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Abstract

Although many drugs and environmental chemicals are teratogenic, the mechanisms by which
most toxicants disrupt embryonic development are not well understood. MicroRNAsS, single-
stranded RNA molecules of ~22 nt that regulate protein expression by inhibiting mMRNA
translation and promoting mMRNA sequestration or degradation, are important regulators of a
variety of cellular processes including embryonic development and cellular differentiation. Recent
studies have demonstrated that exposure to xenobiotics can alter microRNA expression and
contribute to the mechanisms by which environmental chemicals disrupt embryonic development.
In this study we tested the hypothesis that developmental exposure to 2,3,7,8-Tetrachlorodibenzo-
p-dioxin (TCDD), a well-known teratogen, alters microRNA expression during zebrafish
development. We exposed zebrafish embryos to DMSO (0.1%) or TCDD (5 nM) for 1 hr at 30
hours post fertilization (hpf) and measured microRNA expression using several methods at 36 and
60 hpf. TCDD caused strong induction of CYP1A at 36 hpf (62-fold) and 60 hpf (135-fold) as
determined by real-time RT-PCR, verifying the effectiveness of the exposure. MicroRNA
expression profiles were determined using microarrays (Agilent and Exigon), next-generation
sequencing (SOLID), and real-time RT-PCR. The two microarray platforms yielded results that
were similar but not identical; both showed significant changes in expression of miR-451, 233,
23b, 24 and 27e at 60 hpf. Multiple analyses were performed on the SOLID sequences yielding a
total of 16 microRNAs as potentially differentially expressed by TCDD in zebrafish embryos.
However, miR-27e was the only microRNA to be identified as differentially expressed by all three
methods (both microarrays, SOLID sequencing, and real-time RT-PCR). These results suggest that
TCDD exposure causes modest changes in expression of microRNAs, including some (miR-451,
23a, 23b, 24 and 27e) that are critical for hematopoiesis and cardiovascular development.
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INTRODUCTION

Ribonucleic acids (RNA) have historically well-known cellular functions: encoding proteins
(mRNA), serving as structural components of ribosomes (rRNA), and translating mRNA
codons into amino acids (tRNA). Within the last two decades, a new type of RNA—small
noncoding RNAs (e.g., microRNAs)—has emerged as an important regulator of a variety of
cellular processes. MicroRNAs were first identified in 1993 in the nematode Caenorhabditis
elegans (Lee et al., 1993; Wightman et al., 1993) but have more recently been recognized as
having broader significance (Lagos-Quintana et al., 2001; Hobert 2008; Makeyev and
Maniatis 2008).

MicroRNAs are single-stranded RNA molecules of ~21-22 nucleotides that function to
regulate the expression of MRNAS by inhibiting their translation into proteins through
promotion of sequestration and degradation. MicroRNA genes are transcribed by RNA
polymerase Il as longer, primary microRNAs (pri-microRNAS), which are processed in the
nucleus by Drosha, an RNase Il enzyme, into 70-80-nucleotide precursor microRNAs (pre-
microRNAS). After transport out of the nucleus, the pre-microRNA is cleaved by the
enzyme Dicer into the mature microRNA (Wienholds and Plasterk 2005). MicroRNAs
function to inhibit translation as a complex with Dicer and an Argonaute protein, which
together form the RNA-induced silencing complex (RISC). The microRNA in the RISC
complex binds by contiguous Watson-Crick base pairing between specific sites on the 3’-
UTR of its target mMRNA and the “seed region’ on the 5’- end of the microRNA. Outside of
this region, base-pairing between the microRNA and its target form a duplex that is not
completely complementary and serves as the cleavage site of the mMRNA. Some microRNAs
may target hundreds of different messenger RNAs (Lim et al., 2005), although there are also
cases of much greater specificity between microRNA and target. Many genes are targets of
regulation by microRNAs; it has been estimated that 30-60% of the genes in a given animal
genome are regulated in this way (Wienholds and Plasterk 2005; Bushati and Cohen 2007;
Friedman et al., 2009).

MicroRNAs are abundant and evolutionarily conserved in multicellular animals (Sempere et
al., 2006). The human genome encodes hundreds of microRNAs (Bentwich et al., 2005), and
large numbers of microRNA sequences occur in the genomes of other animals, as
demonstrated by studies in C. elegans, Drosophila melanogaster, and the zebrafish Danio
rerio (Lee and Ambros 2001; Lim et al., 2001; Aravin et al., 2003; Lai et al., 2003;
Weinholds et al., 2005; Kloosterman et al., 2006). While much still remains to be learned
about the various functions of microRNAs, it is clear that they play an essential role in
embryonic development by serving as a regulatory mechanism for the spatial and temporal
expression of MRNA transcripts (Carrington and Ambros 2003; Mishima 2012).
Furthermore, microRNAs are involved in regulating cellular responses to a variety of
environmental or cellular stressors and are misexpressed in certain human diseases
(Bhattacharyya et al., 2006; Kulshreshtha et al., 2007; Hudder and Novak 2008; Stern-
Ginossar et al., 2008; Simone et al., 2009; Yokoi and Nakajima 2011; Tal et al., 2012).

With a fundamental role in development and potential to be misregulated by cellular stress,
microRNAs have become of major interest to the fields of toxicology and teratology (Jardim
et al., 2009; Pogribny 2009; Tryndyak et al., 2009; Wang et al., 2009; Gueta et al., 2010;
Halappanavar et al., 2011). The primary objective of this study was to investigate the
potential for microRNAs to be differentially expressed during development in response to
exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Although TCDD is well known to
be teratogenic in a variety of vertebrate organisms (Smith et al., 1976; Cheung et al., 1981,
Couture et al., 1990; Peters et al., 1999; Mehta et al., 2008), the exact mechanisms by which
these developmental defects arise still remains to be elucidated. We utilized the zebrafish
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(Danio rerio) which has emerged as an excellent model organism for investigations into both
development and developmental toxicology. The teratogenic effects of TCDD in zebrafish
embryos may manifest as several phenotypes, including lower jaw malformations, cardiac
malformations, neurodevelopmental defects and disruption of normal erythropoiesis (Belair
etal., 2001; Dong et al., 2001; Teraoka et al., 2002; Hill et al., 2003; Antkiewicz et al.,
2005). Although the toxicity of TCDD is known to be primarily regulated by the aryl
hydrocarbon receptor 2 (AHR2) during zebrafish development (Prasch et al., 2003; Carney
et al., 2004; Antkiewicz et al., 2006), many of the specific target genes responsible for the
phenotypes have yet to be identified. Given the important role of microRNAs during
embryonic development, we sought to determine if any microRNAs are differentially
expressed in zebrafish embryos in response to TCDD treatment as an avenue for future
mechanistic studies.

MicroRNA quantification is currently done using methods similar to those used for
quantifying mRNA transcript levels. These methods include real-time RT-PCR for
measuring individual microRNAs using microRNA-specific primers (Chen et al., 2005),
microRNA microarrays for high-throughput quantification of all or most of the known
microRNAs (Ach et al., 2008) and small RNA sequencing to measure all known and
unknown small RNA species (Soares et al., 2009; Cifuentes et al., 2010). Previous
comparisons have suggested that these methods vary in their ability to detect differential
expression of microRNAs /n vitro (Ach et al., 2008; Git et al., 2010; Yauk et al., 2010).
Hence, a secondary objective of this study was to compare the three methods in their ability
to detect differential expression of microRNAs in an /n7 vivo model system. We quantified
microRNA expression using 1) two widely used microRNA microarray platforms (Exigon
and Agilent microarrays), 2) a deep sequencing approach (SOLiD sequencing), and 3) real-
time RT-PCR using a stem-loop primer method to confirm some of the changes observed
with the high-throughput methods.

MATERIALS AND METHODS
Fish husbandry

The TL (Tupfel/Long fin mutations) wild-type strain of zebrafish was used for all
experiments. Fertilized eggs were obtained from multiple group breedings from tanks of 30
female and 15 male fish. Procedures used in these experiments were approved by the
Animal Care and Use Committee of the Woods Hole Oceanographic Institution.

Exposure of zebrafish embryos to TCDD and Isolation of Total RNA

Groups of embryos were placed in large glass petri dishes at a density of 3 embryos per mL
of 0.3x Danieau’s, and then exposed to carrier (0.1% DMSO) or 5 nM TCDD (dissolved in
DMSO) for 1 hour, starting at 30 hours post fertilization (hpf). Each treatment consisted of
three biological replicates of 200 pooled embryos. After the 1 hour TCDD exposure the
embryos were washed three times with 0.3x Danieau’s and maintained at 28.5 °C at a
density of 3 embryos per mL. At 36 and 60 hpf embryos were euthanized, preserved with
liquid nitrogen and stored at —80°C.

For isolation of total RNA, we evaluated two different isolation methods (QIAGEN
miRNeasy kit and STAT-60). Similar to previous studies (Ach et al., 2008), we did not see
any differences in microRNA quantification between the two RNA isolation methods using
real-time RT-PCR (data not shown). For subsequent microRNA profiling, we used total
RNA isolated using the QIAGEN miRNeasy protocol. Total RNA quality was assessed
using an Agilent 2100 Bioanalyzer which revealed that all samples were of extremely high
quality (RNA integrity numbers of 9.8-10). CYP1A gene expression and microRNA
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quantification using different approaches (microarrays, deep sequencing and real-time RT-
PCR) were conducted on the same samples of total RNA.

Measurement of CYP1A Gene expression by real-time RT-PCR

Complementary DNA (cDNA) was synthesized from 2 g total RNA using random
hexamers and the Omniscript cDNA Synthesis Kit (Qiagen). Quantitative PCR was
performed using the iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) in a MyiQ Single-
Color Real-Time PCR Detection system (Bio-Rad). At the end of each PCR run, a melt
curve analysis was performed to ensure that only a single product was amplified. Three
technical replicates were used for each sample. A standard curve for each gene was
generated by serially diluting plasmids containing a full-length copy of either CYP1A or B-
actin. Total molecule numbers were calculated for each sample and normalized by a p-actin
correction factor. Changes in expression are reported as changes in fold induction by
normalizing molecule numbers to the appropriate control. Real-time RT-PCR primers and
the thermocycler protocols for CYPIA and p-actin are provided elsewhere (Evans et al.,
2005).

Exigon microarray analysis

MicroRNA profiling was performed using custom designed locked-nucleic acid (LNA)-
probe microarray (miRCURY LNA array v.9.2 profiling service, Exiqon A/S, Denmark).
The microRNA probes were based on zebrafish microRNA sequences from miRbase v. 12.
Each sample was labeled with Hy3 and hybridized against a Hy5-labeled universal RNA
reference made from equal amounts of all RNAs from this experiment. Signals were
background corrected and normalized using global LOWESS. A student’s t-test was used to
determine changes in microRNA expression data between DMSQO and TCDD treatments for
each time point, or between 36 and 60 hpf DMSO timepoints. A Bonferroni corrected p-
value of 0.000196 (0.05/255 microRNAs) was used to determine statistical significance.

Agilent microarray analysis

Agilent microRNA microarrays contain 8 individual microarrays with approximately 15,000
features per array (8X15K). Custom-made Agilent oligonucleotide microRNA microarrays
were 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). Total RNA (100 ng) was dephosphorylated by
treating with calf intestinal alkaline phosphatase and labeled with cyanine3-pCp by
incubating with T4 RNA ligase for 2 hr at 16°C. Any unlabeled dye was removed by
running the labeled RNA through Micro Biospin 6 columns (BioRad). Labeled and purified
RNA was vacuum dried and resuspended in nuclease free water. Prior to hybridization,
blocking agent and hybridization buffer were added to the samples. Microarrays were
hybridized in Agilent SureHyb chambers (Agilent Technologies) for 20 hr at 55°C in a
rotating hybridization oven at 20 rotations per minute (rpm). At the end of the hybridization,
the hybridized arrays were washed using Gene Expression wash buffers following
manufacturer’s instructions. Immediately after washing, the microarrays were scanned using
GenePix 4000B scanner (Molecular Devices, CA). Each slide was initially scanned in
preview mode under low resolution to determine the appropriate photo multiplier tube
(PMT) settings. PMT settings were manually adjusted to have the majority of the features
fall between 15,000 to 50,000 intensity units. Full scans were done at PMT settings between
650-700 for all the slides used in this study. Agilent Feature Extraction (AFE) software 9.5.3
using default settings was used to extract data.
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Data analysis was carried using AgiMicroRna, a Bioconductor package (Lopez-Romero
2011). Total Gene Signal (TGS), a single intensity measure for each microRNA computed
by the AFE algorithm was used in statistical analysis. TGS was background-subtracted and
quantile-normalized using the robust multiarray average (RMA) algorithm (Irizarry et al.,
2003; 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). Adjusted p-values less than 0.05 were considered
to be significant.

Next-generation SOLiID sequencing

The same total RNA used for the array hybridizations was also used for high-throughput
sequencing using the SOLID technology. Prior to sequencing, the quality of the RNA and
presence of the microRNA fraction was confirmed with the Agilent Small RNA kit for the
2100 Bioanalyzer which revealed that the microRNA fraction represented 3-4% of the total
RNA pool for each sample. Small RNA library construction and microRNA sequencing
were performed by the Genomic Services Lab at the HudsonAlpha Institute for
Biotechnology in Huntsville, AL, USA. Small RNA libraries were prepared using the small
RNA expression kit (SREK) protocol (Applied Biosystems, Foster City, CA). Sequencing
was done on a SOLiD V3 system (Applied Biosystems).

Small RNA sequence analysis

Three different methods were used to analyze the SOLID sequences — CLC Genomics
Workbench 4.7.2, Genome Mapping, and DNASTAR ArrayStar.

CLC Genomics Workbench—The analysis work flow for CLC Genomics involved
adaptor trimming, counting different unique small RNA sequences and mapping them to
zebrafish precursor microRNA sequences from miRBase version 17 and other noncoding
RNAs from zebrafish ensembl version 63 (ftp://ftp.ensembl.org/pub/release-63/fasta/
danio_rerio/ncrna/). Adaptor trimming was done in color space using default parameters —
trimming the adaptor sequence, deleting the reads without the adaptor sequence, discarding
any reads that were less than 15 nucleotides in length, and deleting any reads with more than
5 consecutive ambiguous nucleotides. Reads were aligned to precursor microRNA and other
non-coding RNA sequences allowing two mismatches. The criteria used for determining
isomiRs were the presence or absence of up to 5 additional bases on either 5" or 3" end of
the reads. The output from this analysis is grouped into the total number of mature
microRNA and mature star sequence counts. These counts are further classified into isomiRs
— both length and sequence variants.

Statistical analysis of the count data was done using edgeR, a bioconductor package for
differential expression analysis of deep sequencing data (Robinson et al., 2010). Count data
were normalized using trimmed mean of M values (TMM) method and a tagwise dispersion
model was fitted to obtain significant differences in microRNA expression between different
treatment groups (Robinson and Oshlack 2010). Multiple testing correction was done using
Benjamini-Hochberg method (Benjamini and Hochberg 1995).

Genome mapping method—This is the most widely used method for annotating the
sequence reads. Prior to mapping the reads to the zebrafish genome, adaptor sequences were
trimmed in color space using cutadapt software (Schulte et al., 2010). Trimmed reads were
mapped to the reference zebrafish genome (Zv7) using BWA algorithm (Li and Durbin
2009), with default settings. Read counts for annotated microRNAs and other non-coding
RNAs were obtained from the genomic co-ordinates using HTSeq (http://www-
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huber.embl.de/users/anders/HTSeq/doc/overview.html) software. Statistical testing was
done using edgeR as described in the previous section.

QSeqg/ArrayStar software analysis—Analysis of changes in microRNA expression was
determined with the QSeq/ArrayStar software package (DNASTAR, Inc.) by comparing the
individual sequence reads to a template database consisting of mature and star forms for
annotated microRNAs (miRBase v.17). Statistical significance was calculated using a
student’s t-test with a Benjamini Hochberg False Discovery Rate (FDR=0.05) to compare
DMSO and TCDD treatments (Benjamini and Hochberg 1995).

Mature microRNA cDNA synthesis and real-time RT-PCR

RESULTS

cDNA synthesis from mature microRNAs was done using a stem-loop reverse transcription
(RT) primer method (Chen et al., 2005). Briefly, separate stem-loop RT primers were
designed for each mature microRNA in such a way that the RT primer binds to the 3" end of
the microRNA (Table 1). Polyacrylamide gel electrophoresis (PAGE)-purified RT primers
were synthesized by MWG Operon (Huntsville, AL). The reverse transcription reaction was
carried out using 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, 1x 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. The amount of total RNA and the concentration of RT primer used were determined
empirically. Briefly, preliminary experiments were conducted with varying concentrations
of input RNA (50, 100, 200, 300 and 500 ng total RNA) and RT primer (50, 100, 667, 2,000
nM) for cDNA synthesis prior to PCR. High input RNA concentrations and RT primer
caused increased appearance of non-specific products.

Real-time RT-PCR was performed using iQ SYBR Green Supermix (Bio-Rad, Hercules,
CA) as described in the previous section. Each 25 pL PCR reaction consisted of 1 pL of RT
product, 1X PCR master mix, 1.5 .M microRNA specific forward primer and 1.5 pM
common reverse primer. The forward primers contained 5-8 extra nucleotides at the 5" end
in order to increase the melting temperature. The reverse primer was designed based on the
stem-loop primer and was common for all microRNAs. The PCR primer sequences and their
melting temperatures are given in Table 1. The optimum annealing/extension temperature
(Tm) of all the primer pairs was established by running a gradient PCR. The PCR reaction
conditions used were 95 °C for 3 min followed by 40 cycles of 95 °C for 15 sec and Tm for
1 min. At the end of the PCR run, melt curve analysis were performed to ensure that only
one product was amplified. All the samples were run in triplicate. U6 sSnRNA was used as a
reference gene. To verify the amplification of a single product the real-time RT-PCR
reactions were electrophoresed on a 15% polyacrylamide gel and stained with ethidium
bromide to visualize the amplified PCR products. Some of these products were also cloned
into pGEM-Teasy vector and sequenced.

Induction of CYP1A as determined by real-time RT-PCR

Zebrafish were exposed for one hour to 5 wM TCDD starting at 30 hpf to minimize the
chances of developmental delay associated with earlier exposure, which might indirectly
affect microRNA expression (Figure 1A). Dosing zebrafish embryos at any time prior to 66
hpf is sufficient to induce the teratogenic effects of TCDD which begin to significantly
manifest at 72 hpf (Belair et al., 2001). To confirm the level of AHR activation by the one
hour exposure to TCDD, the induction of cytochrome P450 1A1 was assessed by real-time
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RT-PCR at 36 hpf and 60 hpf. TCDD caused strong induction of CYP1A at 36 hpf (62-fold)
and 60 hpf (135-fold) (Figure 1B).

Changes in microRNA expression as determined by Exigon microarray profiling

Exigon microarray data generated in this study have been deposited in the NCBI Gene
Expression Omnibus (accession number GSE39809). Comparison of the two time points (36
and 60 hpf DMSO groups) revealed developmental changes in the expression of multiple
microRNAs (Supplementary Fig. 1). A total of 82 out of 255 microRNAs on the array (32%)
were differentially expressed (Bonferroni corrected p-value; p<0.000196). Sixty of the
microRNAs increased between 36 and 60 hpf (1.2- to 5.4-fold), consistent with previous
reports showing increased microRNA expression between 24 and 72 hpf (Weinholds et al.,
2005; Thatcher et al., 2007; Wei et al., 2012). Twenty microRNAs were down-regulated
between 36 and 60 hpf, including several members of the miR-430 family, which have been
shown to be expressed early in development (3- to 24-hpf) and then decrease rapidly after
24-hpf (Kloosterman et al., 2006). Thus, we were able to reproduce and extend results of
previous studies of changing microRNA expression during development.

A total of 19 microRNAs from both the 36 and 60 hpf timepoints were determined to be
differentially expressed as a result of TCDD exposure (Figure 2). Overall the changes in
expression were modest (—1.22 to 1.30-fold change) but statistically significant at a p-value
of 0.01. Embryos sampled at 36-hpf had eight microRNAs with differential expression
between DMSO and TCDD treatments. Among them, only one microRNA (miR-17a*) was
up-regulated, while seven microRNAs were down-regulated (miR-15a, 107, 124, 125b,
203b, 203b*, and 218b). Embryos sampled at 60-hpf had twelve microRNAs with
differential expression between treatments; eight were up-regulated (miR-17a*, 23a, 23b,
24, 27b, 27d, 27e, and 141) and four were down-regulated (18c, 144, 204, and 451). Of the
microRNAs differentially expressed in response to TCDD at these time points, only
miR-218b was statistically significant at a Bonferroni corrected p-value of 0.000196.

Changes in microRNA expression as determined by Agilent microarray profiling

Agilent microarray data generated in this study have been deposited in the NCBI Gene
Expression Omnibus (accession number GSE39809). Similar to results obtained with
Exigon microarrays, we observed developmental changes in microRNA expression using a
custom Agilent microRNA microarray. Between 36 and 60 hpf, 137 microRNAs were
differentially expressed (adjusted p<0.05) with fold changes ranging from —2.0 to 2.3
(Supplementary Fig. 2).

No significant changes in microRNA expression were detected using the Agilent microarray
in 36 hpf zebrafish embryos exposed to TCDD. However at 60 hpf there were modest but
statistically significant changes in expression of seven microRNAs in response to TCDD
(up-regulation of miR-23a, 23b, 24, 27c, 27e and 216b; down-regulation of miR-451)
(Figure 3). Two of the seven differentially expressed microRNAs (miR-216b and miR-27c)
were detected only using the Agilent array, whereas the other five microRNAs (miR-23a,
miR-23b, miR-24, miR-27e, and miR-451) were also detected by the Exiqon array.

Changes in microRNA expression as determined by SOLID sequencing

A total of 210 million raw reads from 12 samples at an average of 17.5 million reads per
sample was obtained from the SOLiD sequencing. Raw sequencing data generated in this
study have been deposited in the NCBI Gene Expression Omnibus (accession number
GSE39809). Sequencing results were analyzed using CLC Genomics Workbench 4.7.2.
After removing the low quality reads and removing the adaptor sequences, unique small
RNAs were mapped to known zebrafish precursor microRNAs (miRbase v.17) and other
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noncoding RNAs (Ensembl v.63). At 36 hpf, an average of 24% of all the trimmed reads
were annotated as small RNAs, whereas at 60 hpf, 46% of the reads mapped to known small
RNA sequences (Table 2). Among these reads, 88-92% of them were annotated as mature
microRNAs, 6.5-10% were annotated as star sequences and the remaining (1.1-2.5%)
matched to other non-coding RNAs (Table 2). A detailed list of read counts of mature
microRNAs, star sequences and ncRNAS is given in Supplementary Table 1.

We observed a significant increase in the number of annotated small RNA reads at 60 hpf
compared to 36 hpf, suggesting increased abundance of small RNAs later in development.
However, there are no major differences in the diversity of small RNA between the two time
points investigated. Out of 358 known microRNAs in miRBase, 97% were found in our
samples, whereas only 33% of the other non-coding RNAs (1483 out of 4431 known
ncRNAs) were found. Statistical comparison of small RNAs between the two developmental
time points (36 hpf DMSO vs 60 hpf DMSO) revealed 336 small RNAs to be differentially
expressed (adjusted p.value < 0.05). Of these, 252 were microRNAS and 84 are other
ncRNAs. Out of 336 differentially expressed small RNAs, 186 were up-regulated and 150
were down-regulated. The magnitude of change ranged from 1.2 to 31-fold for up-regulated
small RNAs and —1.32 to —4.34 fold change for down-regulated small RNAs. A heat map
representation of these developmental changes is shown in Supplementary Figure 3.

There were no statistically significant changes in microRNA expression between DMSO and
TCDD treatments at 36 hpf as determined by SOLiD sequencing. However, TCDD exposure
resulted in differential expression of 10 microRNAs and 14 other ncRNAs at 60 hpf. The
results of statistical analysis for all 24 of these small RNAs are shown in Table 3. Of the
microRNAs differentially expressed in response to TCDD at 60 hpf, six were up-regulated
(miR-454a, miR-454h, miR-27e, miR-24-2*, miR-216b-2* and miR-489) and four were
down-regulated (miR-216b-1, miR-216b-2, miR-19¢ and miR-19d) (Figure 4).

Comparison between microarrays and next-generation sequencing

All three high-throughput methods for analyzing global changes in microRNA expression
(two microarray platforms and SOLiD sequencing) successfully detected differential
expression between our two developmental timepoints, consistent with previous reports
characterizing microRNA expression between 24 and 72 hpf (Weinholds et al., 2005;
Thatcher et al., 2007; Wei et al., 2012). Our ability to consistently reproduce these results
with all three high-throughput methods, with additional confirmation by quantitative RT-
PCR, validates the utility of the different methods even though there are apparent
differences in specific results among the different approaches.

The three high-throughput methods produced unique but partially overlapping signatures of
microRNAs differentially expressed in response to TCDD (Figure 5A). The two microarray
platforms displayed the greatest level of congruence, with five microRNAs detected as
differentially expressed between DMSO and TCDD treatments, including one down-
regulated (miR-451) and four up-regulated microRNAs (miR-23a, 23b, 24, and 27¢). We
also compared the developmental changes (36 hpf vs 60 hpf DMSO) between the two
microarray platforms and observed a very strong correlation (R = 0.92; Figure 5B). Only
one microRNA (miR-27e) was detected by all three methods as differentially expressed in
response to TCDD. The only disagreement between the methods in terms of direction of
change was in the expression of miR-216b-1, which was considered slightly up-regulated as
determined by the Agilent array and down-regulated as determined by SOLID sequencing.

The average coverage of known zebrafish microRNAs detected using the Exigon and
Agilent microarrays was 58% and 65%, respectively. In contrast, next-generation
sequencing allowed for an average detection of 95% of all known mature microRNAs and
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87% of star microRNA sequences in all six samples at each time point (36 and 60 hpf),
including the ability to differentiate between individual microRNA isomirs. This additional
coverage allowed for the detection by SOLID sequencing of expression changes for
miR-454a, 454b, miR-216b-1, miR-216b-2, miR-489, miR-19¢, and miR-19d, which had
probes on the arrays but were difficult to detect in our samples due to lower sensitivity of the
arrays, and miR-216b-2* and miR-24-2*, which were not represented on the arrays.
Comparison of developmental changes (36 hpf vs 60 hpf DMSQ) in microRNA expression
between the Agilent array and SOLiD sequencing (CLC analysis) resulted in a weaker
correlation (R? = 0.496) than seen for the microarray comparisons (R? = 0.92) (Figure 5B)
but the overall trend was consistent with the expected changes in microRNA expression that
occur during development.

Two additional approaches to analysis of the SOLID data (Genome Mapping and
DNASTAR QSeq) were used to determine their consistency with results obtained by CLC
Genomics workbench. In contrast to CLC Genomics workbench, which matches SOLiD
reads to microRNA precursors in miRBase, DNASTAR QSeq was used to compare the
sequences to mature microRNAs in miRBase and Genome Mapping maps the sequences to
the zebrafish genome and compares the map positions to the coordinates of known
microRNA precursors. Sixteen different microRNAs (mature or star sequences) were
identified as differentially expressed between DMSO and TCDD treatments at 60 hpf by at
least one of the three analysis methods (Table 4). Consistent with the microarray analyses,
all three analyses of the SOLID data identified miR-27e as significantly up-regulated at 60
hpf in response to TCDD exposure. The CLC Genomics and Genome Mapping approaches
identified six microRNAs in common, whereas Genome Mapping and QSeq had two
microRNAs in common and CLC Genomics and QSeq had only one microRNA showing a
statistically significant change by both methods. Although the statistical significance may
have differed, the calculated difference for 15 of the 16 microRNAs was consistent in
direction of fold change among these approaches. The only discrepancy was in the detection
of miR-23a, which was determined to be significantly up-regulated by the QSeq approach,
but down-regulated by both the CLC Genomics and Genome Mapping approaches.
Interestingly, both the Agilent and Exiqon arrays determined miR-23a to be significantly up-
regulated in response to TCDD exposure at 60 hpf. Overall, the microarrays appeared to
have less variation among samples, allowing for greater statistical power, while the high-
throughput sequencing allowed for much deeper coverage of the entire microRNAome.

Assessment of microRNA expression as determined by real-time RT-PCR

In an effort to confirm observed differences in microRNA expression, real-time RT-PCR
was used to measure changes between treatments and timepoints for four microRNAs
identified by one or more of the three high-throughput methods (mir-27e, miR-451,
miR-141, and miR-144) and one microRNA (miR-9) known to be significantly differentially
expressed between the two timepoints (Weinholds et al., 2005). Real-time RT-PCR analysis
confirmed that all five microRNAs were significantly up-regulated in expression between 36
and 60 hpf as a result of increased basal expression during development, independent of
TCDD exposure (Figure 6). However, of the four suspect microRNAs, only miR-27e was
differentially expressed in response to TCDD exposure in a statistically significant manner
as determined by real-time RT-PCR.

DISCUSSION

TCDD-induced changes in microRNA expression in developing embryos

TCDD is an environmental pollutant of global concern that is capable of inducing several
abnormal developmental phenotypes in animals. The toxicity of TCDD occurs in an AHR-
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dependent manner with inappropriate activation of the AHR signaling pathway causing
misregulation of target genes involved in basic biological processes. Previous studies in
rodents have shown that while activation of the AHR pathway with known agonists (TCDD
and benzo(a)pyrene) results in robust changes in mMRNA expression, dramatic changes in
microRNA expression do not occur, suggesting that it is unlikely that microRNAS play any
significant role in mediating TCDD toxicity in adult mice and rats (Moffat et al., 2007; Yauk
et al., 2011). However, these observations do not preclude a potential role of microRNAS in
TCDD-mediated developmental defects. Exposure of zebrafish embryos to TCDD results in
several severe abnormal developmental phenotypes, such as lower jaw malformations,
cardiac malformations, neurodevelopmental defects and disruption of normal erythropoiesis
(Belair et al., 2001; Dong et al., 2001; Teraoka et al., 2002; Hill et al., 2003; Antkiewicz et
al., 2005). Interestingly, exposure of zebrafish embryos to TCDD prior to 72 hpf is capable
of producing the observed phenotypes that begin to manifest at 72 hpf, where as exposure
after 96 hpf produces no developmental phenotypes (Belair et al., 2001). This suggests that
there are specific developmental regulatory pathways affected by TCDD in a time-
dependent manner. To date, the only specific genes directly linked to a TCDD-induced
phenotype in zebrafish embryos are sox9b, which plays a role in mediating the lower jaw
malformations (Xiong et al., 2008), and R-Spondinl (rspoZ), which is involved in defective
fin regeneration (Mathew et al., 2008). We report here our initial investigation into the
potential for TCDD exposure to result in misexpression of microRNAs during zebrafish
development.

Through a combination of microarray profiling and high-throughput sequencing, we
identified numerous microRNAs that are potentially misexpressed as a result of TCDD
exposure. Although the magnitude of the observed changes in microRNA expression was
modest, several of the microRNAs may be of biological significance with respect to TCDD
developmental toxicity. For example, some of the microRNAs identified in this study have
been implicated in the direct regulation of various AHR pathway genes. MiR-24 has been
shown to negatively regulate the aryl hydrocarbon receptor nuclear translocator (ARNT), the
dimerization partner of AHR, in human liver (Oda et al., 2012). MiR-27b has been shown to
negatively regulate CYP1B1 (Tsuchiya et al., 2006), with decreased expression of miR-27b
as a possible explanation for the high level of CYP1B1 protein expression in human
cancerous tissue (Devlin et al., 2010).

When considering the developmental phenotypes associated with TCDD exposure, the
possible down-regulation of miR-144 and miR-451 by TCDD at 60 hpf is intriguing because
these microRNAs have been shown to have a conserved role in the regulation of vertebrate
erythropoiesis (Dore et al., 2008; Pase et al., 2009; Rasmussen et al., 2010). In zebrafish,
miR-144 and miR-451 are processed from a single precursor transcript (Pase et al., 2009)
and loss of these microRNASs results in inhibition of erythrocyte maturation (Dore et al.,
2008; Pase et al., 2009), a phenotype consistent with TCDD-dependent inhibition of
definitive erythropoiesis in zebrafish embryos (Belair et al., 2001). Related to the cardiac
malformations caused by TCDD, up-regulation of miR-23a has been shown to positively
regulate cardiac hypertrophy (Lin et al., 2009; Wang et al., 2012) and miR-24 has been
shown to inhibit cardiomyocyte apoptosis and regulate cardiac fibrosis (Qian et al., 2011,
Wang et al., 2012). TCDD has been demonstrated to induce cardiac hypertrophy in mice
after /n utero exposure (Kopf et al., 2008). However, during embryonic development TCDD
exposure usually results in a decrease in myocyte proliferation (Ivnitski et al., 2001; Carney
et al., 2006), which is inconsistent with the up-regulation of miR-23a and miR-24. However,
TCDD exposure does result in failure of the development of heart valves and the bulbus
arteriosus during zebrafish development (Mehta et al., 2008). It is possible that changes in
miR-23a and miR-24 expression result in spatially restricted alterations in cardiac
morphology during zebrafish development.
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An additional phenotype associated with TCDD exposure in zebrafish embryos is the
development of severe edema, most noticeable in the pericardial region and yolk sac (Henry
etal., 1997; Hill et al., 2004). Interestingly, miR-204 down-regulation has been associated
with the reduced expression of various claudin mRNA/proteins (Wang et al., 2010).
Claudins are small transmembrane proteins that serve as a major component of tight
junctions, protein barriers that control the flow of molecules between cells of epithelial
tissues. Disruption of tight junction formation during zebrafish development by morpholino
targeting of ¢p3/z0-3, which encodes for a tight junction scaffold protein, resulted in edema,
loss of blood circulation and tail fin malformations (Kiener et al., 2008), all phenotypes
consistent with TCDD exposure during zebrafish development (Henry et al., 1997).

Although some of the changes in microRNA expression described above have potential
links to TCDD effects, only one microRNA—mIiR-27e—was demonstrated consistently to
be significantly altered (up-regulated), regardless of the method used (both array platforms,
all three SOLID analyses, and real-time RT-PCR). The miR-27 family in zebrafish consists
of five members, three others of which (miR-27b, miR-27c, and miR-27d) may also have
been up-regulated, as suggested by the microarray results. The functions of miR-27 in
zebrafish are not well understood, but recent studies suggest an important role in regulating
vascular development (Biyashev et al., 2012; Urbich et al., 2012). Zebrafish miR-27 forms
share high sequence identity (including identical seed sequences) with mammalian miR-27
members (e.g. miR-27a and miR-27b in humans) (Supplementary Fig. 4). Zebrafish
miR-27e occurs in a cluster with mir-23a-1 and mir-24-4, and in mammals there is a mir-23a
~ mir-27a ~ mir-24-2 cluster that is transcribed as a single primary transcript (Chhabra et al.,
2010). Whether members of the zebrafish mir-23a-1 ~ mir-27e ~ mir-24-4 cluster are co-
regulated or co-transcribed is not known, but mir-23a and mir-24 both were suggested by
array data to be up-regulated by TCDD (Fig. 5A), consistent with that possibility. In
addition, DNA sequence analysis of the 10kb region upstream of mir-23a-1~ mir-27e ~
mir-24-4 cluster revealed the presence of three predicted xenobiotic response elements
(XREs; core sequence 5"-GCGTG-3"; —9104, 9180 and —9215). Additional studies will be
needed to determine whether these XREs are involved in regulating expression of this
cluster in response to TCDD. Together, these results point to mir-27e and related
microRNAs as promising subjects for further research to investigate the role of altered
microRNA expression in the mechanism of TCDD developmental toxicity.

Small RNA expression profiling

The secondary objective of the present investigation was to compare different methods for
measuring expression of microRNAs in zebrafish embryos exposed to TCDD. Several
previous studies have analyzed global microRNA expression in zebrafish embryos using
microarrays (Thatcher et al., 2007; Zhang et al., 2011; Tal et al., 2012; Wu et al., 2012) and
deep sequencing (Soares et al., 2009; Cifuentes et al., 2010; Yang et al., 2011; Wei et al.,
2012). Some of these studies have also used real-time RT-PCR to confirm their results.
Although the microarray-based methods allow global quantification of all the known
microRNAs, there are differences between microarray platforms such as Exigon and Agilent
in the probe design and hybridization chemistry. Similarly, there are differences in
sequencing chemistry between different deep sequencing platforms such as Roche 454
sequencing, lllumina Genome Analyzer, and ABI SOLID. These high-throughput
approaches have been used to determine the expression of microRNAs and other non-coding
RNAs during zebrafish development but the specificity and accuracy of these methods in
quantifying microRNA expression are not fully understood. This is particularly important
given the fact that subtle changes in microRNA expression can have a major impact on gene
expression patterns. Thus, it is essential to do a systematic comparison of different methods
and identify the best approach for microRNA expression profiling. Such comparisons have
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been done previously in cancer cell lines (Git et al., 2010) and in human tissues and cell
lines (Ach et al., 2008) and using reference samples (Yauk et al., 2010), but similar studies
have not been reported in any /in vivo vertebrate developmental model system.

Using both Exigon and Agilent microarrays, we were able to detect the majority of the
microRNA changes that occur during development. For the microRNAs that were
represented in both arrays there was a significant correlation in their fold changes. These
results suggest that, despite the differences in probe design, both microarray platforms are
able to capture differentially expressed microRNAs. A previous study comparing the
performance of four different commercial microRNA microarrays using a dilution series of
spike-in controls concluded that Agilent microarrays have high accuracy as determined by
overall changes in signal intensity with corresponding changes in spike-in concentration,
while Exigon microarrays have high specificity as determined by the increase in the signal
intensity of only the probes that were specifically altered in the spike-in controls (Sah et al.,
2010). We are unable to make a similar analysis to measure accuracy and precision because
we did not incorporate spiked microRNAS into our hybridization reactions. However, based
on the similarity in relative fold change values of the biological replicates between the two
array platforms (Figure 5B), we can conclude that both platforms demonstrated similar
detection capabilities.

There was strong congruence between the real-time RT-PCR results and small RNA
sequencing results, as determined by the similar fold differences measured by the two
methods for the developmental changes in expression of microRNAs or the changes in
miR-27e expression in response to TCDD. However, one unexpected result was the inability
of real-time RT-PCR to confirm some of the more modest TCDD-induced changes
measured by the microarray platforms. Although real-time RT-PCR is considered the ‘gold
standard’ for verifying changes in expression of mMRNA, the short length of microRNAs
presents additional challenges in the use of RT-PCR, particularly at smaller levels of change
(~2-fold differences in microRNA expression). The stem-loop method used here, although
considered robust for microRNAs (Chen et al., 2005), may have been limited by the modest
differences in microRNA expression caused by TCDD and by the relatively small number of
samples, reducing the power of this method to confirm the changes observed by microarray
or SOL.iD sequencing.

Interestingly, we found substantial variation in the detection of differentially expressed
microRNAs by three different approaches to analysis of the next-generation sequencing data
(CLC Genomics, Genome Mapping, and QSeq). One of the main reasons for this variation
could be the differences in the mapping algorithms used in these methods. For instance,
CLC genomics software maps the adaptor trimmed reads to the precursor microRNA
sequences and other non-coding RNAs, whereas in the genome mapping method trimmed
reads were mapped to the genome, and in the Qseq method reads were mapped to the mature
microRNA and star sequences separately (Flow charts summarizing the three analysis
pipelines can be found in Supplementary Figure 5). In addition, there are also differences in
the counting of the aligned reads between commercial software (CLC Bio and QSeq) and
the genome mapping method. Commercial software gives the read counts for mature, star
and hairpin sequences separately whereas with genome mapping, we were only able to
obtain the read counts for precursor microRNA sequences, which include the reads aligned
to mature, star and hairpin regions of the precursor microRNA. Furthermore, there are
several microRNAs for which genome coordinates are unknown; their read counts are not
obtained from the genome mapping method. Despite these differences, all three approaches
were fairly consistent in their calculations for changes in fold expression of microRNASs
between DMSO and TCDD exposures. Differences in the method of identification of mature
and/or star sequences and the inclusion or exclusion of other ncRNAs may have led to a
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difference in the observed abundance of specific microRNA sequences, as well as the
number of observations used to normalize between samples. These differences in
normalized abundance and number of observations could result in differences in sample-to-
sample variability that affect the p-value calculations and result in different observations of
statistical significance between samples. It is likely that all three methods used to analyze
the SOL.ID sequences yielded valuable data. However, only additional functional studies on
individual microRNAs will fully confirm their role in TCDD toxicity. Our observations
highlight the strengths, as well as some of the challenges that still exist, with analyzing high
throughput sequencing datasets.

With the advent of deep sequencing technologies, the limitations associated with probe-
based methods such as microarrays and real-time RT-PCR have been overcome. Using
SOL.ID sequencing we were able to quantify not only all the known microRNAs at single
copy resolution but also other non-coding RNAS such as SnRNA, snoRNA, tRNAs, rRNAS
and vault RNAs. In addition, we detected multiple mature microRNA variants (isomiRs) and
3’ terminal addition of single nucleotides as shown previously in deep sequencing datasets
(Cifuentes et al., 2010; Schulte et al., 2010). SOLID sequencing identified twice the number
of developmentally regulated microRNAs compared to microarrays and most of these
changes were comparable to previously identified developmental changes (Soares et al.,
2009; Wei et al., 2012). Overall these results suggest that deep sequencing may provide a
more comprehensive assessment of microRNA expression in developing embryos.

CONCLUSION

The results presented here provide new information concerning the potential role of
microRNASs in mediating abnormal developmental phenotypes associated with TCDD
exposure. We tested two different methods for assessing global changes in microRNA
expression, a microarray-based approach (two platforms) and a high-throughput sequencing
approach. Both methods had strengths and weaknesses. The microarray approach produced
less variation among samples allowing for greater precision and thus greater statistical
power, but lacked the depth and coverage provided by high-throughput sequencing.
Although the changes in microRNA expression in TCDD-exposed embryos were not
dramatic, many of the identified microRNASs are known to participate in the regulation of
signaling pathways related to the different developmental phenotypes observed with TCDD
exposure. These changes warrant further study, including assessment of possible tissue-
specific changes that may have been obscured by the whole-embryo approach used in this
study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Exposure regime and sampling times in the study. Zebrafish embryos at 30 hpf were
exposed to 5 nM TCDD or DMSO for 1 h and sampled at 36 and 60 hpf. (B) Induction of
CYP1A transcripts in response to TCDD exposure. CYP1A expression is expressed as fold
change from DMSO-treated group. Different letters represent significant differences from
DMSO control (Two-way ANOVA,; p < 0.01).
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Figure 2.

TCDD-induced changes in microRNA expression observed with Exigon LNA microarrays
at 36 hpf (A) and 60 hpf (B). Data are expressed as percent change of expression normalized
to the DMSO carrier control treatment. All of the changes in microRNAs plotted in this
graph were statistically significant based on p-value <0.01. However only miR-218b was
significant when using the Bonferroni correction (0.000196) to safeguard against false
positives.
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Figure 3.

TCDD-induced changes in microRNA expression observed with Agilent microarrays at 60
hpf. Data are expressed as percent change of expression normalized to the DMSO carrier
control treatment. No significant changes in microRNA expression were observed at 36 hpf.
Seven differentially expressed miRNAs were observed at 60 hpf. All seven of the miRNAs
plotted in this graph were determined to be statistically significant based on an adjusted p-
value <0.05 (Benjamini-Hochberg method).
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Figure 4.

TCDD-induced changes in microRNA expression observed with the CLC Genomics
analysis of SOLiID microRNA sequencing. Data are expressed as fold change in expression
normalized to the DMSO carrier control treatment. No significant changes in microRNA
expression were observed at 36 hpf. However at 60 hpf, ten miRNAs were differentially
expressed in a statistically significant manner based on an adjusted p-value <0.05
(Benjamini-Hochberg method).
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Figure 5.

A) Venn diagram showing the significant TCDD-induced changes in microRNA expression
measured by microarray or SOLiD sequencing analysis at 60 hpf. Each quantification
method resulted in some unique changes in microRNAS but some changes were common to
different platforms. The microRNA changes that were common to different methods are
shown in the intersections of the circles. MicroRNAs shown in green were downregulated
and those in red were upregulated. B) Left: Scattor plot showing the correlation between the
developmental changes in microRNA expression (60 hpf vs 36 hpf) as measured by the two
microarray platforms. Right: Scattor plot showing the correlation between the
developmental changes in microRNA expression (60 hpf vs 36 hpf) as measured by SOLID
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sequencing as compared to Agilent arrays. Fold change values of microRNAs that were
common to both the platforms were plotted.
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Figure 6.

Confirmation of microarray results with quantitative RT-PCR. We selected five microRNAs
that were significantly altered between the two time points and showed TCDD-induced
change in microRNA expression (miR-9, 451, 141, 144 and 27e) to confirm by gRT-PCR.
Results are expressed as fold change from the DMSO control at 36 hpf, normalized to U6 —
small nucleolar RNA. Different letters denote significant changes in expression over time or
with TCDD treatment (Two-way ANOVA, p<0.05).
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Table 1

MicroRNA Stem-loop and gRT-PCR primers used in this study.

Small RNA Tm (°C) | Primer (5" -3’)
U6 For 60 TCGCTACGGTGGCACATA

Rev TATGGAGCGCTTCACGG
miR-9 For 62 CGCGGCGGTCTTTGGTTATCTA
miR-141 For 60 GCCGCTAACACTGTCTGGTA
miR-144 For 60 GCCCGGCCTACAGTATAGATG
miR-451 For 60 GGCCCAAACCGTTACCA
miR-27e For 65 CGCGCTTCACAGTGGCT
miR Rev GTGCAGGGTCCGAGGTATTC
miR-9 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCATAC
miR-141 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCATCG
miR-144 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGTACA
miR-451 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACTCA
miR-27e RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCACTGA
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