies). The hybridized slides were washed
using Agilent microarray wash buffers and scanned using the Genepix 4100A scanner
(Molecular Devices Corporation, Sunnyvale, CA). Agilent Feature Extraction software
(version 9.5.3.) was used for image analysis and data extraction. Quality control (QC)
reports generated by AFE software were used to assess data quality for each microarray and
to identify outliers. The raw data were used in statistical analysis for determining differential
gene expression patterns. Statistical analysis was carried out using AgiMicroRna, a
Bioconductor package (Lopez-Romero, 2011). Differential expression of microRNAs was
determined by fitting a linear model using an empirical Bayes approach (Smyth, 2004). We
controlled for multiple testing by estimating false discovery rate (FDR) using the Benjamini
and Hochberg method (Benjamini and Hochberg, 1995). In addition, B-statistic (log-odds
that the gene is differentially expressed) was also used as a cut-off for determining
differentially expressed genes. Only microRNAs with adjusted p-values less than 0.05 and
B-statistic above zero were considered to be statistically significant. All microarray data
presented in this manuscript were collected in accordance with MIAME guidelines and have
been deposited in the NCBI GEO database (GEO accession number GSE48054).
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2.6. Quantitative real-time PCR

We selected seven miRNAs for confirmation using qPCR; they include miR-451, 122, 124,
132/212, 141 and 144. Complementary cDNA synthesis for mature miRNA was done using
the stem-loop reverse transcription (RT) primer method as we described earlier (Jenny et al.,
2012). Mature miRNA-132 and 212 differ by only one nucleotide and thus were quantified
together. The reverse transcription reaction was carried out using the TagMan microRNA
reverse transcription kit (Applied Biosystems, CA) following manufacturer's instructions.
Each reverse transcription reaction contained 100 ng of total RNA, 50 nM stem-loop primer,
1 x RT buffer, 0.25 mM each of dNTPs, 0.25 U/uL RNase inhibitor and 3.33 U/uL of multi-
scribe reverse transcriptase in a total volume of 15 pL.

Real-time RT-PCR was performed using iQ SYBR Green Supermix (Bio-Rad, Hercules,
CA) as described previously (Jenny et al., 2012). Each 25 pL PCR reaction consisted of 1 uL
of RT product, 1 x PCR master mix, 1.5 uM each of microRNA specific forward primer and
reverse primer. U6 snRNA was used as a reference gene. The RT and gPCR primers are
given in Table 1. The PCR reaction conditions used were 95 °C for 3 min followed by 40
cycles of 95 °C for 15 s and Tm for 1 min, followed by melt curve analysis. All samples
were run in triplicate. A no-template control reaction was run on each PCR plate. The
specificity of these primers was confirmed by cloning and sequencing the gPCR products
(Jenny et al., 2012).

Relative levels of miRNA abundance was calculated using the 27AACt method (where AACt
= [Ct(miRNA)'Ct(UG)] VPA - [Ct(miRNA)'Ct(UB)] pmso) (Livak and Schmittgen, 2001).
Statistical analysis of the qPCR data was conducted using the Prism 4 software package
(GraphPad Software Inc., San Diego, CA). Logarithmic-transformed relative expression
values were used in analysis of variance (ANOVA). Two-way ANOVA was used to
determine the effect of time and treatment. Bonferoni’s post-hoc test was used to determine
the statistical significance. P-values of less than or equal to 0.05 are considered statistically
significant.

2.7. MicroRNA target prediction and functional annotation

The target prediction for differentially expressed miRNAs was done using their human
ortholog sequences. The list of human orthologs is provided in Table 2. Putative mRNA
targets of candidate miRNAs were predicted using three prediction algorithms: MicroCosm
(http://www.ebi.ac.uk/enright-srv/microcosm/cgi-bin/targets/v5/search.pl), Target Scan
(http://targetscan.org/), and microrna.org (http://www.microrna.org/microrna/home.do). We
compared the predicted mRNA targets from the three algorithms and only the targets
commonly predicted by all three algorithms were used in the downstream analyses. In order
to identify transcripts that are targeted by multiple differentially expressed miRNAs, we
searched the 3’ untranslated region of the mRNA targets for seed sequences of these
miRNAs. We conducted this analysis separately for upregulated and downregulated
miRNAs. Once the mRNAs with multiple miRNA targets were identified, we searched the
zebrafish database (http://www.targetscan.org/fish_62/) to determine if orthologous
zebrafish transcripts are targeted by the same miRNAs. From this list, we selected four
genes for validation using qPCR.

For functional annotation of predicted mRNA targets, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis was conducted on the predicted mRNA targets to
identify signaling pathways that are over-representated upon VPA exposure. KEGG
pathway analysis was carried out using DAVID Bioinformatics Resources 6.7 (http://
david.abcc.ncifcrf.gov/).
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2.8. Validation of predicted mRNA targets using Quantitative real-time PCR

3. Results

We selected four genes (Angiomotin (amot), nuclear receptor corepressor 2 (ncor2), matrix
metalloproteinase 9 (mmp9) and poly (A) binding protein interacting protein 2 (paip2) for
validation using gPCR. In addition, we also quantified the expression of brain-derived
neurotrophic factor (bdnf) because this gene has been found to be involved in the regulation
of miR-132/212. Complementary cDNA was synthesized from 1 ug of total RNA using an
iScript cDNA synthesis kit (BioRad, Herculus, CA) and qPCR was performed as described
in section 2.6. The primers used for amplifying the gene products are provided in Table 1.
Relative expression levels were calculated using the 2724t method (where AACt = [Ctgor)-
Ct(p-actin)] vPA - [Ctcol)-Cl(s-actin)] bmso; GOl — gene of interest). Statistical analysis was
performed as described in section 2.6.

3.1. VPA-induced phenotypic changes

Zebrafish embryos exposed to VPA displayed a number of morphological and behavioral
abnormalities. At 48 hpf, most VPA-exposed embryos appeared to be developing normally.
A small percentage (5%) of VPA-exposed embryos displayed yolk sac effusion at this time,
but other abnormalities were not observed. By 72 hpf, pericardial effusion was observed in
approximately 30% of the embryos. In addition, the embryos also exhibited altered
swimming behavior. VPA-exposed embryos showed circular swimming behavior in
comparison to the forward motion exhibited by vehicle-exposed embryos. By 96 hpf, a large
proportion of the embryos displayed a number of other abnormalities such as pericardial
effusion, reduced pigmentation, spinal curvature, twitching, altered swimming behavior, and
lack of startle response (Fig. 1b). These phenotypes are similar to those reported in previous
studies of VPA effects in zebrafish embryos (Brannen et al., 2010; Cowden et al., 2012;
Gurvich et al., 2005; Herrmann, 1993; Li et al., 2009; Selderslaghs et al., 2009; Teixido et
al., 2013; Terbach et al., 2011). The list of developmental phenotypes observed and their
frequency of occurrence is provided in Supplemental Table 2.

3.2. MicroRNA expression profiling by microarray

MicroRNA expression was measured at 48 hpf (prior to the onset of developmental
abnormalities) and at 96 hpf (after the appearance of several abnormalities). Overall, VPA
exposure significantly altered 35 miRNASs during development. Thirteen miRNAs were
differentially expressed at 48 hpf. Of these, four miRNAs (miR-16a, 18c, 22a, 457b) were
up-regulated and nine (miR-96, 122, 124, 132, 135a, 140, 182, 182* and 724) were down-
regulated (Fig. 2A). At 96 hpf, 22 miRNAs were differentially expressed, with equal
numbers that were up-regulated (miR-10b, 10c, 16a, 16b, 18c, 22b, 210%*, 217, 451, 455 and
457h) and down-regulated (miR-21, 27c, 29a, 29b, 34, 122, 132, 192, 194a, 212 and 724)
(Fig. 2B). The magnitude of differential expression ranged from +2.6-fold to —3.3-fold (Fig.
3). Six miRNAs were differentially expressed at both time points: miRNA-16a, 18¢, 122,
132, 457b and 724 (Fig. 4). Three were up-regulated and three were downregulated; in each
case the changes seen at 48 and 96-hpf were in the same direction.

In addition to VPA-induced changes in miRNA expression, we also observed developmental
changes in miRNA expression in vehicle controls between 48 and 96 hpf. Comparison of the
two time points revealed that 93 miRNAs were differentially expressed (Fig. 5); the fold
change in expression ranged from +9 to —8. None of these miRNAs showed differences in
response to VPA exposure. The complete list of differentially expressed miRNAS is
provided in the supplemental information (Supplemental Table 3: VPAarray-supplemental
Information.xIsx).
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3.3. MicroRNA measurement by gPCR

We selected seven miRNAs that showed differential expression with either VPA exposure
(miR-451, 122, 124, 132/212) or during development (miR-141, 144). (Fig. 6). MiRNA-451
was up-regulated with VPA exposure at 96 hpf, confirming microarray results. MiRNA-122,
124 and 132/212 showed apparent down-regulation at both time points but the results were
statistically significant only at 96 hpf. This is somewhat different from the microarray
results, in which miRNA-122 and 132 were down-regulated at both time points and
miRNA-124 was down-regulated only at 48 hpf. Consistent with the array data on
developmental changes, gPCR showed that miRNA-451 was significantly down-regulated
between 48 and 96 hpf, whereas the other miRNAs were significantly up-regulated at 96 vs.
48 hpf.

3.4. MicroRNA target prediction and functional annotation

Using Targetscan, microcosm and mirna.org target prediction software, we identified the
predicted mRNA targets of differentially expressed miRNAs (Fig. 7). Only predicted targets
that were identified by all three algorithms were considered. Using this criterion, a total of
437 and 1341 transcripts were predicted to be the targets of up-regulated and down-
regulated miRNAs, respectively. Among the targets of up-regulated miRNAs, three
transcripts (teneurin transmembrane protein 2 (ODZ2), nuclear receptor corepressor 2
(NCOR2) and CUB and Sushi multiple domains 1 (CSMD1)) were found to be commonly
targeted by 3 miRNAs (Supplemental Table 4). Similarly, four transcripts are common
targets of several downregulated miRNAs. They include poly (A) binding protein interacting
protein 2 (PAIP2), a disintegrin-like and metalloprotease (reprolysin type) with
thrombospondin typel motif, 6 (ADAMTS6), RAS p21 protein activator (GTPase activating
protein) 1 (RASA1) and angiomotin (AMOT). As the target prediction analysis was
conducted using human miRNAs, we searched for the presence of these genes in zebrafish
and for the conservation of miRNA seed sequences. The list of miRNA targets and the
presence of these targets in zebrafish 3’UTR is provided in Supplemental Table 4.

Functional annotation of these targets based on KEGG pathway analysis revealed that the
up-regulated miRNAs regulate genes involved in p53 signaling, cancer, cell cycle and Wnt
signaling (Table 3), whereas the down-regulated miRNAS have target genes involved in
focal adhesion, MAP kinase signaling, insulin signaling, ECM-receptor interaction, cancer
and axon guidance (Table 4).

3.5. Validation of target prediction results using qPCR

To determine whether altered microRNA expression was reflected in altered transcript
levels, we measured mRNA for four predicted microRNA targets, selected as described
above. Quantitative PCR results show no statistically significant effect of VPA exposure on
the relative expression of any of the four transcripts (amot, ncor2, mmp9 and paip2) (Fig. 8).
In addition, VPA exposure did not significantly affect bdnf expression. However, there was
a decreasing trend in bdnf, ncor2 and mmp9 expression in VPA-exposed embryos at 96 hpf

(Fig. 8).

4. Discussion

In this study we demonstrated that VPA, widely used as a psychotherapeutic drug and a
well-known teratogen in vertebrates including humans (Ornoy, 2009), alters microRNA
expression during development in zebrafish. Altered miRNA expression was seen prior to
the onset of morphological and behavioral abnormalities. Most of the miRNAs that were
altered by VPA exposure are enriched in the central nervous system and essential for proper
neurodevelopment (Fiore et al., 2008; Gao, 2008). Furthermore, dysregulation of some of
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these miRNAs has been shown to be responsible for a variety of neurological and
neurodegenerative diseases such as schizophrenia, bipolar disorder, autism, Alzheimer’s and
Parkinson’s diseases (Delay et al., 2012; Mellios and Sur, 2012; Miller et al., 2012;
Minones-Moyano et al., 2011; Schonrock et al., 2010; Wanet et al., 2012).

4.1. VPA-induced developmental phenotypes and potential mechanisms of action

It is well demonstrated that in utero exposure to VPA causes neural tube defects such as
spina bifida in mammals, including humans (Ornoy, 2009; Wiltse, 2005). Similarly,
developmental exposure of zebrafish embryos to VPA has been shown to cause
developmental defects such as bent spine, edema, and brain deformities (Brannen et al.,
2010; Cowden et al., 2012; Gurvich et al., 2005; Herrmann, 1993; Li et al., 2009;
Selderslaghs et al., 2009; Teixido et al., 2013; Terbach et al., 2011). The VPA concentration
(1 mM) used in this study is higher than the concentrations used in some previous studies
(Supplemental Table 1). We did not observe any developmental defects at lower
concentrations. The differences in responsiveness could be related to the uptake of VPA by
the embryos. VPA uptake is pH-dependent, with higher uptake under acidic conditions
(Terbach et al., 2011). The pH of our exposure medium was 7.2 throughout the exposure
period and that could be responsible for lower VPA uptake by the embryos, requiring a
higher nominal exposure concentration. Nevertheless, the teratogenic effects that we
observed are similar to those reported previously in fish and other vertebrate species.

The mechanism of action of VPA in causing these teratogenic effects is unclear. Of the
several mechanisms that have been proposed (Wiltse, 2005), the most well understood is the
inhibition of chromatin remodeling proteins, the histone deacetylases (HDACs) (Gottlicher
etal., 2001; Gurvich et al., 2005; Gurvich et al., 2004). HDAC inhibitors such as VPA
prevent the deacetylation of histones and thus induce a more open chromatin configuration,
leading to misexpression of genes. In addition to HDAC inhibition, VPA is known to
directly target the nervous system by modulating the enzymes involved in the synthesis and
degradation of the neurotransmitter gamma aminobutyric acid (GABA), thereby affecting its
levels in the brain (Laeng et al., 2004). VPA is also known to affect intracellular signal
transduction processes by altering protein kinase C (PKC) (Hahn et al., 2005), ERK/MAP
(Yuan et al., 2001) and Wnt/B-catenin pathways (Blaheta et al., 2002; Phiel et al., 2001).
Recent studies have determined that VVPA alters the expression of miRNAS in the nervous
system (Fayyad-Kazan et al., 2010; Lee et al., 2011a; Zhou et al., 2009). Because miRNAS
are particularly important for regulating brain and nervous system development, it is
possible that some of the teratogenic effects of VPA could be mediated by altered
expression of these miRNAs. To our knowledge, this is the first study to investigate the
effect of VPA on miRNA expression patterns in vertebrate embryos in vivo.

We determined the VPA effects on miRNA expression at two developmental time points (48
and 96 hpf), prior to and after the onset of phenotypic changes. At 48 hpf, VPA exposure did
not cause any phenotypic abnormalities and the changes in miRNA expression (13
differentially expressed miRNAS) observed at this time point could be considered direct or
primary effects of VPA exposure. At 96 hpf, VPA-exposed embryos showed phenotypic
abnormalities such as spinal defects (100% embryos), altered swimming behavior, reduced
pigmentation and pericardial effusion. The behavioral phenotypes could reflect direct effects
of VPA exposure on neurodevelopment or could be secondary to other phenotypes.
Microarray expression profiling at 96 hpf resulted in differential expression of 22 miRNAs.
Some of these changes could be indirect effects of VPA, a result of the VPA-induced
abnormalities rather than a direct effect of VPA. Comparison of the known and predicted
functions of miRNASs with altered expression at these two times may provide insight into the
mechanism by which VPA disrupts embryonic development. There is a need for detailed
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dose-response studies to determine the VPA exposures associated with altered microRNA
expression and the relationship with levels of exposure resulting in the observed phenotypic
changes.

4.2. VPA exposure altered expression of neuromiRs

Among the miRNAs that are differentially expressed in VPA-exposed embryos, most are
essential for the development of the nervous system, and deregulation of these miRNAS is
associated with neurodegenerative disorders. Overall, VPA exposure caused downregulation
of 17 miRNAs, most of which are highly conserved among vertebrates. For instance,
miR-132 and 212, down-regulated with VPA exposure, are highly expressed in the neurons
and are critical for neuronal morphogenesis (Wanet et al., 2012). These two miRNAs are
induced by cAMP-response element binding (CREB) protein and brain-derived neurotrophic
factor (BDNF) (Remenyi et al., 2010; Vo et al., 2005). We observed a decreasing trend in
bdnf transcript levels, suggesting that VPA may downregulate miR-132/212 expression by
blocking their induction by BDNF. This suggestion needs additional study, including
measurements of BDNF protein expression. In concert with these BDNF and CREB,
miR-212 and 132 play an important role in neuronal differentiation, maturation and survival.
Both miR-132 and 212 are intergenic miRNAs that are localized in tandem in most
vertebrates including humans (chromosome 17), mice (chr. 11), rats (chr. 10) and zebrafish
(chr. 15). Similar to humans and rodents, zebrafish miR-132 and 212 share the same primary
transcript and have highly similar mature miRNAs, thereby targeting the same mRNAs.
Some of the targets of these miRNAs include genes associated with neurodevelopment,
synaptic transmission, angiogenesis and inflammation (Wanet et al., 2012). In addition,
deficiency in the function of these miRNAS has been shown to be responsible for
neurodegenerative disorders such as Alzheimer’s disease, Huntington’s disease,
schizophrenia and bipolar disorders (Lee et al., 2011b; Wang et al., 2011).

Our target prediction analysis also revealed that miR-212 and 132 target genes associated
with a number of physiological pathways that could indirectly influence neurodevelopment.
We quantified the expression of two genes, amot and paip2, that were computationally
predicted to be targeted by miR-132/212. Angiomotin is an important player in angiogenesis
during early development (Bratt et al., 2005) and its knock-down has been shown to disrupt
normal vascular development (Aase et al., 2007). Although VPA exposure has been shown
to affect angiogenesis during zebrafish development (Farooq et al., 2008), we did not
observe any change in amot transcript levels. In addition, we quantified paip2, an important
player in the initiation of protein translation and experimentally validated target of miR-132
(Alvarez-Saavedra et al., 2011). Knock-down of miR-132 increased paip2 protein
expression in the Neuro-2a cell line (Alvarez-Saavedra et al., 2011). We observed a
moderate but not statistically significant increase in paip2 transcript levels at 48 hpf in
response to VPA exposure. The lack of significant effect on the levels of amot and paip2
transcripts is not surprising given the fact that miRNAs generally inhibit translation, often
without affecting transcript levels. However, the bioinformatic target prediction results
support previous observations that miR-132 and miR-212 target genes involved in the
regulation of number of signaling pathways, including neuro and vascular development.
These results, together with multiple phenotypic defects observed, suggest that VPA
exposure affects normal development either directly or indirectly. Further studies are needed
to characterize the direct and indirect effects of VPA on zebrafish development.

Similar to miR-212 and 132, miR-124 was down-regulated in VPA-exposed embryos at 48
hpf. MiR-124 is a CNS-specific miRNA that is expressed at very high levels in the brain
(25-45% of all miRNAS) (Krichevsky et al., 2006; Lagos-Quintana et al., 2002). miR-124 is
highly expressed during neuronal differentiation in embryonic brain development in
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mammals (Sempere et al., 2004). In zebrafish embryos, miR-124 is ubiquitously expressed
between 12-18 hpf, and after that expression is restricted to brain, spinal cord and the eye as
observed by in situ hybridization (Weinholds et al., 2005). In larvae, miR-124 is expressed
in all differentiating neuronal cells in the brain and retina (Wienholds et al., 2005).
Overexpression of miR-124 in HelL a cells caused brain-type patterns of gene expression,
suggesting that miR-124 is very important for maintaining neuronal identity (Lim et al.,
2005). In mice, miR-124 knockdown caused abnormalities in adult neurogenesis (Cheng et
al., 2009). All these observations clearly suggest that miR-124 is essential for normal
development of the nervous system in vertebrates; further studies are needed to characterize
the effects of VPA on nervous system development.

Another miRNA that was down-regulated by VPA exposure is miR-34a. This miRNA is
ubiquitously expressed in the brain and its function is well characterized. One recent study
demonstrated that exposure of hippocampal neurons to VPA down-regulated miR-34a
expression and elevated the levels of metabotropic glutamate receptor 7 (GRM7) transcripts
(Zhou et al., 2009). GRM?7 is an important player in glutaminergic neurotransmission and
perturbation in glutamate signaling is associated with neuropathological conditions such as
bipolar disorder (Alliey-Rodriguez et al., 2011). Another important miRNA family that was
down-regulated by VPA exposure is miR-29. The zebrafish miRNA-29 family is comprised
of three mature miRNAs (miR-29a, b and c). Of these, miR-29a (ortholog of human
miR-29c¢) and 29b were down-regulated by VVPA exposure (96 hpf) in our studies. Among
the main targets of miR-29 are extracellular matrix (ECM) genes, including a large number
of collagen isoforms, laminin, fibrilin, elastin, matrix metalloproteinases and integrin.
Matrix metalloproteinase 9 (mmp9) was found to be a putative target of miR-29 in zebrafish,
but we did not find any significant change in expression of mmp9 mRNA in response to
VPA. In addition, the miR-29 family is involved in the regulation of cell proliferation,
differentiation and apoptosis. These two functions of the miR-29 family are important
determinants of long-term neuronal survival, and defects in their function are associated
with development of Alzheimer's disease (AD) (Hebert et al., 2008). In addition, miR-29b
has been shown to be an inhibitor of apoptosis in neurons (Kole et al., 2011). These
observations suggest a neuroprotective function of miR-29. All these studies are consistent
with the idea that VPA may impair normal development of the nervous system by altering
miRNA expression. KEGG pathway analysis of predicted mRNA targets suggest that most
of the down-regulated miRNAs target transcripts associated with functions known to be
perturbed by VPA exposure. For example, VPA has been shown to interfere with
cytoskeletal organization (Walmod et al., 1998; Walmod et al., 1999), alter Wnt signaling
pathways (Gould and Manji, 2002), arrest cell growth in colon, lung and prostrate carcinoma
cell lines (Gurvich et al., 2004; Marks et al., 2001a), and disrupt neurodevelopment.

VPA also down-regulated a liver-specific miRNA, miR-122. These results are interesting
given the previous observation that VPA inhibits liver development by inhibiting HDAC
activity (Farooq et al., 2008). Further studies are necessary to determine if the
downregulation of miR-122 by VPA is the cause or consequence of HDAC inhibition. In
addition, miR-122 is considered as a potential tumor suppressor miRNA in hepatic
carcinogenesis and genes that promote tumorigenesis are some of its validated targets
(Fornari et al., 2009; Lin et al., 2008; Saito et al., 2013; Tsai et al., 2009).

4.3. VPA-up-regulated miRNAs

VPA exposure up-regulated several microRNASs involved in the regulation of apoptosis,
tumorigenesis, senescence, and metabolism. These include members of miR-15/16 cluster,
miR-22a, 22b, 10b, 10c, 217, 210*, 451 and 455. Three members of the miR-15/16 cluster—
miR-16a, 16b and 457b—were up-regulated at both 48 and 96 hpf. Human orthologs of

Neurotoxicol Teratol. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aluru et al.

Page 11

miR-16a and 16b exist, but miR-457b is specific to zebrafish. miRNAs belonging to this
cluster have been demonstrated to inhibit cell proliferation, promote apoptosis, and suppress
tumorigenicity (Ageilan et al., 2010). Some of the validated targets of this cluster include
multiple oncogenes and the genes that control cell-cycle progression. Similarly, miR-22,
which was up-regulated with VPA exposure, is also known for tumor suppressor effects and
one well known target is HDAC4, a critical player in the development of cancer (Jovicic et
al., 2013).

Members of the miR-10 family (miR-10b and 10c) also were up-regulated by VPA
exposure. The miR-10 family is found within the Hox gene clusters in zebrafish and
mammals. In zebrafish embryos, miR-10 regulates hox genes (HoxBla and HoxB3a) that are
important in anterior-posterior patterning during early embryonic development (Woltering
and Durston, 2008). Furthermore, up-regulation of miR-10b has been found in glioblastoma,
astrocytomas and pancreatic cancer (Lund, 2010). These results concur with our target
prediction analysis, in which most of the genes targeted by up-regulated miRNAs are related
to tumorigenesis, apoptosis and early embryonic development. One of the predicted mRNA
targets of miR-10 is ncor2, an important player in hormone signaling during early
embryonic development. NCOR?2 acts as a transcriptional corepressor by recruiting histone-
modifying proteins to the promoter regions of genes and thereby silencing their expression
(Linney et al., 2011). It has been demonstrated recently that ectopic expression of miR-10a/
10b regulates neuronal cell differentiation by downregulating NCOR2 in neuroblastoma cell
lines (Foley et al., 2011). Our data suggested that there may be downregulation of ncor2
mMRNA expression in VPA-exposed embryos and this could be due to post-transcriptional
regulation of NCOR2 by miR-10a/b (Foley et al., 2011). These results provide an additional
mechanism by which developmental exposure to VPA might impact various physiological
processes during early development.

5. Conclusions

The results obtained in this study demonstrate that teratogenic effects of VPA are associated
with dysregulation of miRNA expression. MicroRNA profiling results suggest that VPA
specifically altered miRNAs involved in nervous system development, liver development,
and tumorigenesis. Several of these miRNAs are known to be involved in various
neuropatholgical conditions. Further mechanistic studies using antagomiRs against
differentially expressed miRNAs are needed to determine the direct relationship between
altered miRNA expression and the observed phenotypes.
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Figure 1.

(A). Outline of the experimental design. Zebrafish embryos were exposed to VPA (1 mM)
and ethanol (solvent carrier control; 0.001% v/v) starting from 4 hours post-fertilization
(hpf) continuously until the end of the experiment (144 hpf). Embryos were observed daily
for developmental abnormalities and sampled at 48 and 96 hpf for microarray analysis. The
exposure period is shown in shaded colors and the red arrows represent the two sampling
time points. The key stages of zebrafish development are highlighted (Westerfield, 2000).
(B). VPA-induced phenotypic defects during the course of exposure. Embryos were
observed under the microscope for any phenotypic abnormalities every 24 hours until the
end of the experiment. The different phenotypic defects observed include bent spine,
reduced pigmentation, altered swimming behavior and pericardial effusion. The percentage
of embryos with each defect was calculated by dividing the total number of embryos with
the deformity by the total number in each replicate.
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Figure2.

Hierarchical clustering heat map of fold changes (log,) depicting VPA-induced differential
expression of mMiRNAs at (A) 48 and (B) 96 hpf. Each row represents a miRNA and columns
represent biological replicate samples of control and VVPA-treated embryos. The legend
represents the color mapping of row-wise Z-scores used to display the up-(red) and down
(green)-regulated genes. Row-wise Z-scores were calculated by subtracting the mean from
each cell and dividing the value by the standard deviation of the row.
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o
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Magnitude of fold change in miRNA expression in response to VPA exposure at (A) 48 hpf
and (B) 96 hpf. The magnitude change in expression varied from —3.2 to + 2.6.
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Venn diagram showing the overlap in differentially expressed miRNA at 48 and 96 hpf in
VPA-exposed embryos. A total of 6 miRNAs were differentially expressed at both time
points. Of these, three miRNAs were down-regulated and three were up-regulated. Red =
up-regulated; black = down-regulated.

Neurotoxicol Teratol. Author manuscript; available in PMC 2014 November 01.



Aluru et al. Page 22

<
r
U
>
> L
= 1 T
o ==
- oo
= ==
@ ——
=} -—
c pret
%) ==
Q ==
El =
7]
z :
= ﬁ %
U o]
> S
Z E
—*
=y
o
=
<
)
>
c
%)
Q
3 !
—1—
= T TS I I T 2
i 5 &8 5 8 B B3 3 B
) g <2 @ = & & S &
> Samples
>
c
= Figure5s.
Q Heat map representation of fold changes (log,) showing differential expression of miRNAs
= during development. Fold change comparisons were done between 48 hpf and 96 hpf
g vehicle-treated groups and analyzed using hierarchical clustering. A total of 93 miRNAs
% were differentially expressed.
Q
=

Neurotoxicol Teratol. Author manuscript; available in PMC 2014 November 01.



1dudsnuey Joyiny vd-HIN 1dudsnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Aluru et al. Page 23

A B
1.6 [JCONT 30~ b
2 I PA T
E 1.2- -l- b g 20.
¥ -
Y 0.8. - o N
a
0 L § - =
48 96 0 48 9.6
hpf hpf
C D
40' b 5. _b
4-
N 30, l = L
N < 34 *
N o
20 =
2, * £ 24 a
X 1o. 14
l—— [ oL
0'__4'3_ 96 48 96
hpf hpf
D E
6. b 6
5, = S+ b
3 a4 T 4 -
v 3 a z 31
é 2! —— E 2' a
1. . 14
o1 1 _ Niml EEEI
48 96 48 96
Figure®6.

Quantitative RT-PCR confirmation of microarray results. Seven microRNAs (MiRNA-451,
122, 132/212, 124, 141 and 144) were selected to be quantified using qRT-PCR. U6 was
used as a housekeeping gene. MiRNA expression was calculated using delta-delta Ct
method. Data are expressed as fold change from 48 hpf control group. Values represent
mean+S.D. (Two-way ANOVA,; n=4). Different letters denotes significant differences
between the two time-points. Statistically significant effect of VPA on miRNA expression is
denoted by asterisk (*).
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Figure7.

Venn diagram showing the target prediction results of (A) down-regulated and (B) up-
regulated miRNAs. Only the number of transcripts that are commonly identified by the
prediction software are represented.
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Figure8.

Quantitative RT-PCR confirmation of putative mRNA targets. Five mMRNAs (amot, bdnf,
ncor 2, paip2 and mmp9) were selected for quantification using gRT-PCR. B-actin was used
as a housekeeping gene. Relative mRNA expression was calculated using delta-delta Ct
method. Data are expressed as fold change from 48 hpf control group. Values represent
mean + S.D. (Two-way ANOVA,; n=4).
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Table 1

cDNA synthesis (RT primer) and gRT-PCR primers used in this study.

Small RNA
miR-141
miR-144
miR-451
miR-122
miR-124
miR-132/212
u6

miR-141
miR-144
miR-451
miR-122
miR-124
miR-132/212
miR

fB-actin

amot

bdnf

ncor2

paip2

mmp9

RT

RT

RT

RT

RT

RT

Forward
Reverse
Forward
Forward
Forward
Forward
Forward
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

Reverse

Primer (5 -3')

GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT ACG ACG CAT CG
GTC GTATCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACA GTA CA
GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT ACG ACA ACT CA
GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT ACG ACC AAA CAC
GTC GTATCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACT TGG CAT
GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT ACG ACC GACCA
TCG CTA CGG TGG CAC ATA

TAT GGA GCG CTT CAC GG

GCC GCT AAC ACT GTCTGG TA

GCC CGG CCT ACA GTATAG ATG

GGC CCA AAC CGT TAC CA

CCG CTG GAG TGT GAC AAT GG

GCT AAG GCA CGC GGT GAATG

CCG CGC TAACAG TCT ACAGC

GTG CAG GGT CCG AGG TATTC

CAA CAG AGA GAA GAT GAC ACAGAT CA

GTC ACA CCA TCA CCA GAG TCC ATC AC

ACG AAA GCA GCT ACATCA GCC ACA

GGC ACG ATC CAC ACT CCG TCT

ACG ACT GGA CAG TAAAGT TCCAACA

CTG CAC GCCCGG GATCTCTC

AAG CAC CGC AGCCTT GTC CA

ACA AAG GCA GCT CTACTC GGG G

GCG CGT TAC AAT GCC GGA ACC

TTC CCT TGT CCACTG CCG CC

CAC ATACAGGATTTT GAACTATTCG

GAT CAC CGT GAT CTGCTT TCC
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Differentially expressed zebrafish miRNAs and their human orthologs based on sequence conservation. The

miRNAs listed in parenthesis are the IDs from the latest version of miRbase.

microRNA
dre-miR-124
dre-miR-22a
dre-miR-96
dre-miR-135a
dre-miR-182
dre-miR-182*
dre-miR-122
dre-miR-140
dre-miR-16a
dre-miR-18c
dre-miR-457b
dre-miR-132
dre-miR-10b
dre-miR-16b
dre-miR-210*
dre-miR-451
dre-miR-21
dre-miR-29a
dre-miR-34
dre-miR-194a
dre-miR-10c
dre-miR-22b
dre-miR-217
dre-miR-455
dre-miR-27c
dre-miR-29b
dre-miR-192
dre-miR-212
dre-miR-724

(dre-miR-182-5p)
(dre-miR-182-3p)

(dre-miR-140-5p)

(dre-miR-132-3p)

(dre-miR-210-5p)

(dre-miR-34a)

(dre-miR-455a)
(dre-miR-27c-3p)

Human ortholog
hsa-miR-124-3p
hsa-miR-22-3p
hsa-miR-95-5p
hsa-miR-135a-5p
hsa-miR-182-5p
hsa-miR-182-3p
hsa-miR-122-5p
hsa-miR-140-5p
hsa-miR-16-5p
hsa-miR-18b-5p
hsa-miR-16-5p
hsa-miR-132-3p
hsa-miR-10b-5p
hsa-miR-16-5p
hsa-miR-210
hsa-miR-451a
hsa-miR-21-5p
hsa-miR-29c¢-3p
hsa-miR-34a-5p
hsa-miR-194-5p
hsa-miR-10a-5p
hsa-miR-22-3p
hsa-miR-217
hsa-miR-455-5p
hsa-miR-27b-3p
hsa-miR-29b-3p
hsa-miR-192-5p
hsa-miR-212
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