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CHAPTER 1:

Introduction

In 1993, the first microRNA (miRNA) /in-4 was discovered as a gene regulator in
C. elegans from a series of forward genetic screens (Lee et al., 1993). Later on, a second
miRNA /ez-7 that is highly conserved among species was identified in C. elegans, raising
the possibility that small non-coding RNAs may regulate global gene expression in
diverse organisms (Pasquinelli et al., 2000; Reinhart et al., 2000). These discoveries
thrust miRNAs into the limelight and opened a new window for people to interpret the
functional importance of non-coding portions of the genome. In the past 10 years,
multiple studies have been dedicated to identifying more miRNAs in genome-wide
transcriptome analyses and characterizing miRNA functions in multiple biological
processes impacting development, disease and metabolism. So far, several hundred
miRNAs are encoded in the genomes of vertebrates and more than 2200 mature miRNAs
have been identified in the human genome. miRNAs are emerging as important

regulators at almost every level of gene expression.

miRNAs are small non-coding RNAs that regulate gene expression at the post-
transcriptional level. By specific binding to recognition elements in the 3’ untranslated
regions (UTRs) of target mRNAs, miRNAs inhibit gene expression in a sequence-
dependent manner via destabilizing target mRNAs and/or blocking translation. miRNAs
recognize 3’UTR binding sites based on imperfect base-pairing, therefore it is very
challenging to directly predict miRNA target genes based on computational analyses

alone. Some rules have been developed but constant refinement of these prediction



algorithms is needed. It is generally accepted that although miRNAs in animals
recognize transcripts through imperfect base-pairing to their target mRNAs, nucleotides
2-7 at the 5’end of the miRNA, a region termed the ‘seed region’, usually pair with high
complementarity, often perfect pairing (although with many exceptions) (Bartel, 2009).
Computational analyses as well as experimental evidence suggest that each miRNA
regulates more than one target and each target can be regulated by multiple miRNAs,
suggesting that a large portion of the transcriptome is subject to miRNA regulation. In
fact, computational evaluation predicted that over one third of human genes are regulated

by miRNAs (Lewis et al., 2005; Lewis et al., 2003).

In vertebrate embryonic development, miRNAs coordinately interact with many
target transcripts to fine-tune overall gene expression. In order to understand miRNA
expression and function, I first characterized the temporal expression of all miRNAs
during very early zebrafish embryonic development using high-throughput sequencing
and identified 8 novel miRNAs. I also identified an unexpected abundance of piRNAs
during early development. To analyze specific targets and understand the rationale for
miRNA regulation, I focused on mRNA targets for miR-153 and miR-27. I show that
miR-153 regulates snap25 during synaptic transmission and motor neuron development.
In addition, I also show that miR-27 targets ptk2.2 to regulate pharyngeal arch

morphogenesis.

miRNA Biogenesis

In vertebrate genomes, approximately 50% of miRNAs are located close to other

miRNAs, often transcribed as polycistronic RNAs. Some miRNA genes localize to



regions of the genome distinct from annotated genes, indicating that they are expressed as
their own transcription units (Corcoran et al., 2009; Kim and Nam, 2006; Rodriguez et
al., 2004). In contrast, other miRNAs (70% in mammalian genomes, but less than 15% in
zebrafish) are encoded in the introns of other genes (Kim and Nam, 2006; Rodriguez et
al., 2004; Thatcher et al., 2008), indicating that they share the same transcription
regulation as their host genes, though some recent data has suggested the possibility of
independent transcription for some intronic miRNAs (Corcoran et al., 2009; Thatcher et
al., 2008). The remaining miRNAs overlap with the exons of either non-coding RNAs or

protein coding RNAs (Kim, 2005; Kim and Nam, 2006; Rodriguez et al., 2004).

As discussed above, most vertebrate miRNAs are transcribed by RNA polymerase
IT as long primary transcripts called pri-miRNAs, either as independent genes or from the
intron/exon of a protein-coding gene. The initial long RNA primary transcripts (pri-
miRNAs) contain one or several clustered miRNA coding sequences that form
characteristic stem-loop structures with bulges in the stem area (Cai et al., 2004; Kim and
Nam, 2006; Lagos-Quintana et al., 2003; Lee et al., 2004). In the nucleus, pri-miRNA
transcripts are cleaved at the base of the stem-loop to release hairpin structured precursor
miRNAs (pre-miRNAs) by the Microprocessor Complex consisting of the RNase III-like
enzyme Drosha and its cofactor DGCRS8 (Denli et al., 2004; Gregory et al., 2004; Han et
al., 2004; Lee et al., 2003). After cleavage, pre-miRNAs are transported by Exportin-5
into the cytoplasm (Lund, 2004; Yi et al., 2003), where the loop regions are further
processed by another RNase III-like enzyme Dicer and its cofactor TRBP or PACT to
generate an imperfect small RNA duplex of approximately 22nt (Bernstein et al., 2001;

Hammond, 2000; Hutvagner et al., 2001; Ketting, 2001; Knight, 2001). After cleavage,



one strand of the duplex is incorporated into the RNA-Induced Silencing Complex (RISC)
to serve as a mature, active miRNA (Khvorova et al., 2003; Schwarz, 2003). The other
strand (called the passenger strand or miRNA*) is either quickly degraded or can
sometimes be loaded into the RISC as a functional miRNA (Rand et al., 2005; Shin,
2008). Mature miRNAs guide the RISC to specific mRNA targets, where AGO and

GW 182 protein families collaborate to mediate mRNA repression or mRNA
destabilization (Braun et al., 2011; Chekulaeva et al., 2011; Fabian et al., 2011;

Hutvagner and Simard, 2008; Lian et al., 2009; Miyoshi et al., 2005; Rivas et al., 2005;
Takimoto et al., 2009; Yao et al., 2011). An overview of miRNA biogenesis is shown in

Figure 1.
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Figure 1. miRNA biogenesis pathway.

miRNA biogenesis begins with transcription by RNA polymerase II to generate pri-
miRNAs. Hairpin structures are then excised by the Drosha-DGCR8 complex and pre-
miRNAs are transported into cytoplasm by Exportin5 in a Ran-GTP dependent process.
Dicer recognizes and further processes the precursors by cleaving the loop sequences,
generating small RNA duplexes that are incorporated into RISC complexes. In RISC,
one or both strands are selected as mature miRNAs and guide RISC to target 3° UTRs of
target mRNAs. miRNAs bind their targets with either perfect complementarity, followed
by mRNA cleavage, or partial complementarity, followed by translation repression with

subsequent degradation. Figure by Abby Olena.



miRNA expression analysis using high throughput sequencing

High-throughput sequencing (also called Deep-sequencing or Next-generation
sequencing) is a newly developed technology that uses massively parallel sequencing
reactions to produce millions of short reads from libraries derived from small RNA or
DNA fragments. Initial deep-sequencing used “454 sequencing” with emulsion PCR or
“Illumina sequencing” using bridge PCR (Bentley et al., 2008; Wheeler et al., 2008), but,
to date, new sequencing platforms have been developed such as SOLiD (ABI). Illumina
sequencing technology developed rapidly leading to much higher coverage and a term
switch from “deep” to “ultra-deep” (Ajay et al.,2011). For Illumina sequencing, small
DNA molecules (converted from RNAs or directly from Genomic DNA) are physically
bound to a flow cell and sequenced in parallel via “sequencing by synthesis”. DNA
polymerase is used to determine the sequence base by base with the addition of reversible
versions of dye-terminators. One nucleotide is added at a time followed by the detection
of fluorescent signals at each specific position in real time. With repeated removal of
blocking groups on the first base, the next base is then detected in a similar manner
(Bentley et al., 2008). To overcome possible bias and artifacts introduced during RNA
conversion into cDNA (Landgraf et al., 2007), single molecule direct RNA sequencing

technology is under development by Helicos.

When successful, high throughput sequencing results in the generation of huge
data sets containing several hundred million short reads per sample. Compared with
microarray-based gene expression analyses, high throughput sequencing is able to
measure absolute abundance of RNA species without suffering from potential

background and cross-hybridization issues (Harbers and Carninci, 2005; Irizarry et al.,



2005). High throughput sequencing provides a major advance in robustness,
comparability, and richness of expression profiling data (Mooney et al., 2013; t Hoen et
al., 2008). At present, the utilization of high-throughput sequencing technologies has
revolutionized our ability to dissect transcriptomes, even for RNAs expressed at

extremely low levels.

This technology is ideal for the discovery of miRNAs since the sequences are
small and reads can encompass the entire sequence (Bar et al., 2008; Soares et al., 2009;
Sunkar et al., 2008). High throughput sequencing allows verification of the existence of
all small miRNA transcripts, the ability to discover new miRNAs, and the ability to
quantitatively analyze precise levels of all miRNAs. To date, high throughput
sequencing has been applied to the analyses of miRNA expression in various systems
(Berezikov et al., 2011; Chiang et al., 2010; Friedlander et al., 2009; Ladewig et al., 2012;
Landgraf et al., 2007; Ruby et al., 2007; Wang et al., 2011; Wei et al., 2012). At the
same time, deep-sequencing technologies have also allowed a sharp rise in the rate of
novel miRNA discovery (Kozomara and Griffiths-Jones, 2011). In addition to miRNAs,
a number of small non-coding RNAs have been identified in studies using high
throughput sequencing including piwi-interacting RNAs (piRNAs), transcription
initiation RNAs (tiRNAs) and tRNAs-derived small RNAs (tRF) (Aravin et al., 2006;

Girard et al., 2006; Lee et al., 2009; Taft et al., 2009).

miRNA 3’ termini sequence heterogeneity

Accumulating evidence from deep-sequencing analysis of miRNAs demonstrated

that in plants and animals, miRNAs exhibit post-transcriptionally modified heterogeneous



3’ ends, typically by the addition of non-genomic-template uridines or adenines (Ameres
et al., 2010; Berezikov et al., 2011; Burroughs et al., 2010; Fernandez-Valverde et al.,
2010; Kamminga et al., 2010; Landgraf et al., 2007; Lehrbach et al., 2009; Morin et al.,
2008; Wyman et al., 2011). An example of miR-203b sequence heterogeneity is shown in
Figure 2. Although the affect of these tailed nucleotides on miRNA function is largely
unknown, existing evidence supports the idea that extra non-template uridines at the
miRNA 3’ termini can regulate their half-life by promoting degradation. Many of the
miRNAs that have been shown to contain extra 3' uridines have these nucleotides added
to 3’ arm of the precursor miRNA, implying that addition of uridines may occur before
Dicer cleavage. Supporting this hypothesis is let-7 whose degradation before Dicer
processing is triggered by 3’end polyuridylation mediated by TUT4 in mammalian cells
(Heo et al., 2009). Thus, detection of mature transcripts containing non-template addition
of uridines at the 3’ termini could be interpreted as the products of surviving precursors
whose uridine tail is not long enough to trigger degradation or those that are actively in
the process of degradation (Burroughs et al.,2010). In mouse and humans, mature miR-
26a derived from the 5’arm of precursor transcripts have also been reported to be
degraded upon the addition of uridines at the 3’termini of the mature miRNAs,
suggesting an underlying novel mechanism by which uridylation can also be applied after
Dicer processing and directly to the mature miRNAs to promote degradation (Jones et al.,

2009).

In contrast to uridine addition, the biological significance of adenine addition is
still in debate. Studies of adenylated miR-122 in human and mouse liver suggested that

addition of A residues stabilizes miRNAs, similar to findings in plants (Ji and Chen,



2012; Katoh et al., 2009). However, analysis of deep-sequencing of miRNAs following
knockdown of PAPD4, a nucleotidyltransferase enzyme that is thought to adenylate
miRNAs and other noncoding RNAs (Martin and Keller, 2007), showed that adenylation
did not appear to affect miRNA stability. Instead, adenine addition appeared to reduce
the effectiveness of miRNA targeting, possibly through interfering with incorporation
into RISC, a regulatory role that would complement the role of miRNA uridylation in
blocking DICER processing (Burroughs et al., 2010). Further work is needed to
determine the effects of adenine and uridine addition on the stability of individual
miRNAs.

dre-miR-203b
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Figure 2. 3’ terminal sequence heterogeneity of miR-203b.

The miR-203b precursor sequence is shown on the top, with mature miR-203b labeled in
red and underlined. The sequences of mature miR-203b reads and its star strand reads at 1
dpf embryos are aligned below, with corresponding abundance presented on the right.
The additions of non-genomic template uridines are labeled in red.



microRNAs in vertebrate embryonic development

Overall effects of miRNAs on embryonic development

Given the fact that most miRNAs are produced in the same biogenesis pathway,
mutants in this pathway have provided a unique opportunity to study the general
influence of miRNA function during embryonic development. Since Dicer is the
exclusive step required for processing pre-miRNAs into mature miRNAs, abolition of
Dicer function blocks the production of all miRNAs. In zebrafish, maternal-zygotic dicer
mutants (MZdicer mutants) die early in development but remarkably display intact axis
formation and mostly correct early embryonic patterning. However, These animals
subsequently undergo abnormal morphogenesis during neural development and
organogenesis. Defects in MZdicer mutants led to the identification of a large
microRNA family: the miR-430 family which is highly expressed during early zebrafish
development. Most of the defects in MZdicer mutant fish can be rescued simply by

expression of miR-430 (Giraldez et al., 2005b).

In mice, loss of Dicer leads to lethality during early embryogenesis. Dicer-null
mutant embryos die prior to embryonic day (E) 7.5, possibly due to the failure to
maintain stem cell populations, as indicated by the strongly reduced expression of Oct4, a
key regulator of embryonic stem cell maintenance and proliferation (Bernstein, 2003).
Considering that Dicer processes both endogenous small interfering RNAs (endo-
siRNAs) and miRNAs, the phenotypes observed in Dicer-deficient mice may result in
part from the functional absence not only of miRNAs, but also endo-siRNAs. In the
canonical biogenesis pathway, the generation of miRNAs, but not siRNAs, specifically

requires DGCR8, an RNA-binding protein that assists Drosha in producing pre-miRNAs
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(Han et al., 2004; Han et al., 2006; Landthaler et al., 2004; Tomari and Zamore, 2005).
Similar to Dicer mutants, zygotic Dgcr8 knockout embryos arrest early in development
(prior to E6.5), although both zygotic and maternal-zygotic Dgcr8 knockout embryos
develop through the blastocyst stage with normal-appearance (Suh et al., 2010). Dgcr8
knockout embryonic stem cells (ES cells) fail to efficiently turn off the stem cell program
upon the introduction of differentiation, although some differentiation markers are still

expressed (Wang et al., 2007).

Unlike ES cells, however, Dger8 knockout oocytes develop normally and their
mRNAs profiles are surprisingly almost identical to that of wild-type oocytes (Ma et al.,
2010; Suh et al., 2010). In sharp contrast, Dicer mutant oocytes show severe defects in
oocyte maturation with hundreds of misregulated mRNAs (Murchison et al., 2007; Tang
etal., 2007). These findings, together with the known functions of endo-siRNAs
(Babiarz et al., 2008), suggest that endo-siRNAs, but not miRNAs are essential for oocyte
maturation in mice. Both, however, are required for normal progression during mouse

embryonic development.

miRNAs during the maternal-zygotic transition (MZT)

After fertilization, embryos undergo rapid and largely synchronous cell cycles
during early development (O'Farrell et al., 2004). At the very beginning, the overall
amount of cytoplasm in the embryo remains relatively constant while the number of
nuclei and the amount of DNA increase exponentially. During this period, mRNAs and
proteins provided by the mother drive development, the embryonic genome is thought to

be transcriptionally silent until later stages (Kane and Kimmel, 1993; Newport and
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Kirschner, 1982). Activation of zygotic transcription coincides with the elimination of
many maternal mRNAs. The transition from a maternal to a zygotic expression profile in
development is called the midblastula or maternal-zygotic transition (MZT) (Schier,
2007). Although the expression of many miRNAs can be detected before the MZT, the
earliest stage when miRNAs are thought to function is during the MZT (Wei et al., 2012).
In zebrafish, the miR-430 cluster starts to be expressed at 2.5 hours post fertilization (hpf)
with mature forms detectable around 4 hpf (Giraldez et al., 2006a). Gene expression
microarray analyses performed in the presence or absence of miR-430, coupled to in
silico identification of sequences complementary to the seed region of miR-430,
suggested that more than 300 mRNAs are directly regulated by miR-430 during early
zebrafish development. These mRNAs, whose target sites, interestingly, are not
generally conserved in orthologous genes of two other teleosts, were further investigated
for their common features and it was discovered that a large portion of these target
mRNAs are deposited at high levels into embryos before fertilization. They remain at
high levels before zygotic transcription but are rapidly downregulated thereafter. In
addition, the predicted miR-430 target sites were also significantly enriched in a large
number of maternal mRNAs (Giraldez et al., 2006a). Taken together, these results
suggested that miR-430 directly targets and clears many maternal mRNAs in zebrafish

embryos during the MZT (Figure 3).
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Figure 3. miR-430 mediates maternal mRNA clearance during embryonic development.

In early zebrafish embryogenesis, miR-430 regulates the transition from maternal to zygotic transcription
and normal morphogenesis by targeting many maternal mRNAs for degradation. In the absence of miR-
430, maternal mRNAs accumulate and zygotic genome activation are delayed, therefore interfering with
morphogenesis. (Adapted from Cohen et al., Science (2006))
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miRNAs and ES Cells
miRNAs and embryonic stem cell self-renewal

The necessity of miRNAs in ES cells has been clearly demonstrated by the
phenotypes of DGCRS8 null ES cells, where the deletion of DGCRS8 depletes most active
miRNAs (Wang et al., 2007). Unlike Dicer deficient ES cells, which show a complete
proliferation block, DGCR8-null ES cells do not show a complete initial proliferation
block but fail to efficiently differentiate and display altered cell cycle properties. Upon
the depletion of both Dgcr8 alleles, ES cells accumulate in G1, suggesting a defect in the
transition from G1 to S (Wang et al., 2007). Reintroduction of individual miRNAs in the
background of Dgcr8 knockout ES cells resulted in the identification of 14 miRNAs that
are able to markedly rescue proliferation defects. These miRNAs share similar seed
sequences and function redundantly at saturating levels. Two large miRNA clusters
(miR-290 and miR-302) are highly expressed in undifferentiated ES cells and directly
target Cdknla (also known as p21), Rbl2 and Lats2, all of which are inhibitors of
cyclinE-Cdk2 complexes that regulate the G1-S transition in ES cells. Cells
overexpressing Cdknla showed an increased G1 fraction very similar to that seen in
Dgcr8 knockout cells, consistent with miRNA dependent regulation of the cell cycle.
These ES cell-specific miRNAs promote ES cell proliferation, and are therefore called ES
cell-specific cell cycle-regulating miRNAs (ESCC miRNAs) (Wang et al., 2008).
Notably, overexpression of ESCC miRNAs clusters (miR-302/367) in mouse and human
somatic cells can even cause de-differentiation and rapidly reprogram to an iPS cell state

without a requirement for exogenous transcription factors (Anokye-Danso et al., 2011).

Several other miRNAs were also reported to regulate ES cell proliferation. miR-
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106, an ESCC member, and miR-372 target Cdknla; miR-92b targets p57, another
inhibitor of G1/S progression, and miR-195 has been shown to down-regulate WEE]1, an
inhibitory kinase of the G2 cyclin B-CdK complex. These results suggest that in ES cells,
miRNAs function redundantly to regulate the cell cycle, leading to the establishment and

maintenance of ES cell self-renewal.

miRNAs in embryonic stem cell differentiation

The switch of ES cells from a pluripotent state to lineage-specified differentiation
is marked by efficient silencing of pluripotent marks and decreased cell proliferation,
coinciding with activation of lineage-specific gene expression. The expression of many
miRNAs is increased upon differentiation of human ES cells (Bar et al., 2008). In a
condition that normally promotes differentiation, DGCRS null ES cells, where most
active miRNAs are depleted, fail to fully downregulate pluripotent genes and express
limited lineage-specific genes (Wang et al., 2007). This reveals that besides regulating
cell proliferation, miRNAs are also necessary for ES cell differentiation. Rbl2, a
transcriptional repressor, was reported to be a direct target of the miR-290 family. The
repression of Rbl2 by miR-290 family leads to increased levels of the DNA
methyltransferases Dnmt3a and Dnmt3b, and consequently up-regulation of de novo
DNA methylation, which is required for the silencing of pluripotency markers and
differentiation (Benetti et al., 2008; Sinkkonen et al., 2008). During retinoic acid induced
differentiation, mES cells up-regulate miR- 134, miR-296 and miR-470 to coordinately
down-regulate Nanog, Oct4 and Sox2, leading to transcriptional and morphological
changes characteristic of differentiating mouse embryonic stem cells (Tay et al., 2008).

Moreover, miR-200c, miR-203 and miR-183 also cooperate to suppress expression of
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stem cell factors such as Sox2 and Kl1f4 in mouse embryonic stem cells (Wellner et al.,
2009). Similarly, miR-145 is repressed by OCT4 in hES cells but is highly expressed
upon differentiation to target Oct4, Sox2 and K14, therefore repressing self-renewal and
promoting the differentiation of the 3 germ layers (Xu et al., 2009). Thus, whereas most
promoters of ES cells-specific miRNAs are occupied and controlled by the pluripotency
factors Oct4, Sox2, Nanog and Tcf3 (Chen et al., 2008; Marson et al., 2008), these key
factors are also inhibited at the posttranscriptional level by miRNAs that promote

differentiation.

Another miRNA family that is broadly expressed across differentiated tissues is
the let-7 family. In mouse embryos, mature /ez-7 miRNAs are not present in ES cells
until differentiation starts, although primary /ez-7 transcripts are produced in ES cells
(Thomson et al., 2006; Wulczyn et al., 2007). These discoveries suggest the expression
of let-7 family is subject to precise regulation during the switch from pluripotency to
differentiation. Indeed, introduction of let-7 family miRNAs into DGCRS null ES cells
silenced self-renewal, but co-introduction of one ESCC miRNA member (miR-294) was
able to counteract the inhibitory activity of let-7, indicating that the let-7 and ESCC
miRNAs have opposing roles in the maintenance of ESC self-renewal (Melton et al.,
2010). It has been demonstrated that /ez-7 shuts down mES cell self-renewal not only by
directly targeting specific mRNAs, but also by negative effects on the transcription
factors c-Myc and N-Myc, consequently down-regulating Myc-dependent mRNAs and
miRNAs, such as the miR-290 cluster, miR-141, miR-200, and miR-429 (Chen et al.,
2008; Lin et al., 2009; Melton et al., 2010). These genes are crucial for ES cell identity,

including genes that that promote cell cycle progression and stem cell identity (Johnson et
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al., 2007; Melton et al., 2010; Rybak et al., 2009). In particular, Lin28 and Sall4, two
well-known pluripotency factors, contain /ez-7 binding sites and are direct targets of let-7.
Interestingly, these factors are also indirectly regulated in an opposite fashion by miR-
294, showing that let-7 and ESCC families antagonistically regulate many of the same

target genes with roles in ES cell self-renewal (Melton et al., 2010).

miRNAs in Neurogenesis

Neurogenesis, a fundamental process for embryonic neurodevelopment, is
initiated from neuroectoderm progenitor cells resulting in the formation of functional
neurons. In vertebrates, the expression of many miRNAs is highly regulated in the
nervous system and in individual neurons (Kapsimali et al., 2007), leading to speculation
that miRNAs are key players during neural differentiation from ES cells and in the
embryos. Gain- and loss-of function approaches delineated the roles for a variety of
neural-specific miRNAs in vertebrates, including miR-184, let-7, miR-137, miR-9, miR-
124, miR-134, miR-133, miR-26b and miR-153 (Sun et al., 2013; Wei et al., 2013).
Among these neural-specific miRNAs, miR-9 and miR-124 are the best characterized
examples. These two miRNAs are expressed during differentiation of neural progenitor
cells and highly enriched in the brain (Kapsimali et al., 2007; Wienholds et al., 2005a).
They are thought to limit the expression of genes supporting progenitor self-renewal.
miR-9 directly targets TLX, a highly conserved orphan nuclear receptor that is critical for
neural stem cell self-renewal. miR-9 therefore promotes neuronal progenitor cell
differentiation, and elaborate feedback loop exists whereby TLX also represses miR-9
transcription (Zhao et al., 2009). Many other genes are also regulated by miR-9 (e.g.

NEFH, TLX, Foxgl, Gsh2, SIRT1 and REST/NRSF) to promote neuronal progenitor cell
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differentiation (Conaco et al., 2006; Laneve et al., 2010; Packer et al., 2008; Saunders et
al., 2010; Shibata et al., 2008). In addition, miR-9 mediated inhibition of Foxpl in the
chick spinal cord and Map1b in mouse cortical neurons are also reported to establish

motor neuron identity and axon length/branching, respectively (Dajas-Bailador et al.,

2012; Otaegi et al., 2011).

miR-124 has been studied extensively in multiple organisms, with distinct
expression patterns and functional activity in different species. Although miR-124 is
dispensable for neural differentiation in Drosophila (Sun et al., 2012; Weng and Cohen,
2012), it has been repeatedly shown in vertebrates to promote cell cycle exit and neuronal
differentiation. Besides the CNS, miR-124a is also expressed in the eye, mostly in cells
of the neural retina but not in the pigmented epithelium (RPE) (Deo et al., 2006). In the
subventricular zone of mice, miR-124 physiologically targets the transcription factor DIx2,
Notch ligand Jagl and Sox9 (Scott et al., 2010), important regulators of neurogenesis, to
maintain the proper progression from the subventricular zone stem cell lineage to neurons
(Cheng et al., 2009). Many other targets of miR-124 have been reported, such as BAF53a,
SCP1, Ephrin-B1, and PTBP1 (Arvanitis et al., 2010; Cheng et al., 2009; Makeyev et al.,
2007; Visvanathan et al., 2007; Yoo et al., 2009). These factors are involved in multiple
biological processes related to neuronal development and repression of their expression is
essential for the establishment of neuronal differentiation. Interestingly, during neuronal
differentiation, miR-124 and miR-9* function synergistically to target baf53a in neural
progenitors to allow BAF53b to be expressed in postmitotic neurons (Yoo et al., 2009).
This facilitates the switch from neural progenitor-specific BAF complexs to neuron-

specific BAF complexes (Lessard et al., 2007; Wu et al., 2007). In addition, miR-124a
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also represses Lhx2 in mice to regulate hippocampal axonogenesis and retinal cone

survival (Sanuki et al., 2011).

As key regulators of mitotic exit of neural progenitors and the onset of neuronal
differentiation, miR-124 and miR-9/9*are regulated by the REST/NRSF protein complex
(Akerblom et al., 2012; Conaco et al., 2006). In zebrafish, the REST/NRSF complex is
also regulated by miRNAs. miR-26b directly targets CTDSP2, a phosphatase component
of the REST/NRSF complex that activates genes required for neuronal cell differentiation
in vivo (Dill et al., 2012). Intriguingly, miR-26b is encoded in an intron of the Ctdsp2
gene and pre-miR-26b is co-expressed with ctdsp2 mRNAs. This intrinsic negative
feedback loop is inactive in neural stem cells due to the inhibited biogenesis of mature
miR-26b, but active during neurogenesis, where mature miR-26b is produced to down-
regulate CTDSP2. Besides neuronal fate determination, an increasing number of
miRNAs have been implicated in dendritic morphogenesis, axonal pathfinding, and
synaptic development. For example, my work described in this thesis revealed that miR-
153 regulates SNAP25, a core component of the SNARE complex to regulate synaptic
release at neuromuscular junctions as well to maintain proper axonal outgrowth and
dendritic branching of motor neurons in zebrafish (Wei et al., 2013). miR-134 is
expressed in dendrites and synapses in rat hippocampal neurons and negatively regulates
the size of dendritic spines—postsynaptic sites of excitatory synaptic transmission. This
is consistent with a purported role in generating rapid and local responses in an activity

dependent manner (Schratt et al., 2006).

miRNAs in craniofacial development
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Molecular mechanisms governing the formation of different components of
craniofacial complexes during zebrafish craniofacial development are conserved in higher
vertebrates (Yelick and Schilling, 2002). Using lineage-tracing and fate map analysis in
zebrafish and avians, it appears that craniofacial mesenchyme is derived from both
migratory neural crest and paraxial mesoderm (Kontges and Lumsden, 1996; Schilling
and Kimmel, 1994). The neurocranium is derived from both craniofacial neural crest
(CNC) cells and mesoderm, while the pharyngeal skeleton originates solely from CNC
cells (Yelick and Schilling, 2002). Currently, several miRNAs have been extensively
studied for their roles in CNC cell proliferation and differentiation during pharyngeal
cartilage formation (miR-140, miR-92 and miR-196). Vertebrate miR-140 resides in an
intron of the Wwp2 gene and is co-transcribed with its host gene in chondrogenic cells
where it is transcriptionally regulated by a master regulator of cartilage development,
Sox9 (Eberhart et al., 2008; He et al., 2011a; Wienholds et al., 2005a). In CNC cells,
Sox9 attenuates platelet-derived growth factor (Pdgf) signaling during palate
development by directly inhibiting the PDGF receptor (Pdgfra), therefore diminishing
PDGF-mediated attraction of CNC cells to ensure migration toward the oral ectoderm for
appropriate palatogenesis (Eberhart et al., 2008). miR-92a, is highly enriched in
chondrogenic progenitors and reported to positively regulate Bmp signaling to promote
cell proliferation and differentiation during pharyngeal cartilage formation by targeting
the Bmp antagonist noggin3. Dysregulation of miR-92a disrupts Bmp signaling resulting
in a loss of all pharyngeal cartilage elements (Ning et al., 2013). In addition, perturbation
of miR-196, a miRNA encoded in Hox clusters, was shown to affect the number of
posterior branchial arches and the initiation of pectoral appendages (He et al., 2011b).

Recently, miR-27 has also been identified as a regulator of CNC cells at the post-
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migration stage. The loss of this miRNA also abolished the formation of pharyngeal

arches and the outgrowth of pectoral fins (see Chapter 4).

Consistent with discoveries in zebrafish, deletion of murine Dicer leads to a loss
of CNC cell derived craniofacial bones due to CNC cell development arrest and massive
apoptosis, suggesting that miRNAs are required for craniofacial organogenesis and
pharyngeal arch morphogenesis (Nie et al., 2011; Zehir et al., 2010). For example,
murine miR-452 is enriched in neural crest cells and is necessary for the expression of
DIx2, a transcriptional regulator of pharyngeal arch development. By targeting Wnt5a in
the first pharyngeal arch, miR-452 regulates signaling networks involving Wnt, Shh and
Fgf8, an epithelial-mesenchymal signaling cascade that converges on DIx2 expression

(Sheehy et al., 2010).

miRNAs in cilia formation and left-right asymmetry

Cilia are microtubule-based organelles that are present on the surface of
specialized cells in protozoa and metazoan. They generally function to propel fluid for
movement (motile cilia) or sense extracellular signals (motile and immotile cilia), ranging
from one cilium to several hundred per cell (Berbari et al., 2009; Fliegauf et al., 2007;
Goetz and Anderson, 2010; Shah et al., 2009). Defects in cilia formation and function
have been linked with a variety of human diseases, such as chronic airway disease,
neurosensory impairment, and Bardet-Biedl syndrome (Fliegauf et al., 2007; Nigg and
Raff, 2009). During embryogenesis, evidence gathered from both zebrafish and mouse
embryos suggests a strong connection between proper left-right asymmetry and the flow-

generating function of cilia (Amack et al., 2007; Amack and Yost, 2004; Kreiling et al.,
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2008; Marszalek et al., 1999; Nonaka et al., 1998; Okada et al., 1999; Schneider et al.,

2008; Supp et al., 1999; Takeda et al., 1999).

Recently, several lines of evidence suggest a novel mechanism of ciliogenesis and
subsequent embryonic left-right asymmetry through miRNA-mediated post-
transcriptional regulation. In cultured cells, miR-129-3p, a conserved vertebrate miRNA,
was found to control cilia biogenesis by downregulating CP110 and repressing branched
F-actin formation. Using DNA microarray-based methods, Cao et al. (2012) identified
many cilia and actin dynamics-related targets of this miRNA including ARP2, TOCALI,
ABLIM1 and ABLIM3 (Cao et al., 2012). Moreover, inhibition of miR-129-3p in
zebrafish embryos suppressed cilia formation in Kupffer’s vesicle and the pronephros,
causing defective left-right asymmetry during organogenesis (Cao et al., 2012). Instead
of directly regulating cilia formation, zebrafish miR-92 targets the transcription factor
GATAS to regulate endoderm formation during embryogenesis, which in turn affects
Kupffer’s vesicle development and cilia length (Li et al.,2011). Overexpression or
depletion of this miR-92 causes cardia and viscera bifida or abnormal Kupffer’s vesicles

followed by left-right patterning defects in different organs, respectively (Li et al., 2011).

Another example of miRNA-mediated ciliogenesis is in human airway epithelium
and Xenopus laevis embryonic epidermis, where miR-449 is highly expressed in
multiciliated cells to repress the Delta/Notch pathway. By directly inhibiting Notchl and
its ligand Delta-like1 (DLL1) in both systems, miR-449 facilitates multiciliogenesis,
unraveling a conserved mechanism by which Notch signaling undergos miRNA-mediated
inhibition to allow ciliated cell progenitors to differentiate during embryonic

development (Marcet et al., 2011).
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siRNAs and piRNAs

Besides miRNAs, two other classes of small non-coding RNAs that play
important roles in regulating gene expression are small interfering RNAs (siRNAs) and
piwi-interacting RNAs (piRNAs). The term “siRNAs” is correlated with the discovery
and application of RNA interference (RNA1) in post-transcriptional gene silencing
(PTGS), which was first reported by Napoli and Jorgenesen in 1990 during a study in
petunias (Napoli et al., 1990). Later the PTGS events of par-1 were observed in C.
elegans via the introduction of both sense and antisense RNAs (Guo and Kemphues,
1995). In 1998, Fire and Mello demonstrated that dSRNAs were much more efficient
than ssSRNAs in gene silencing in worms and suggested that silencing observed in earlier
cases was due to dSRNA contamination. They named this phenomenon RNA
interference (RNA1) (Fire, 1998). Subsequent studies in plants and the creation of an in
vitro Drosophila system refined the RNA1 mechanism and showed that silencing requires
the production of 21-23 nucleotide species of dsSRNAs (Hammond, 2000; Tuschl et al.,
1999; Zamore et al., 2000). It is now known that these small RNAs are derived by
cleavage with Dicer resulting in 2-nt overhangs at the 3’end of small RNA duplexes. For
mammalian RNA1i, long RNAs cannot be delivered to cells because of interferon
responses but for worms and flies, long dsRNAs can be introduced that are then cleaved
by Dicer into 21-23nt dsSRNAs. When one of the strands pairs with an mRNA target, the
mRNA is cleaved by the RISC component Argonaute2 (Ago?2 or slicer) in the middle of
the perfectly paired region (Ketting et al., 2001; Liu et al., 2004; Rand et al., 2005;
Tabara et al., 1999; Tomari et al., 2004) (Matranga et al., 2005). Although the
introduction of synthesized siRNA duplexes has been widely used for efficient

knockdown of endogenous genes, endogenous siRNAs have also been identified in many
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species that function to maintain proper gene expression patterns (Ghildiyal et al., 2008;
Okamura and Lai, 2008; Ruby et al., 2006; Tam et al., 2008). Recently, siRNAs have
also been reported to function in the nucleus of yeast and mammalian cells, mediating
heterochromatin formation on the promoter sequences of their target genes, serving as a
novel mechanism for targeted gene silencing (Castel and Martienssen, 2013; Gullerova et

al., 2011; Gullerova and Proudfoot, 2012; Verdel et al., 2004).

In contrast to miRNAs, piRNAs (piwi-interacting RNAs) are slightly larger (25-
31 nt) and were initially discovered to bind Piwi proteins—a subgroup of the Argonaute
family of proteins in mammalian testes essential for gametogenesis (Aravin et al., 2006;
Girard et al., 2006; Grivna et al., 2006; Lau et al., 2006). These small RNAs are
produced from discrete genomic loci, generally spanning 50-100kb, and comprising
mainly defective transposon sequences. Later studies in flies, zebrafish, and mouse
indicated that piRNAs interact with potentially active, euchromatic transposons to form a
defense system for transposon control and maintenance of genome integrity. Deletion of
Piwi-family proteins in animals leads to derepression of transposable elements, germ cell
apoptosis, and sterility (Aravin et al., 2007; Brennecke et al., 2007; Houwing et al., 2007;
Vagin et al., 2006). The biogenesis of piRNAs was first determined in the Drosophila
female germline by Greg Hannon's Group, later work showed a similar pathway is used
in mouse and zebrafish. Briefly, piRNAs are generated from a reciprocal amplification
loop in which primary piRNAs associate with Piwi proteins to direct cleavage of
transposable element mRNAs (Aravin et al., 2007; Brennecke et al., 2007; Houwing et al.,
2008). The initial cleavage products then serve to promote production of sense strand

secondary piRNAs that in turn bind Ago3 to generate more primary piRNAs by pairing
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with and directing cleavage of antisense RNAs derived from discrete repetitive genomic
loci, referred to as piRNA clusters (Brennecke et al., 2007; Malone et al., 2009). This
model of biogenesis is referred to as the Ping-Pong model because the production of
piRNAs from one strand drives the generation of piRNAs from the other strand

(Brennecke et al., 2007). An overview of piRNA biogenesis is shown in Figure 4.

Although originally identified as germline-specific, recent studies showed that
piRNAs are also expressed in some somatic cells (ovarian follicle cells) in flies with a
secondary biogenesis pathway independent of Ago3 (Lau et al., 2009; Li et al., 2009;
Malone et al., 2009). In addition, deep sequencing of small RNAs in early zebrafish
embryos also showed robust expression of piRNAs at the onset of gastrulation, when the
germline is not fully differentiated, implying that piRNA expression may not be restricted
to the germline and might have novel functions during embryogenesis (Wei et al., 2012).
Consistent with this speculation, it was reported that piRNAs induce deadenylation and
decay of nanos, a maternal mRNA in Drosophila embryos (Rouget et al., 2010). In
Aplysia, piRNAs were surprisingly discovered in the brain, where they facilitate
serotonin-dependent methylation of a conserved CpG island in the promoter of CREB2,
the major inhibitory constraint of memory in Aplysia, leading to enhanced long-term
synaptic facilitation. This reveals a novel role of piRNAs in the establishment of stable

long-term changes in neurons for the persistence of memory (Rajasethupathy et al.,

2012).
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Figure 4. Ping-pong model of piRNA biogenesis pathway in Drosophila.

Pre-existing or maternally deposited piRNAs (primary piRNAs) associate with Piwi proteins to direct
cleavage of transposon sense transcripts (bottom). The cleaved sense transcripts are not degraded but are
processed into secondary piIRNAs. These piRNAs are incorporated into Ago3 RISC complexes, which in
turn pair with and cleave antisense transcripts derived from the piRNA master loci to generate more
primary piRNAs (fop). These piRNAs guide Piwi complexes to continue to target transposon transcripts.
Thus, piRNAs are generated from a reciprocal amplification loop in which the 5’ ends of piRNAs are
defined by RISC cleavage. The 3’ end is subsequently 2'-O-Me-modified by a methyltransferase,
Pimet/DmHenl in Drosophila. (Adapted from Hartig et al., Gene&Dev, (2007))
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Summary

miRNAs represent a major class of small regulatory molecules that are involved
into almost every aspect of gene expression, including embryonic development, immune
response, long-term learning and memory, and disease. Although much progress has
been achieved during the last 10 years to determine the regulatory mechanisms
controlling miRNAs biogenesis and function, many questions remain to be answered. A
key question is post-transcriptional regulation of miRNAs. Emerging evidence derived
from multiple cancer and development studies has suggested that miRNAs are subject to
precise control during almost every step of biogenesis. Another challenging question is
to completely decipher the rules governing miRNA recognition of mRNA targets.
Although several criteria are known to facilitate target identification, existing algorithms
still have a very high false-positive rate indicating that more work is needed to
understand the possible involvement of other regulatory determinants during miRNA-

mRNA pairing.

The work presented in this thesis focuses on characterizing the expression and
function of zebrafisth miRNAs during early embryonic development. The data included
here are part of a wide range of efforts from many labs to try to fully understand the role
and biological significance of miRNA control of gene expression. The abundance and
conservation of miRNAs and piRNAs suggests important roles for these RNAs in
multiple biological settings. Understanding the targets of these RNAs is needed to fully

comprehend their roles in overall regulation of gene expression.
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Abstract

During early vertebrate development, a large number of noncoding RNAs are
maternally inherited or expressed upon activation of zygotic transcription. The exact
identity, expression levels, and function for most of these noncoding RNAs remain
largely unknown. miRNAs (microRNAs) and piRNAs (piwi-interacting RNAs) are two
classes of small non-coding RNAs that play important roles in gene regulation during
early embryonic development. Here, we utilized next generation sequencing technology
to determine temporal expression patterns for both miRNAs and piRNAs during four
distinct stages of early vertebrate development using zebrafish as a model system. For
miRNAs, the expression patterns for 192 known miRNAs within 122 different miRNA
families and 9 novel miRNAs were determined. Significant sequence variation was
observed at the 5° and 3’ends of miRNAs with most extra nucleotides added at the 3° end
in a non-template directed manner. For the miR-430 family, the addition of adenosine
and uracil residues is developmentally regulated and may play a role in miRNA stability
during the maternal zygotic transition. Similar modification at the 3’ ends of a large
number of miRNAs suggests widespread regulation of stability during early development.
Besides miRNAs, we also identified a large and unexpectedly diverse set of piRNAs

expressed during early development.
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Introduction

The importance of small RNA-mediated gene regulation has been increasingly
recognized in recent years, playing multiple roles during development (Pauli et al., 2011).
miRNAs and endogenous siRNAs have been shown to regulate gene expression by
silencing specific genes whereas piRNAs have been implicated mainly in genome
protection and/or maintenance in germ cells via silencing of transposable elements
(Aravin et al., 2007; Bartel and Chen, 2004; Brennecke et al., 2007; Czech et al., 2008;
Flynt and Lai, 2008; Houwing et al., 2007; Tam et al., 2008). miRNAs have been
identified in organisms as diverse as viruses, unicellular algae, plants, worms, flies, fish
and mammals (Bartel, 2004; Skalsky and Cullen, 2010; Zhao et al., 2007). For those
miRNAs thus far analyzed, expression patterns are highly regulated, both temporally and
spatially (Landgraf et al., 2007; Ruby et al., 2007; Wienholds et al., 2005a). miRNAs
mainly exert their effects by blocking translation and/or destabilizing mRNAs (Baek et
al., 2008; Giraldez et al., 2006b; Guo et al., 2010; Lim et al., 2005). piRNA expression is
thought to be mostly restricted to germ cells and some somatic cells in flies (Haase et al.,

2010; Halic and Moazed, 2009; Malone et al., 2009).

Mature miRNAs are 22-23 nucleotides (nt) in length. They are derived from
longer primary transcripts (pri-miRNAs) that contain multiple stem-loop structures which
undergo two sequential cleavages by the enzymes Drosha and Dicer to produce mature
small RNA duplexes (Cai et al., 2004; Hutvagner et al., 2001; Ketting et al., 2001; Lee et
al., 2003; Lee et al., 2002). Generally, one of the two strands is then incorporated into an
RNA Induced Silencing Complex (RISC) with one or more Argonaute proteins (Schwarz,

2003). In contrast to miRNAs, piRNAs are slightly larger (25-30 nt) and, at least in flies
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and fish, derived from a reciprocal amplification loop in which primary piRNAs associate
with Piwi proteins to direct cleavage of transposable element mRNAs (Brennecke et al.,
2007; Houwing et al., 2008). The initial cleavage products then serve to promote
production of sense strand secondary piRNAs that in turn generate more primary piRNAs
by pairing with and directing cleavage of antisense RNAs derived from discrete repetitive
genomic loci referred to as piRNA clusters (Brennecke et al., 2007; Malone et al., 2009).
This model of biogenesis is referred to as the Ping-Pong model because the production of
piRNAs from one strand drives the generation of piRNAs from the other strand

(Brennecke et al., 2007).

Zebrafish is widely used as a model system to study early vertebrate development
(Kimmel et al., 1995). Previous work has shown that miRNAs play important functional
roles during cell specification and differentiation (Flynt et al., 2007; Giraldez et al.,
2005a; Mishima et al., 2009). In zebrafish, miRNA expression patterns have been
extensively examined using direct cloning and microarray analyses (Giraldez et al.,
2005a; Thatcher et al., 2007; Wienholds et al., 2005a). These studies have shown that
most miRNAs are not highly expressed during the first 12 hours of zebrafish
development but that the overall pattern becomes increasingly diverse and complex as
development proceeds (Chen et al., 2005; Thatcher et al., 2007; Wienholds et al., 2005a).
Despite the seeming lack of diversity during the earliest stages of development, miRNA
function is clearly essential as maternal-zygotic Dicer mutant fish show severe defects
and die by 7 dpf (Giraldez et al., 2005a). One of the most abundant early expressed
families of miRNAs is the miR-430 family which functions to induce deadenylation,

degradation, and clearance of maternal mRNAs, facilitating the maternal-zygotic
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transition (Giraldez et al., 2006a). A similar phenomenon occurs in Xenopus laevis

through the action of the miR-427 family (Lund et al., 2009).

In zebrafish, piRNAs are mainly expressed in ovaries and testes (Houwing et al.,
2008; Houwing et al., 2007). Ziwi-mutant fish, which lack the zebrafish PIWI protein,
exhibit extensive apoptosis in adult germ cells and are sterile (Houwing et al., 2007).
This suggests an essential role in genome maintenance but the exact role and mechanism

of action for these small RNAs remains mostly unknown.

Recently, the utilization of next generation sequencing technologies has
revolutionized our ability to dissect transcriptomes, even for RNAs expressed at low
levels. Here, we used RNA-Seq to examine the expression of miRNAs and piRNAs
across four stages of early zebrafish development. We discovered the presence of large
numbers of miRNAs, both maternally deposited and zygotically transcribed. Many
miRNAs show widespread variation at their 3’ ends, mostly by the addition of non-
template directed nucleotides that are added in a developmental stage-specific manner.
We also show that piRNAs are extensively expressed throughout early embryonic

development suggesting a broad role during the earliest cell divisions.

Results

Small RNA Sequencing

We isolated total RNA from zebrafish embryos at four different stages of early
development (256-cell, sphere, shield and 1dpf) representing 2.5, 4, 6, and 24 hours post
fertilization (hpf), respectively. We chose these stages because they coincide with key

gene expression changes during early vertebrate development. At the 256-cell stage, the
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majority of RNAs are maternally deposited. The sphere stage represents the time during
which the embryo shifts from utilization of many maternally deposited RNAs and
initiates zygotic transcription. During the shield stage, gastrulation continues to generate
and shape the 3 germ layers. By 1 dpf, the major organ systems have formed and hearts
are beating. To examine gene expression patterns during these specific stages, small
RNA libraries (15-30 nt) were prepared for high-throughput sequencing using the
Illumina platform (Hafner et al., 2008). We constructed independent libraries for each
stage, and generated a total of 29,963,921 sequence reads. In order to validate the
reliability of the different high throughput sequencing runs, experimental duplicates of
small RNA libraries were prepared from sphere stage RNA and independently sequenced.
A significant correlation was observed between the results from the two independent
libraries (R?=0.89; Figure 5). In addition, the miRNA profiles revealed by our
sequencing data across all four stages were largely consistent with prior miRNA

expression analyses (Chen et al., 2005; Thatcher et al., 2007; Wienholds et al., 2005a).

Analysis of the size distribution of all reads within each library revealed at least
three classes between 18-30 nt. The major size class peaked at 22-23 nt (Figure 6A).
Based on the sequences and genomic positions of these reads, this class represents
miRNAs. From all 4 stages, ~55% of the total reads were identified as miRNAs,
representing 198 distinct miRNAs (based on sequence alignment with miRBase Release
16 (Griffiths-Jones, 2004; Griffiths-Jones et al., 2006; Griffiths-Jones et al., 2008)). At
the sphere stage, 99% of the miRNA reads were derived from just one family, the miR-
430 family. To better examine the diversity of non-coding reads, we grouped identical

sequences which showed that a wide diversity of small RNAs were recovered (Figure
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6B.,C). Examination of the reads after such grouping revealed a second size class peaking
at 26-28 nt (Figure 6A; Figure 15A,B). Based on RNA sequences and genomic mapping,
these RNAs are derived primarily from repetitive elements. The smallest size class
peaked at 18 nt and consists almost entirely of tRNA-derived small RNAs (see below)

and rRNA-related small RNAs (data not shown).
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Figure 5. Reliability of library preparation and sequencing.

Total miRNA read numbers from sequencing of independent libraries prepared from
sphere stage RNA were quantified, normalized, transformed into log 2 values, and plotted
as shown.
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Figure 6. Sequencing Summary

(A) Size distribution of all sequencing reads between 18 and 30 nucleotides. RNA reads
derived from four developmental stages are indicated in different colors. The size
distribution and abundance of the reads from each stage are as indicated. (B) Read
frequency for all sequences. The identity and frequency of small RNAs reads from
different developmental time points are as indicated. (C) Read frequency for unique
sequences. In contrast to B where the total read frequencies were charted, small RNA
reads derived from the same miRNA were grouped together as a single subset. This
analysis shows a large number of unique reads are derived from distinct genomic
elements, mostly repetitive elements.
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miRNA Expression Analysis

Analysis of the sequencing reads showed that 198 known miRNAs were detected
that could be grouped into 122 families. Most of the miRNA reads were derived from
Jjust one arm of the hairpin structures that constitute each precursor miRNA. Short reads
corresponding to the loop and the other precursor arm (star sequence arm) were also
detected but at much lower frequencies, consistent with proposed miRNA biogenesis
models (Kim et al., 2009). However, we also found exceptions in which the star reads
were much more prevalent than the mature reads (e.g. miR-735 and miR-135b; see
Supplemental Table 1 for full list). An extreme example of diverse read lengths with
different 5’ and 3’ ends was detected for reads derived from miR-2190, one of the most
recently annotated zebrafish miRNAs (Soares et al., 2009). We found multiple small
RNAs derived from this locus with different ends, suggesting random cleavage at
multiple sites across the proposed precursor hairpin (Supplemental Table 1). The miR-
2190 putative hairpin overlaps with two rRNA genes in the zebrafish genome and that
fact, together with the observed sequence heterogeneity, suggests that miR-2190 is more

likely to be a product of rRNA degradation rather than an authentic miRNA.

Quantitation of miRNA expression patterns was determined based on the read
frequency for each mature miRNA. Previous work demonstrated a significant correlation
between read numbers and miRNA levels with the caveat that bias cannot be completely
eliminated due to secondary structures or other variables (Landgraf et al., 2007).
Nevertheless, normalization between developmental stages has usually been performed
using miRNA read numbers divided by the total number of genome matching reads in

each library (Ameres et al., 2010; Chen et al., 2005). We initially analyzed expression
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patterns in this manner (Figure 7). We found that this method was not perfect as overall
transcriptional activity significantly changes as development proceeds resulting in a large
increase in the size of the small RNA libraries. Also, there is a large increase in the total
number of reads generated largely by a huge increase in reads derived from the miR-430
family which increased from 25% of the total miRNA reads at the 256-cell stage to 99%
at the sphere stage. If the libraries are normalized using individual miRNA read numbers
divided by the total number of genome matching reads in each library, changes in the
expression of individual miRNAs can become obscured by overall transcription levels as
development proceeds, as well as the extreme abundance of reads derived from just the
miR-430 family. Thus, we also normalized the values from each library based on the
levels of two miRNAs that are present at moderate levels in all libraries (le?-7a and miR-
9). For this, we performed RT-qPCR to determine the levels of these miRNAs relative to
U6 snRNA (Figure 8). We then used the relative values of let-7a and miR-9 to normalize
the read frequencies for each library (Friedlander et al., 2009) (Figure 9 and Figure 7B).
Reassuringly, the expression patterns were similar, whether normalized to miR-9 levels or
let-7a levels, even though the RT-qPCR levels for these miRNAs differ by an order of
magnitude and despite the fact that let-7a levels can be biased using deep sequencing
approaches (Linsen et al., 2009). As expected, normalization based on miR-9 or let-7
resulted in very different heat maps compared to that obtained when total genome

matching reads are used for normalization (Figure 7).

Figure 7. miRNA Expression Heat Maps.

(A) Heat map generated by dividing the read numbers for individual miRNAs by the total
genome matching reads. (B) Heat map based on normalization of miRNA levels relative
to the expression level of miR-9. (C) Heat map generated by a scaling normalization
method, TMM (Robinson and Oshlack, 2010). For TMM, Mg values (log fold changes)
were trimmed by 30% and Ag values (absolute intensity) by 5%.
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Figure 8. Quantitative RT/PCR of let-7a and miR-9 expression.

RT/qPCR was conducted with primers specific for either let-7a (A) or miR-9 (B) on RNA
preparations from the indicated developmental stage. These RNAs are expressed at mid-
range levels via Illumina sequencing and their levels, as determined via RT/qPCR at the
different stages, are as shown relative to U6 snRNA. Error bars represent s.e.m.

Quantitation and normalization of sequencing data to analyze gene expression
patterns is not trivial and subject to ongoing research and debate (Meyer et al. 2010).
Thus, as a further test of whether normalization based on miR-9 or let-7 is valid, we used
the trimmed mean of M values (TMM) to normalize the data (Robinson and Oshlack,
2010). TMM uses raw data to estimate appropriate scaling factors that facilitates analysis
of differential expression patterns. When we used TMM normalization, we reassuringly
found that the derived heat maps were very similar to those obtained after normalization

with either miR-9 or let-7 (Figure 7). Finally, we used northern blots on 6 miRNAs with
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differing raw read numbers to confirm our normalization method and the resulting heat

maps (Figure 9).
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Figure 9. Northern verifications of miRNA expression.
A subset of miRNAs were selected and northern blots used to validate the expression

levels indicated in the heat maps shown in Fig. 2. Note that miR-430 is highly expressed
compared to other miRNAs but the levels of expression change during development. The
round spot in miR-21 panel is non-specific.
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Developmentally, we found that 178 miRNAs belonging to 109 different families

are present at the 256-cell stage. Because this is before the onset of zygotic transcription,

these miRNAs are maternally deposited and, interestingly, are present at relatively high

levels, suggesting an important role during the earliest stages of development (Newport

and Kirschner, 1982; Schier, 2007). 88 out of the 109 miRNA families that are expressed

at the 256-cell stage are down regulated at least 2-fold as development and zygotic
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transcription proceeds. The 10 most abundant miRNAs expressed at this stage and their
subsequent changes in expression are listed in Table 1. For the sphere state, a total of 180
different miRNAs were detected. Many of the maternally inherited miRNAs that were
detected at the 256-cell stage were not observed by the sphere stage. From the sphere
stage onward, miRNAs can be roughly divided into 2 distinct groups based on their
expression patterns during early development. The first group is composed of 60 miRNA
families that are expressed at low levels across all 4 stages, while the second group is
composed of 48 miRNAs that show decreased expression at the sphere stage followed by
at least a 2-fold increase in expression as development proceeds (Figure 10). The

miRNAs in the second group appear to be more broadly expressed.

Table 1. Abundantly expressed miRNAs at 256-cell stage.

Raw read number  Fold change from Other
miRNA family ~ Seed sequence at 256-cell” 256-cell to sphere  members
miR-430 AAGUGCU 62,555 12.0 -
miR-21 AGCUUAU 40,599 —178.1 -
miR-22 AGCUGCC 28,085 —55.6 -
miR-203 UGAAAUG 22,723 —128.1 -
let-7 GAGGUAG 15,332 —46.3 -
miR-23 UCACAUU 10,829 —462.3 -
miR-200 AACACUG 9,969 —67.6 miR-8
miR-19 GUGCAAA 4,288 —86.7 -
miR-451 AACCGUU 3,170 —216.0 -
miR-100 ACCCGUA 4,899 —46.5 miR-99

*Also includes miRNA reads with 3" end heterogeneity that does not match the genomic loci
(see Supplemental Table 2).
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Figure 10. miRNA family expression profiles.

miRNA family read frequency was normalized (see Material and Methods) and compared
across four developmental stages. Yellow indicates high expression and blue indicates
low expression. Gray indicates undetectable levels of expression.
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Identification of Novel miRNAs

Analysis of all sequencing reads during early zebrafish development resulted in
the identification of 8 miRNAs that had not been previously reported in the zebrafish
genome (Table 2). For this, we analyzed all small RNA reads from the four
developmental stages using the miRDeep algorithm (Friedlander et al., 2008). Following
this pipeline, predicted miRNAs were filtered for novel miRNA identification by
comparison to sequences deposited in the miRNA Registry. To increase accuracy,
miRDeep-predicted novel miRNAs that genomically overlap with tRNA, rRNA, or
transposable elements, were eliminated and our analyses were restricted to only those that
were identified in at least two different developmental stages and/or two independent
libraries. With this restriction, 5 novel candidate miRNAs were identified, 2 of which are
conserved across vertebrates whereas the other 3 appear to be zebrafish specific (Figure
11). The remaining 3 were discovered independent of miRDeep and match miRNA
sequences reported for other species. For these three, we aligned small RNAs to known
miRNA hairpin sequences of other species in conjunction with secondary structure
analyses of the corresponding zebrafish genomic loci. Of the three, 2 show conservation
of the mature miRNA strand while 1 shows conservation of the passenger strand. For all
8 new zebrafish miRNAs, we validated their presence by examining and ensuring that
their flanking sequences and corresponding genomic loci fit existing models of miRNA
biogenesis (see Supplementary Material, Novel miRNA Sequences). To independently
confirm the expression of these miRNAs, we performed northern blots on total RNA
from the same four stages of development as used for deep sequencing. As expected,
these miRNAs were expressed at low levels but we were still able to detect bands of the

appropriate size for the mature sequences for 6 out the 8 novel miRNAs and bands
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corresponding to pre-miRNAs for 5 of the 8 (Figure 12). We could not detect signals for
the two remaining novel miRNAs, presumably due to expression at levels below the
limits of detection. Nevertheless, based on the criteria used to identify these miRNAs, we

believe they constitute newly reported miRNAs.
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Figure 11. Novel conserved miRNAs.

The genomic location and conservation of two novel miRNAs are shown as a snap
shot from the UCSC genome browser. Predicted pre-miRNA sequences were used to
conduct blast searches with the results as shown.

Panel A miRNA: 5’-UGUACCAUGCUGGUAGCCAGU-3
Panel B miRNA: 5’-UGUGAAUCCUACACUGGAAGG-3’
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Table 2. Novel miRNAs

Sequences Reads at 1 dpf Seed Star strand detected ~ Stages with expression ~ Conservation?
ACAAUGGAAGCCAAUGGUUACC 231 CAAUGGA No 256-cell No
UGAAGGUCAAUGGUUACCAGUU 102 GAAGGUC Yes shield No
UGUACCAUGCUGGUAGCCAGU 26 GUACCAU No sphere Yes®
AUGGAAAUACUCGCUGAUACUG 80 UGGAAAU Yes 256-cell/sphere No
UGUGAAUCCUACACUGGAAGG 41 GUGAAUC Yes shield Yes®
GUGGGAUCGCGCCUGUGAAU 23 UGGGAUC No 256-cell/sphere ssc-miR-1285
CCACCUCCCCUGCAAACGUCCA 7 CACCUCC No 256-cell/sphere bta-miR-1306
GGCCGAAGUGGAGAAGGGU 335 GCCGAAG Yes 256-cell/sphere mdo-miR-739

* Conservation was determined by sequence similarity indicated in the UCSC genome browser. See Figure
11.
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Figure 12. Northern blot of novel miRNAs

Northern blots were performed to verify the expression of predicted novel miRNAs.
Mature miRNAs were detected for 6 of the 8 predicted miRNAs and miRNA precursors
were detected for 5 of the 6 miRNAs.
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miRNA Sequence Variation

Sequence variation at the 5° and 3 ends of mature miRNA sequences has been
reported following deep sequencing analyses (Burroughs et al., 2010; Fernandez-
Valverde et al., 2010; Kamminga et al., 2010; Landgraf et al., 2007; Lehrbach et al.,
2009; Morin et al., 2008). Such variation is due to mismatches between the reads and
their corresponding genomic loci with most mismatches detected at the 3’ ends. We also
observed significant sequence variation, mostly nucleotide additions at the 3’ ends
(Figure 13A, Supplemental Table 2). Within the mature miRNA sequences, less than 1%
of the reads differed from their genomic loci. In contrast, ~40% of the total reads were 1-
2 nucleotides longer at the 3’ end than the mature sequence reported in miRBase, whereas
much less 5° end variation was detected. In some cases, the additional nucleotides
matched the sequence of the pre-miRNA, suggesting that cleavage events during miRNA
processing are not always precise. In the case of miR-2190, sequence heterogeneity was
observed at both the 5” and 3° ends with no clear preference for specific precursor

cleavage sites, again arguing against this being a bona fide miRNA.

We also detected significant 3” sequence variation (~10% of reads) due to the
addition of non-genomically encoded nucleotides, mostly adenine, uracil, or both (Figure
14A). Rarely, did we detect addition of cytosine or guanosine although miR-181 had
reads with guanosine addition and miR-738 had reads with cytosine addition. Among
miRNA families, the composition and extent of sequence variation was nearly identical
between family members (Figure 12B). Additions at the 3’ end in this manner (tailing)
have been reported previously with proposals that the extra adenine nucleotides might

stabilize miRNA half-life (Burns et al., 2011; Fernandez-Valverde et al., 2010; Katoh et
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al., 2009). Our data are consistent with this idea but also support the hypothesis that
tailing with U residues may be a mechanism to target miRNAs for degradation. Support
for this hypothesis is based on variation at the 3° end of miR-430 family members. As
above, this family is the most abundant miRNA at the sphere stage where it constitutes
97% of the reads and functions to target maternal mRNAs for degradation (Giraldez et
al., 2005a; Giraldez et al., 2006a). We found that 3’ non-template directed uracil addition
among miR-430 family members is relatively low until the sphere stage after which time
increasing addition of U residues was observed. In contrast, the extent of modification by
the addition of A residues was not significantly different across these stages. Increasing
modification by the addition of U residues coincided with declining levels of detectable

miR-430 from the sphere stage onward (Figure 13C).

To further examine the effects of nucleotide addition on the levels of miR-430, we
also analyzed the 3’ ends of miR-430 reads that lacked the last guanosine from the mature
miRNA. These reads are likely to be derived from mature miR-430 RNAs that have
undergone trimming and subsequent tailing at the time of library preparation. For these
RNAs, we found a significant increase in adenosine addition at the sphere stage (Figure
13D). In contrast, uracil addition for these reads was lowest at the sphere stage.
Together with the modifications described above for mature miR-430 family members,
the sequencing data are consistent with the hypothesis that U and A additions are

associated with miRNA destabilization and stabilization, respectively (Figure 13D).

To more broadly assess the dynamics of nucleotide addition between stages, we
next examined the subset of modified miRNAs whose expression overlaps both the 256-

cell stage and the sphere stage. For these miRNAs, we calculated the percentage of reads
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that showed U addition compared to all tailed reads. For each miRNA shown in Figure
13E, we show the extent of U modification at the 256 cell stage (red) compared to U
modification at the sphere stage (blue). Increased levels of U modification were observed
for the majority of miRNAs as the embryo proceeds from the 256-cell stage through the
sphere stage. Interestingly, if all modifications on all miRNAs are examined across
stages of development, we see a similar phenomenon with the majority of modifications
detected at the 256-cell stage followed by the sphere stage and then decreasing levels of
3’ modification thereafter. This is shown by the extent and amounts of black lines above
the X axis in Figure 14B. The data are consistent with the idea that there is active
stabilization/destabilization prior to and through the beginning of the maternal zygotic
transition after which multiple mechanisms are in play to control the expression and

stability of a given miRNA.
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Figure 13. miRNA sequence heterogeneity.

(A) Significant sequence variation was detected among mature miRNA reads, especially
at 3’ ends. Shown are compilations from four different miRNAs with the extent of
variation at any particular nucleotide indicated by the size of the font. Below in red is the
mature miRNA sequence with adjacent genomic sequence in black. Non-template
directed 3’ additions are shown in color. (B) Similar composition of 3’ addition among
different miRNAs of the same family. The extent and base composition of miRNA
tailing is indicated for a representative subset of miRNA families at the indicated stages
of development. The percentage of reads with different nucleotide 3’ ends is shown in
different colors. (C) Modification of mature miR-430 reads. The ratio of both A or U
tailed mature miR-430 family reads to total mature miR-430 reads is shown across four
developmental stages. (D) Modification of miR-430 reads subject to trimming. A large
number of miR-430 reads did not contain the normal terminal guanosine. For this subset,
the ratio of A or U tailed RNAs miR-430 reads is shown across four developmental
stages. (E) The percentage of U tailed miRNA reads for all tailed miRNA reads in both
256-cell and sphere stage embryos. All miRNAs with 3” additions of non-template-
directed U residues are shown for the 256-cell and sphere stage. The percentage of U
addition increased from the 256-cell stage to the sphere stage.
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(A) All miRNA reads with 3 additions were quantified and the percentage of different
nucleotide additions are as shown in different colors at the indicated developmental

stages. (B) The percentage of miRNA reads containing any of the 4 possible nucleotide

additions was calculated for each miRNA family at the indicated developmental stages.
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Zebrafish piRNA Expression

When we examined the total reads from all four developmental time points, a
distinct subset of small RNAs was detected that derive from genomic regions that do not
encode miRNA genes (Figure 6). These RNAs represent a diverse array of sequences
with a peak size distribution of ~26-28 nt and they map to either repetitive or unique
genomic sequences (Figure 6). Their overall detection was clearly not saturated as more
than 80% were detected only once. Based on size, they most likely represent piIRNAs
(Figure 15A,B). Three additional criteria suggest that these RNAs are bona fide piRNAs.
First, 10,892 reads matched sequences previously reported to be piRNAs in zebrafish
(Houwing et al., 2007). Second, in genome wide, a much, much larger number of reads
(674,777 sequences from 1,068,353 reads from shield stage) mapped to transposable
elements with a strong bias toward the antisense strand (Figure 15C and Figure 16).
Finally, for those reads that mapped to the sense strands of transposable elements, there
was a strong preference for an A at position 10 while those derived from antisense strands
showed a preference for a U at position 1. This is completely consistent with the Ping-
Pong model of piRNA biogenesis (Figure 17). The full list of these small RNAs is

deposited at http://www.ncbi.nlm.nih.gov/geo with number GSE27722 (See Materials

and Methods).

Over 65% of the piIRNA reads that originated from repetitive elements were
derived from the LTRs of transposable elements (Figure 18). A different subset mapped
back to unique genomic loci, primarily intergenic regions of the zebrafish genome. For
both, the reads showed a periodicity and strand preference. Based on the genomic loci of

both types of piRNAs, it appears that the majority of the piRNA reads are derived from
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long transcripts that are then subsequently processed into smaller RNAs. The genomic
regions that give rise to these long transcripts are referred to as piRNA clusters
(Brennecke et al., 2007; Houwing et al., 2007). We defined piRNA clusters as genomic
fragments encoding at least 10 unique piRNAs with gaps no greater than 1kb
(Supplemental Table 3). By grouping reads into defined piRNA clusters, we were able to
quantify expression patterns based on the abundance of clusters instead of absolute
piRNA reads, allowing examination of the expression of piRNAs during early zebrafish
development. Previous work reported piRNA expression in adult ovaries and testes
(Houwing et al., 2007) but we detected widespread embryonic piRNA expression across
all 4 developmental stages (Figure 15D, E). Beginning at the sphere stage and becoming
much more prevalent at the shield stage, we detected increased piRNA expression (Figure
15D-G). The increase was not due to a decrease in other small RNAs because the
sequencing runs were not saturated and, for example, we detected a robust increase in
piRNA reads between 256-cell and sphere stage embryos, coincident with the large
increase in miR-430 reads. This suggests enhanced transcriptional activity of piRNA
clusters and transposable elements with a resultant increase in piRNA production that
likely functions to maintain genome integrity during early cell divisions and as germ cells
are set aside. Compared to piRNA expression data from adult ovaries and testes (GEO:
GSE7131; http://www .ncbi.nlm.nih.gov/geo/ under series number GSE7131) (Houwing
et al., 2007), there is a significant reduction in piRNA expression in adult tissues
compared to the early developmental stages we examined. At least for ovaries and testes,
the expression patterns in adult tissues most closely resemble those observed at the 256-
cell stage. This is consistent with maternally contributed piRNAs being most similar in

pattern to those detected in ovaries and testes.
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Previous analysis of piRNAs in zebrafish showed that in adult ovaries and testes,
the majority of piRNAs are derived from the plus strands of genome (Houwing et al.,
2007). In contrast, during early development, we observed a preference for piRNAs from
minus strands (Figure 15F, G). Given the fact that zebrafish piRNAs have a strong bias
toward the antisense strand of transposons, this suggests that the expressed transposable
or repetitive elements that are associated with piRNAs at very early developmental stages
are, at least partially, different from those expressed in adult ovaries and testes. It is not
clear why such strand preferences exist at the different times of development. Regardless
of strand of origin, the data suggest that piRNAs have important functions not only in

adult ovaries and testes but also at multiple stages of early development.

Figure 15. Zebrafish piRNA expression.

(A, B) After filtering out miRNA reads, the size distribution and abundance of reads
mapping to unique (A) or repetitive (B) genomic loci is shown. Different colors
represent reads from different developmental stages.

(C) Correlation between the abundance of reads derived from shield stage small RNAs
and the density of transposable elements along chromosome 11. At the top, small RNAs
that map to chromosome 11 are indicated either as unweighted (gray), meaning the total
number of reads irrespective of how many positions (copies) along a chromosome that
might encode this RNA, or weighted (orange line), meaning the total number of reads
divided by the number of positions or copies within the zebrafish genome. Transposable
elements and transposons were divided into DNA/LTR (blue) and LINE/SINE (red)
based on the origin of the small RNA reads. The density of repetitive elements (ratio)
was determined by the percentage of nucleotides mapping to transposable elements per
50kb.

(D, E) Genomic localization of piRNA clusters. Vertical lines represent piRNA clusters
from 4 developmental time points and also from data generated from adult ovaries and
testes across either chromosome 4 or 5. Red lines indicate plus strands while the blue
lines indicate minus strands.

(F, G) Quantification of expression of piRNA clusters from total reads (F) or reads
derived from unique genomic loci (G). Black and white columns represent the strands
from which the reads originated.
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Figure 16. Genomic organization of piRNA reads.

Small RNA reads were mapped to transposable elements along chromosome 11. Each short
vertical line represents a small RNA read with red indicating the plus strand and blue indicating
the minus strand. Reads from 4 developmental stages were mapped, as indicated. The different
classes of repeats along chromosome 11 were annotated by RepeatMasker and are as marked in
the lower half of the figure as are the positions of transposable elements. At bottom, an enlarged
window of RNA reads from the shield stage were mapped with blue and red indicating strand
origin, as above, and the number of the dots indicating read frequency.
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(blue). The average size of these RNAs is 25.4 nucleotides. Below is shown the
sequence composition of these RNAs with the size of each letter indicating the frequency
of detection. Sequence logos were generated using WebLogo
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Figure 18. Origin of RNAs derived from repetitive genomic elements.
The read frequency of small RNAs derived from the indicated genomic origin are shown
across four developmental stages.
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tRNA-derived small RNAs in zebrafish

In addition to miRNAs and piRNAs, we also detected a large number of other
small noncoding RNAs. One particularly interesting subset (~225 different sequences;
56,311 total reads) was derived from tRNAs (Figure 19). These RNAs matched the 5’
and 3’ ends of tRNAs with a size range between 18-28 nt (Figure 19A, B and
Supplemental table 4). The 3’ end reads contained the universal 3° CCA sequence that is
added post-transcriptionally indicating that these RNAs are derived from mature tRNAs,
consistent with previous reports (Cole et al., 2009; Haussecker et al., 2010; Lee et al.,
2009). Interestingly, the sizes of the 3’ tRNA reads are mainly 18 nt, while the 5° tRNA
reads are distributed more widely, suggesting they might be under different selection
mechanisms or have different functions (Figure 19B). Given the non-random
accumulation of these small RNAs from just the 5’ and 3’ ends, it is hard to argue that
these RNAs are degradation products. Indeed, other reads across the entire mature tRNA
sequence were observed at much, much lower frequencies (17-fold less at 256-cell and
1dpf, Figure 19C). We note that the tRNA-derived fragments we detect are likely
different from angiogenin-mediated tRNA fragments found in stress-induced cells
because the cleavage sites we detect are different from those reported (Emara et al., 2010;

Thompson et al., 2008; Yamasaki et al., 2009).
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abundance. (C) The raw abundance of the 5’ tRF and 3’ tRF reads at 4 developmental stages,

as indicated.
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Discussion

miRNA Expression

miRNAs are postulated to play important roles during the maternal-zygotic
transition, when embryos reshape and reprogram the transcriptional landscape (Giraldez,
2010). Using deep-sequencing, we determined the expression patterns for 198 distinct
miRNAs and we identified 5 novel miRNAs and 3 new conserved zebrafish miRNAs
expressed during early development. Maternally inherited miRNAs and a subset of
miRNAs that are expressed very early in development are important for zebrafish
embryogenesis (Giraldez et al., 2005a; Giraldez et al., 2006a). Compared to prior
approaches involving direct cloning or microarrays, the increased sensitivity of miRNA
detection with deep sequencing affords the opportunity to more completely define the
expression patterns, and ultimately the function, of small noncoding RNAs during early
vertebrate development, including those expressed in single cells or specific tissues
(Thatcher et al., 2007; Wienholds et al., 2005b). The 198 miRNAs that we identified and
profiled can be classified into 122 miRNA families. 70% of these families are expressed
at or below the limits of detection using microarrays. Fortunately, for those miRNAs
expressed at detectable levels using microarrays, there was a strong correlation between
the data sets lending confidence that data generated from our sequencing libraries are

accurate (Thatcher et al., 2007; Wienholds et al., 2005b).

Previous studies showed that zebrafish miRNA expression patterns become
increasingly complex as development proceeds (Thatcher et al., 2007; Wienholds et al.,
2005b). Our results revealed more widespread miRNA expression at earlier stages of

development than previously observed. Beginning at the 256-cell stage, a large number
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(178 out of 216 currently known zebrafish miRNAs) of miRNAs are detectable with
several expressed at relatively high levels. These miRNAs are likely maternally
deposited and may either regulate initial development or function similar to the miR-430
family to target maternally inherited mRNAs for degradation during the maternal-zygotic
transition (Giraldez et al., 2005a; Newport and Kirschner, 1982; Schier, 2007). We found
that fully 99% of the miRNA reads detected during the sphere stage are derived from
miR-430 family members. Interestingly, maternally inherited miRNAs appear to be
rapidly down-regulated during the maternal-zygotic transition raising the possibility that
they are subject to similar forms of regulation as maternally inherited mRNAs. Beyond
maternally inherited miRNAs, our analyses are also consistent with important early roles
for a number of miRNAs including miR-203, miR-1, and miR-133, which function to
balance proliferation and differentiation during early development (Mishima et al., 2009;
Yietal., 2008). In contrast to previous results, we detected significant levels of let-7,
raising the question as to its exact role in early development (Kloosterman et al., 2004;

Wienholds and Plasterk, 2005).

Normalization of miRNA Sequencing Data

Often, total genome matching reads are used to account for differences in the
sequencing depth of individual libraries when normalizing small RNA sequencing data.
This certainly applies when biological replicates are being sequenced, for example, when
comparing two independent libraries from the same developmental stage. However, if
the overall transcriptome changes dramatically between samples, normalization based
solely on total genome matching reads can obscure important biology (Robinson and

Oshlack, 2010). During early development, cell numbers are increasing dramatically
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concomitant with extraordinary changes in gene expression. This creates a unique set of
problems when normalizing the data. We chose to normalize based on the relative
expression levels of either miR-9 or let-7. These miRNAs were chosen because they are
expressed at moderate levels across the four stages of early development that we
examined. The resulting heat maps were very similar, whether using miR-9 or let-7 and
northern blots of 6 miRNAs were completely consistent with the derived heat maps.
Interestingly, when we normalized using TMM, the resulting heat maps were also very
similar to those obtained with either miR-9 or let-7. Thus, we believe that the strategy we
adopted to normalize small RNA sequencing data during early development is
appropriate. Nevertheless, we realize that under conditions where differential gene
expression patterns are changing dramatically, every available method has certain
limitations and that other methods can certainly be used to quantitatively analyze small

RNA sequencing data.

Sequence Variation

miRNA 3’ tailing and trimming were previously reported in worms, flies, mouse,
and human cells (Ameres et al., 2010; Burroughs et al., 2010; Fernandez-Valverde et al.,
2010; Katoh et al., 2009; Landgraf et al., 2007; Lehrbach et al., 2009). We detected
many tailed miRNAs containing additional non-template directed nucleotides, mostly A
and U, primarily at 3” ends (Fig 13A). The extent of 3’ variation may actually be higher
than that reported here since in some cases (e.g. let-7) the extra A and U residues match
the pre-miRNA flanking sequence so their origin is not clear. The temporal pattern of A
versus U tailing suggests that the addition of A residues might stabilize miRNA half life

whereas U addition may promote degradation. This seems to hold true for the miR-430
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family but may apply more broadly since we detected a large percentage of tailed
miRNAs during very early development with decreasing modification at the later stages.
It is possible that different mechanisms regulate miRNA half life during the maternal

zygotic transition compared to later stages but our data suggest a common mechanism.

piRNA Expression

piRNAs have been reported to be specifically expressed in the germline to
maintain genome integrity (Halic and Moazed, 2009). We identified many piRNAs in
256-cell stage embryos, consistent with maternal inheritance. We also found a peak of
piRNA expression at the shield stage with readily detectable levels out to 1 dpf. Except
for the shield stage, the pattern is similar to that reported in mouse embryos (Ohnishi et
al.,2010). However, the robust expression levels at the shield stage, when the germ
layers are forming, may indicate an important function for piRNAs during early
development. Previous work has reported that piRNAs can induce deadenylation and
decay of nanos, a maternal mRNA in Drosophila embryos (Rouget et al., 2010). In
zebrafish, primordial germ cells (PGCs) are first specified before sphere stage during
embryogenesis and give rise to germ cells after proper migration and further
differentiation (Knaut et al., 2000). Zebrafish PGCs show maximal migration activity
amongst a far larger number of somatic cells at the beginning of gastrulation (5.5-6 hpf)
(Blaser et al., 2005; Raz, 2003). The shield stage coincides with gastrulation suggesting
that the widespread expression of piIRNAs that we detect at this time may play an
important role in the maintenance and proper migration of PGCs. Only a very limited
number of PGCs have formed or are forming during this time raising the possibility of

piRNAs originating from other cells besides PGCs in embryos. Consistent with a
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requirement for piIRNAs during these early stages, morpholino mediated knockdown of
Ziwi protein inhibited and/or blocked proper germ cell migration (H. Dai, C. Wei, and JG
Patton, unpublished). Future studies are needed to understand the temporal and spatial
manner of piRNA expression and their specific functions during early embryonic

development.

tRNA derived small RNAs

Small tRNA-derived fragments were previously reported in different cell lines
(Cole et al., 2009; Haussecker et al., 2010; Lee et al., 2009). Our sequencing analyses
expand the number of species that express this class of small RNA, indicating that the
biogenesis and function of tRNA-derived small RNAs is conserved, suggesting an
important role. Several lines of evidence raise the possibility that these small RNAs
function in gene silencing in a Dicer-independent manner (Cole et al., 2009; Haussecker
etal.,2010). It will be important to determine how or whether these RNAs regulate gene
expression, especially in light of the fact that these RNAs are themselves temporally

regulated during development.

Materials and Methods

Sequence libraries availability

Sequencing data have been deposited into http://www.ncbi.nlm.nih.gov/geo under

the series number GSE27722, and public data with series number GSE7131 are available

at http://www.ncbi.nlm.nih.gov/geo/.
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Small RNA purification, cloning, and sequencing

Zebrafish embryos were collected at the 256-cell stage, sphere stage, shield stage,
and 1 day post fertilization (dpf). Total RNA was isolated from embryos using Trizol.
RNAs were fractionated on 15% denaturing polyacrylamide gels and small RNAs
between 15-30 nucleotides were excised and purified. cDNA libraries were generated
using specific linkers and RT/PCR, as previously described (Hafner et al., 2008).
Libraries were sequenced in the Genome Technology Core of Vanderbilt University
using the [llumina sequencing platform. The numbers of sequencing reads from the 4

developmental stages are listed in Supplemental table 5.

3’ ligation adaptor: AMP-5"pCTGTAGGCACCATCAATdideoxyC-3’.

5’ ligation adaptor: 5’-ACACUCUUUCCCUACACGACGCUCUUCCGAUC-3".
RT primer: ATTGATGGTGCCTACAG.

PCR forward primer:
S’AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACG-3’.

PCR reverse primer:

5’-CAAGCAGAAGACGGCATACGATTGATGGTGCCTACAG-3’.

Small RNA identification

Initial reads were processed to remove the linker sequences using an in-house
dynamic alignment algorithm, which allows one mismatch and a minimal 5 starting
nucleotides in the linker sequences. Small RNAs matching the zebrafish genome (Zv8)

from Ensembl (http://www .ensembl.org) were retrieved with Bowtie, a short read

alignment algorithm widely used for aligning short DNA sequences, using the default
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parameters which allow at most 2 mismatches in the "seed of 28 nt" with maximum
quality values of 70 (Langmead et al., 2009). After elimination of reads derived from
known mRNAs, tRNAs, rRNAs and snRNAs, miRNAs were next annotated based on a
perfect match to miRNA hairpin sequences as reported in miRbase

(http://www.miRbase.org) with further filtering to remove reads derived from miRNA

passenger strand and loops. To identify miRNA reads with non-template-directed
nucleotide additions, reads with exactly one mismatch at the very 3’ end were specifically
retrieved form the original data set. For analysis of known miRNAs, sequencing
frequencies of less than 2 reads per library were discarded. For quantitation of expression
levels, miRNA reads with non-templated addition of 3’ nucleotides were included in the

counts.

To identify piRNAs, consensus sequences from zebrafish repetitive elements were

retrieved from Repbase (Kohany et al., 2006) (http://www.girinst.org/repbase/index.html)

and Repeat Maskers using the UCSC genome browser (http://genome.ucsc.edu). Small

RNA s perfectly mapping to these consensus sequences and their genomic flanking
regions were sorted into piRNA libraries. piRNAs with unique mapping positions in the
genome were isolated and analyzed independently. For piRNAs with multiple mapping
positions, the abundance of each piRNA was weighted by the number of the piIRNA reads
divided by the number of its genomic mapping positions, assuming all genomic loci
contribute equally to overall read numbers. piRNA clusters were manually defined as
genomic loci when at least 10 different piRNAs mapped to positions with less than 1kb
between the reads, as previously described (Brennecke et al., 2007; Houwing et al.,

2007).
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miRNA prediction

We prepared libraries from RNAs between 15-30 nucleotides but only analyzed
genome-derived small RNAs of 18 nt or longer that aligned to known hairpin sequences
from other species listed in miRbase (http://www.mirbase.org/ftp.shtml). Small reads
either perfectly matching the stem regions of these hairpins or overlapping with known
mature or passenger miRNAs were then retrieved using Bowtie with default parameters.
The dynamic stability of secondary structures of flanking genomic sequences for all
retrieved RNAs and their relative localization in the zebrafish genome were further

analyzed using RNAfold (Hofacker, 2003) (http://rna.tbi.univie.ac.at/cgi-

bin/RNAfold.cgi). Predicted hairpin sequences sharing high similarity with known

hairpins from other species were further screened focusing on the small RNAs on the
stem regions to identify putative zebrafish miRNA homologs. For prediction analyses,
RNAs whose sequencing frequency was less than 5 reads per library were discarded. The
5’ ends of novel miRNAs were determined by the starting position of the most abundant
small RNA reads mapping to the stem of putative hairpin sequences. Predicted miRNAs
were further validated in Ensembl using RFAM and miRBase. Also, miRDeep was
independently utilized to predict novel miRNAs from raw sequence data (Friedlander et
al., 2008). To identify novel miRNAs, samples from the 4 different stages were
subjected to miRDeep analysis with a cutoff score of 2. Predicted miRNAs by miRDeep
were further filtered by aligning to the databases of known miRNAs (miRBase),
transposable elements, rRNAs, tRNAs, snRNAs and other known small RNAs (UCSC
genome browsers). To ensure the authenticity of this predicted miRNAs, only small

RNAs s that appeared in at least 2 developmental stages were retained. From among the
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327 novel miRNAs predicted by miRDeep, 5 were finally recognized as authentic novel

miRNAs.

qRT-PCR

gRT-PCR assays (Tagman RT kit and Tagman miRNA custom assays, ABI) were
performed to measure the expression levels of /ez-7a and miR-9. Relative levels were
normalized to U6 snRNA. cDNAs were synthesized from 10ng of total RNA extracted
from zebrafish embryos. Products of RT reactions without reverse transcriptase served as
a negative control and each measurement was derived from three biological replicates.

Expression levels were determined based on the threshold cycle values (C,) of each

miRNA relative to that of U6 and assigned as 2.

Northern blots

18-23mg of total RNA was extracted from zebrafish embryos at different
developmental stages, separated on 15-20% denaturing polyacrylamide gels, and
transferred to membranes for northern blot analysis of known miRNAs following
procedures as previously described ((Thatcher et al., 2007; Wienholds et al., 2005b). For
novel miRNA detection, 13-15ug of small RNAs (less than 200nt) were enriched from
220-250pg total RNA extracted from 1dpf zebrafish embryos using mirVana miRNA
isolation kits (Applied Biosystems). The sequences of miRNA northern probes (miRNA
StarFire probes, IDT) were complementary to the mature sequences for as let-7a, miR-
455, miR-21, miR-22a, miR-200b, and miR-430b. For the novel miRNAs, the probes

were as follows:
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novel miRNA 1: GGTAACCATTGGCTTCCATTGT;
novel miRNA 2: AACTGGTAACCATTGACCTTCA;
novel miRNA 3: ACTGGCTACCAGCATGGTACA;
novel miRNA 4: CAGTATCAGCGAGTATTTCCAT;
novel miRNA 5: CCTTCCAGTGTAGGATTCACA;
novel miRNA 7: TGGACGTTTGCAGGGGAGGTGG;

novel miRNA 8: GGAACCCTTCTCCACTTC.

miRNA Expression Profiles

Absolute read numbers were collected and sorted into miRNA families based on
sequence records in miRbase. We defined miRNA families as those miRNAs sharing the
same seed sequence along with high sequence similarity toward the 3 end. We also
normalized expression levels across four developmental stages relative to let-7a and miR-
9 levels, as determined using qRT-PCR. Read numbers were transformed into log2
values and displayed with MultiExperiment Viewer (Saeed et al., 2006; Saeed et al.,

2003) (http://www.tm4.org/mev/). The raw log2 value of all single miRNAs and miRNA

families throughout development are listed in Supplemental Table 6.
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Abstract

SNAP-25 is a core component of the trimeric SNARE complex mediating vesicle
exocytosis during membrane addition for neuronal growth, neuropeptide/growth factor
secretion, and neurotransmitter release during synaptic transmission. Here, we report a
novel microRNA mechanism of SNAP-25 regulation controlling motor neuron
development, neurosecretion, synaptic activity, and movement in zebrafish. Loss of miR-
153 causes overexpression of SNAP-25 and consequent hyperactive movement in early
zebrafish embryos. Conversely, overexpression of miR-153 causes SNAP-25 down
regulation resulting in near complete paralysis, mimicking the effects of treatment with
Botulinum neurotoxin. miR-153-dependent changes in synaptic activity at the
neuromuscular junction are consistent with the observed movement defects. Underlying
the movement defects, perturbation of miR-153 function causes dramatic developmental
changes in motor neuron patterning and branching. Together, our results indicate that
precise control of SNAP-25 expression by miR-153 is critically important for proper

neuronal differentiation as well as neurotransmission.
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Introduction

Trimeric soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complexes form the core machinery mediating vesicular exocytosis (Jahn and
Scheller, 2006; Sudhof and Rothman, 2009; Wickner and Schekman, 2008). In the
nervous system, SNARE complexes are involved in membrane addition during neuronal
growth as well as both dense core vesicle (DCV) release of proteins and synaptic vesicle
(SV) release of fast neurotransmitters. At synapses, the core SNARE protein SNAP-25
interacts with accessory proteins that together regulate SV exocytosis by linking Ca**
sensing to membrane fusion and neurotransmitter release (Choi et al., 2010; Matteoli et
al., 2009; Schiavo et al., 1997; Vrljic et al., 2010). SNAP-25 is a specific target of
Botulinum neurotoxin proteases that block vesicle release, resulting in rapid paralysis and
death (Blasi et al., 1993; Schiavo et al., 1993). Misregulation of SNAP-25 is associated
with several human diseases and neurodegenerative disorders including Huntington’s
Disease (Smith et al., 2007), Alzheimer’s Disease (Dessi et al., 1997), and diabetes
(Ostenson et al., 2006).

SNAP-25 is required for action potential-evoked glutamatergic, cholinergic, and
glycinergic transmission in neurons (Keller et al., 2004; Washbourne et al., 2002).
Mouse knockouts of SNAP-25 are therefore lethal although neuronal cultures from
SNAP-25 null mutants maintain the ability to exhibit stimulus-independent transmitter
release (Sorensen et al., 2003; Washbourne et al., 2002). GABAergic inhibitory synapses
express lower levels of SNAP-25 and may be more sensitive to calcium regulation,
whereas glutamatergic excitatory synapses express higher amounts of SNAP-25 that
alters calcium sensitivity (Matteoli et al., 2009). Part of this differential regulation could

be due to accessory proteins that control SNAP-25 distribution and levels to modulate
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synaptic activity (Augustin et al., 1999; Gitler et al., 2004; Schoch et al., 2002).
Transcriptional mechanisms regulating SNAP-25 levels have also been suggested to play
key roles in the dynamic control of synaptic function (Atouf et al., 1997; Chong et al.,
1995; Qureshi and Mehler, 2009; Vo et al., 2010; Wu and Xie, 2006).

Several miRNAs have been shown to regulate synapse formation or homeostasis,
mostly within the post-synaptic dendrite (Cohen et al., 2011; Schratt, 2009; Vo et al.,
2010). On the presynaptic side, most forms of regulation center on modulation of
calcium channels and calcium-dependent vesicle release (Catterall and Few, 2008;
Verhage and Sorensen, 2008). In this study, we show that miR-153 inhibits SNAP-25
expression in the developing nervous system. Precise control of SNAP-25 by miR-153 is
necessary not only for presynaptic vesicle release, but also for protein secretion, motor

neuron differentiation, and outgrowth.

Results

miR-153 regulates embryonic movement

miR-153 has been proposed to be one of a limited number of ancient miRNAs that
evolved with the establishment of tissue identity (Christodoulou et al., 2010). It is
conserved among bilaterians displaying distinct expression patterns in neurosecretory
brain cells of the deuterostome marine worm Platynereis dumerilii and the protostome
annelid Capitella (Christodoulou et al., 2010). In zebrafish, miR-153 is expressed in
distinct regions of the developing nervous system and brain, including neurosecretory
cells of the hypothalamus (Kapsimali et al., 2007; Wienholds et al., 2005a). Using deep
sequencing and in situ localization, we detected robust miR-153 expression in the

developing zebrafish brain and reduced, but detectable levels in the spinal cord as early as

73



the 18 somite stage, with progressively increasing expression thereafter (Thatcher et al.,
2007; Wei et al., 2012; Wienholds et al., 2005a).

To determine the function of miR-153, we injected either synthetic miR-153 or
antisense morpholino oligonucleotides (MOs) against miR-153 into single cell embryos
and allowed development to proceed for 1-2 days. Two different morpholinos were used
to ensure specificity and we verified overexpression and knockdown of miR-153 using
northern blots (Figure 20). No gross morphological changes were observed in injected
embryos and normal expression of neuronal markers was detected at the midbrain-
hindbrain boundary, inner ear, and retina at 1-2 dpf (data not shown). Despite the lack of
morphological changes, we observed striking behavioral movement defects in injected
embryos. To quantify movement, embryos were recorded over time (Supplemental
Movie 1) with analyses restricted to embryos within the chorion at 24 hpf. Normal
zebrafish embryos move within the chorion with a characteristic frequency of ~1
twitch/minute at 24 hpf (Figure 21). Strikingly, embryos injected with miR-153 were
almost completely motionless, with little or no spontaneous movement, although their
hearts were beating normally and minimal movement could be elicited by touch
stimulation (Figure 21). In contrast, knockdown of miR-153 caused a dramatic and
significant 7-fold increase in the frequency of spontaneous movement (Figure 21).
Interestingly, upon touch stimulation, miR-153 morphants would initially respond with
unusually robust, hyperactive movements after which all motion would cease altogether
for a period of time (whether touched or not), followed by a resumption of hyperactive
movement upon stimulation. At 52 hpf, miR-153 overexpressing fish embryos were still
mostly motionless, while miR-153 knockdown embryos were still hyperactive (data not

shown).
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Figure 20. Northern blot of miR-153 overexpression and knockdown.

Perturbations of miR-153 expression levels by injection of miR-153 or MOs against
different regions of pre-miR-153 were verified by northern blot. U6 served as a loading
control.
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Figure 21. miR-153 regulates embryonic movement

Embryonic movement was recorded at 1dpf for each of the singly and multiple injected
conditions shown (see Movies). The number of twitches per minute was counted and
significance determined by comparing the noninjected control (NIC) embryos to all other
conditions using ANOVA with Dunnett’s post-test. *, p<0.05; **, p<0.01. Movements
were counted for approximately 60 embryos over 2-5 minutes for each condition.
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miR-153 targets snap-25

To identify mRNAs regulated by miR-153, we used target prediction algorithms,
compared the expression patterns of both potential mRNA targets and miR-153, and
assayed phenotypes from gain and loss of function experiments. Based on these criteria,
snap-25 proved to be a bona fide target for miR-153 based on the results of reporter
silencing experiments and consistent with conservation of miRNA recognition elements
(MRESs) from fish to humans (Figure 22).

There are two SNAP-25 paralogs in zebrafish (a and b isoforms) with similar, but
not identical, 3> UTRs (Bark et al., 2004; Risinger et al., 1998). For reporter assays, we
fused the 3’ UTR from both snap-25 isoforms to the GFP reading frame (snap-25a data
shown in Figure 23; snap-25b shown in Figure 24). Synthetic mRNAs prepared from
these reporters were injected into single cell embryos in the presence or absence of
exogenous miR-153 or miR-153 morpholino oligonucleotides. Based on fluorescence
levels in live embryos at 1 dpf, co-injection of miR-153 resulted in obvious down-
regulation of GFP for both isoforms (Figure 23B). To confirm that the loss of GFP was
due to pairing with the predicted MREs, we created deletions of individual and
combinations of MREs in snap-25a and snap-25b. Deletion of both MREs from snap-
25a and all three MREs from snap-25b abolished the ability of miR-153 to silence
expression (Figure 23B; Figure 24B). For snap-25a, we tested each of the individual
MRESs and found that deletion of a single MRE resulted in only modest silencing whereas
deletion of both MREs caused a loss of silencing. We conclude that miR-153 targets both

isoforms of snap-25 in an MRE-dependent manner.

76



mouse TGCTGECAACTGETTAAATTTGCCCTTCTG= ===~ -CTGTGCTCTCCTCCARATGTTCT 867
human TGCTGGGAAGTGETTAANTTNNTNCNGGTGTGCCCACCCGTGTTCTCCTCCARATGCTGT 876
zebrafish TGCTGEECACTGECTAAACCTCTGCT-CTE===== CCTGCTTTTACCAACTG-TGCA 884
FREEEEE EREEE EEE & TS & & T % EE
mouse TGGACAAGAGAGCTCCTTCATGCTTCTCTCATGGTATT-ACCTAGTAGGTCT-TGCACAT 925
human CGGGCAAGATAGCTCCTTCATGCTTTTCTCATGGTATT-ATCTAGTAGCGTCTGCACACAT 935
zebrafish TTGTCAAAAGG====== CAATGCGCTTATCATGGTATTTACCTTCTAGGTTTGCACACAT 938
& EEE R FEkEE & EEEEEEEEEE F kR kREEEE ¥ FEkEEE
mouse ACGTCTGGCTCTTGTTAATCACCATCTCCCC-GTGETTTGTCATCAGTACAA=—————== 1824
human AAGGCTGACTCTTACTAACCACCATTTCCCCTGTGETTTGTTATCAGTACAA -~ ———=x 1842
zebrafish ARGACTGTATCCTGTTAGTTTACTTTCCCCGTGTGGTTTGTTATTGGTARRAAATGATAR 2061
*® &k EEE EE E * & * & xR EEEEETEETETE EE EEE EE
mMOUSE =  smsmeeesesessssssssssee—————— TTCTCTGTTGCTTA-~--ATCTAGAGCTATGCA 1853
human = = = —--eceeaaa TTCTTTGTiéCTTA---ATCTAGAGCTATGCS 1871
zebrafish TAATCCATAACAARARAAAAGTTTTGTTTTTTTTTGTIGCTTCTGTACTTAGAGCTATGCR 2121
%k kEEEEEREE * kEREEREEREEREEEE
mouse CACCARATTGCTGAGATGTTTAGTAGCTGATAAAGARACCTTT-~AARARATTATATARR 1911
human CACCAAATTGCTGAGATGTTTAGTAGCTGATAAAGARACCTTTTARARARATARTATARR 1931
zebrafish CACCARATCACTAAGATGTTGAATAGTTATTATAACGARGTC-~--ARATARATACCTTACC 2178
EEEETEERETE EE EEEETEEET K EEET X EE E =% EE EEEE = E
human = = =  ——ccceeeeee—- GTGTGCCCACCCG-~--TGTTCTCC-TCC TGCTGTCGGGCAAGATA |44
mouse === ==—=—e——————— ATTTGCCCTTCTGCTGTGCTCTCC~TCC TGTTGTTGGACAAGAGé]47
zebrafish AATCCCTCGGAGAAGTGCTT-CGTGTCCCGTTCCCCGTCCCCCCGCCGTTCC~-TGCACCA/58
*kK * * Kk kk KKKk * k% *
human GCTCCTTCATGCTTTTCTCATGGTATTATCTAGTAGGTCT-GCACACATA~-ACACACATC 102
mouse GCTCCTTCATGCTTCTCTCATGGTATTACCTAGTAGGTCTTGCACATACACACACACACA 107
zebrafish GTGCACATGTGCTTTCACCACGGTATT~-~-~-CGGCCCGACCGGCTCGCACACATGCACTTC 115
* * *hkkkk *k kkkkk*k * * * *k * * * * * k*
human CTTGTAAAACTGTGACATTCCACAGAGTTACTGCCACGGTCCTTT-)---GAGTGTCAGGC 401
mouse CTTGTAAAACTGTGACATTCCACAGAGCTACTGCCACAATCCTTTCI'TAGGGTGTCAGGC 458
zebrafish GATGAAATTTCTTAAGGTTTTCAGTCATCTGTGTGTCCATGCTCTCI----GTGTTTTAC 414
*k kK * * k% *k * Kk kk *kkk *
human AAAAG-TGCAGTAGTH( ﬁ'CAC TTTTTTC CTGTCAATATATAGI@ ACTTCTAAATCATAATC 756
mouse AAAACCTGCAGCTGTGTCACCTTCTTTCTGTCAACCTACAGA-~-CTTACTGATTATAATC 799
zebrafish ACAAAATAGTGCCACACTTTTTATTTTCTGTACATCTGCGAARATGTGTCAGTTGGTGTAA 757
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Figure 22. Conservation of snap-25 3' UTR sequences.

The 3' UTRs from mouse, human and zebrafish snap-25a (A) and snap-25b (B) are
shown with the MRE:s that pair with miR-153 boxed in green. Conserved nucleotides are
marked by asterisks. The exact pairings between the MREs and miR-153 are shown in
Figure 2 and Figure S3. Despite different levels of conservation, both MREs in snap-25a
pair extensively with miR-153 in the seed region.
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Figure 23. miR-153 targets snap-25a

(A) GFP reporter constructs were created by fusing the reading frame of GFP to the snap-
25a 3’UTR. Two predicted miRNA recognition elements (MREs) were identified in the
snap-25a 3’ UTR. The miR-153 sequence is indicated in red and the corresponding snap-
25a UTR sequence is shown in green. (B) Single cell zebrafish embryos were injected
with mRNAs derived from GFP reporters lacking a UTR (GFP), fused to the full length
snap-25a UTR (+snap-25), or mutant versions of the snap-25a UTR lacking individual
MREs (snap-25aAMRE]1 and snap-25aAMRE2) or both MREs (snap-25aAMRE1&2).
Embryos were injected in the presence or absence of exogenous miR-153 or morpholinos
against miR-153 (miR-153"°). Fluorescence levels were examined at 1dpf. Clusters of
embryos (~60) are shown as well as a high magnification image of a single representative
embryo. (C) Lysates from ~100 embryos were prepared from embryos treated as in B
and GFP protein levels were determined by western blotting using antibodies against
GFP or control antibodies against a-tubulin. (D) Quantitation of westerns was performed
with a paired Student’s t-test (n=5).

Figure 24 miR-153 targets snap-25b.

(A) GFP reporter constructs were created by fusing the reading frame of GFP to the
snap-25b 3’UTR. Three predicted miRNA recognition elements (MREs) were identified
in the snap-25b 3° UTR. The miR-153 sequence is indicated in red and the corresponding
snap-25a UTR sequence is shown in green. (B) Single cell zebrafish embryos were
injected with mRNAs derived from GFP reporters lacking a UTR (GFP), fused to the full
length snap-25b UTR (GFP+snap-25b), or mutant version of the snap-25b UTR lacking
all MREs (GFP+snap-25bAMRE1, 2&3). Embryos were injected in the presence or
absence of exogenous miR-153 or morpholinos against miR-153 (miR-153"°).
Fluorescence levels were examined at 1dpf. Clusters of embryos (~30) are shown. (C)
Lysates from ~100 embryos were prepared from embryos treated as in B and GFP protein
levels were determined by western blotting using antibodies against GFP or control
antibodies against a-tubulin.
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We next tested whether miR-153 targets endogenous snap-25. Single cell
embryos were injected with either miR-153 or antisense morpholinos followed by western
blots on pooled 1 dpf embryo lysates using antibodies against SNAP-25. Titration
experiments were performed to optimize the levels of injected reagents (Figure 25, 26).
After optimization, protein levels were analyzed and fold changes in expression were
determined compared to the amounts detected in noninjected controls (NIC) (Figure 27).
Under these conditions, excess miR-153 led to a ~50% decrease in SNAP-25 levels
whereas knockdown of endogenous miR-153 increased SNAP-25 levels ~2-fold. To test
for specificity we co-injected embryos with combinations of miR-153, snap-25a,b
mRNAs, or morpholinos against both (Figure 27). Injection of mRNAs encoding snap-
25a,b resulted in a 2-fold elevation in SNAP-25 levels whereas injection of morpholinos
that block the translation start site of snap-25 led to a ~50% decrease in SNAP-25 levels.
Importantly, co-injection of combinations of RNAs and morpholinos could suppress these
effects and rescue SNAP-25 levels (Figure 27). For both suppression experiments, the
effects were dose dependent. Even though snap-25a was more effective than snap-25b at
rescuing endogenous SNAP-25 levels, combinations of both were most effective (Figure
27). These results indicate specific targeting of snap-25 by miR-153. Although miR-153
is likely to have additional targets, the ability to specifically rescue the effects of
overexpression and knockdown of both miR-153 and snap-25 indicates that the effects we

observe are specific to targeting of snap-25 by miR-153.
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Figure 25. Dose-dependent rescue of miR-153 knockdown

(A) Single cell embryos were injected with a constant level of miR-153"° and increasing
amounts (increments of 2ng) of snap-25"*. Embryo lysates from ~60 embryos in each
group were prepared and SNAP-25 protein levels determined by western blotting. (B)
Quantitation of westerns (n=3) from A. The grey circle represents the amount of snap-
25M° (10 ng) used in co-injection rescue experiments.
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Figure 26. Dose-dependent rescue of miR-153 over-expression

(A) Single cell embryos were injected with a constant level of miR-153 and increasing
amounts (increments of 50 pg) of snap-25a, snap-25b, or snap-25a&b mRNA. Embryo
lysates from ~60 embryos were prepared from embryos in each treatment group and
SNAP-25 protein levels were determined by western blotting. (B) Quantitation of
westerns (n=3) from A. The grey circles represent the amounts used in co-injection
rescue experiments (75 pg each of snap-25a and b, 250 pg of snap-25a, and 300 pg of
snap-25b).
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Figure 27. miR-153 regulates endogenous snap-25a expression

(A) Embryo lysates were prepared from either NIC embryos or embryos injected with
miR-153, miR-153"°, mRNAs encoding snap-25a and snap-25b, morpholinos against
snap-25, or combinations thereof, as indicated. Western blots were performed using
antibodies against SNAP-25 and a-tubulin. (B) Quantification of SNAP-25 levels from
the western blots (n=3) shown in A. Significance was determined by a two-tailed
Student’s t-test. Error bars show s.e.m.

84



miR-153 regulates snap-25 to control movement

Because we could specifically suppress the effects of overexpression or knockdown
of miR-153 by co-injection of either snap-25a,b mRNA or morpholinos against snap-
25a,b, we next sought to test whether the movement defects caused by altered miR-153
levels could likewise be rescued in a snap-25 dependent manner. Embryonic movements
were quantitated at 24 hpf after injection of antisense morpholinos against snap-25
(snap25™°) or with snap-25a,b mRNAs (Figure 21; Supplemental Movie 1). Knockdown
of snap-25 resulted in dramatically decreased embryonic movements, similar to
overexpression of miR-153 (Figure 21). In contrast, overexpression of snap-25a,b
increased movement approximately 5-fold over control NIC embryos (Figure 21). For
rescue experiments, co-injection of snap-25a,b mRNA with miR-153 restored near
normal movement (Figure 21; Supplemental Movie 1). Similarly, co-injection of
morpholinos against both snap-25 and miR-153 also restored normal movement (Figure
21; Supplemental Movie 1). Thus, not only were SNAP-25 protein levels restored to
normal, but also movement defects were suppressed, demonstrating specific targeting of
snap-25 by miR-153.

SNAP-25 is a known target of Botulinum neurotoxin (BoNT) proteases A and E

(Blasi et al., 1993; Schiavo et al., 1993). If miR-153 is targeting snap-25, the effects of
increased miR-153 should mimic the effects of BONT A. To test this prediction, injected
zebrafish were exposed to BoNT A for 30 minutes at 27 hpf. One hour later, western
blots were performed on pooled protein samples to determine whether it was possible to
rescue SNAP-25 over-expression phenotypes associated with miR-153 knockdown or

injection of snap25a,b mRNAs. Exposure to BONT A dramatically reduced SNAP-25
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levels, recapitulating the effects of miR-153 knockdown and over-expression (Figure
28A,B). For movement, exposure to BONT A suppressed the hyperactive phenotypes
observed after injection with MOs against miR-153 or overexpression of snap-25a&b
mRNAs (Figure 28C; Supplemental Movie 1). Together, these experiments strongly
support the conclusion that miR-153 specifically targets snap-25 to regulate embryonic

movement.
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Figure 28. miR-153 mimics the effects of BoNT A.

(A) Single cell embryos were injected as indicated and then at 27 hpf, exposed to
Botulinum neurotoxin A (BoNT) for 30 minutes. After recovery for 1 hour, western blots
were performed on embryo lysates using antibodies against SNAP-25 or a-tubulin. (B)
Quantitation of SNAP-25 levels from A, n=3. ** p<0.01 (C) Embryonic movement in
the presence or absence of BONT A. The number of twitches per minute was counted as
in Fig. 1 for embryos treated as indicated. Significance was determined by comparing

mock embryos to all other conditions using ANOVA with Dunnett’s post-test, n=15. *,
p<0.05.
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miR-153 regulation of motor neuron development

SNAP-25 is a well-characterized t-SNARE protein, with an established function
in vesicular exocytosis (Jahn and Scheller, 2006; Sudhof and Rothman, 2009; Wickner
and Schekman, 2008). In the developing nervous system, the SNARE complex mediates
vesicular membrane addition driving neurite outgrowth and morphological patterning
(Hepp and Langley, 2001; Jahn and Scheller, 2006; Sudhof and Rothman, 2009; Wickner
and Schekman, 2008). Moreover, DCV-mediated release of signaling proteins and
growth factors is important for axon guidance, path finding, and morphological
development (Asakura et al., 2010; Cohen-Cory et al., 2010; Lu, 2003; Mai et al., 2009).
We therefore sought to determine whether snap-25 regulation by miR-153 would alter
neuronal morphogenesis. Because zebrafish motor neuron development is well
characterized (Appel et al., 1995; Eisen, 1991; Eisen et al., 1986; Lewis and Eisen, 2003;
Myers et al., 1986; Westerfield et al., 1986), we decided to focus on the effects of miR-
153 on motor neurons during early zebrafish development.

We first injected miR-153 or morpholinos against miR-153 to observe the effects
on the development and morphology of motor neurons in a transgenic zebrafish line in
which motor neurons are specifically labeled with RFP (Tg(mnxI:TagRFP-T) (Arber et
al., 1999; Tanabe et al., 1998). Perturbation of miR-153 levels caused striking changes in
motor neuron structure and branching (Figure 29A ,B). Compared with NICs,
overexpression of miR-153 dramatically changed the axonal architecture with significant
decreases in branch numbers and length (Figure 29C, D). Knockdown of miR-153
resulted in completely opposite effects with increased motor projection architectural
complexity, increased axonal length, and increased branch numbers (Figure 29B-D). To

test whether the effects were specific, we conducted rescue experiments, as above.
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Injection of snap-25a,b mRNA or morpholinos against snap-25a/b produced virtually the
same phenotypes observed in embryos subjected to miR-153 knockdown or
overexpression, respectively. In contrast, co-injection of miR-153 and snap-25a,b
mRNAs or morpholinos against miR-153 and snap-25a,b almost completely restored the
normal patterning and branching of motor neurons (Figure 29B-D). These results
indicate that miR-153 regulates motor neuron development via control of snap-25a,b.

To further dissect the function of miR-153 on motor neuron development,
immunofluorescence was performed on whole-mount zebrafish embryos (55hpf) with
antibodies that label primary (Znp-1 or anti-synaptotagmin 2) or secondary (Zn-8 or
Alcama) motor neurons (Trevarrow et al., 1990). Compared to NIC embryos, a striking
difference in primary motor neuron axon architecture was observed with both miR-153
overexpression (miR-153) and knockdown (miR-153"°)(Figure 30). A significant
decrease in branching was observed in miR-153 injected embryos whereas knockdown of
miR-153 caused a dramatic increase in branching. Likewise, injection of snap-25a,b
mRNA led to increased axonal growth and branching in primary motor neurons whereas
knockdown of snap-25a,b caused decreased outgrowth and branching (Figure 30). Co-
injection experiments showed that snap-25a,b mRNA and morpholinos against snap-25
could partially counteract the effects of the corresponding gain and loss of miR-153.

For secondary motor neurons, rostral axon outgrowth was similarly stunted and/or
irregularly spaced by miR-153 overexpression and slightly elongated by miR-153
knockdown (Figure 31). Differences in the caudal region were minimal compared to
earlier developing rostral neurons, possibly reflecting temporal limitations to injection
experiments or perhaps increased vulnerability of rostral motor neurons to altered SNAP-

25 levels. Focusing on rostral effects, injection of snap-25a,b mRNA phenocopied miR-
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153 knockdown and injection of morpholinos against snap-25 resulted in patterns that
closely resembled miR-153 overexpression. Co-injection of morpholinos against both
miR-153 and SNAP-25 largely restored normal secondary motor neuron patterning,
although the injection of snap-25a,b mRNAs was not as effective at rescuing the defects
that resulted from miR-153 overexpression (Figure 31). This may indicate a possible
additional function for miR-153 in regulating axonal growth and patterning during

secondary motor neuron development.
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Figure 29. miR-153 regulates the morphology and structure of motor neurons

(A) A transgenic zebrafish line, Tg(mnxI:TagRFP-T)), that expresses RFP in motor
neurons was used to monitor the effects of altered levels of miR-153 and snap-25 at 55
hpf. For all confocal images, developing motor neurons were examined from the same
somites, as indicated. (B) Morphology of developing motor neurons under each of the
indicated conditions. Arrows indicate increased branching after knockdown miR-153
(miR-153"°) or overexpression snap-25a,b mRNA. Arrowheads indicate the structural
defects after miR-153 overexpression or knockdown of snap-25a,b (snap-25a,bM0). Scale
bar: 20um. (C) Quantification of motor neuron axonal branch number under the different
conditions shown in (B). Error bars show s.e.m. Significance was determined using
ANOVA with Dunnett’s post-test, n=5. *, p<0.01; **, p<0.005. (D) Quantification of
motor neuron axon length relative to uninjected control under the different conditions

shown in (B). Error bars show s.e.m. ANOVA with Dunnett’s post-test, n=5. *, p<0.05;
kk
,p<0.01.
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Figure 30. miR-153 regulates primary motor neuron development

(A) Immunofluorescence performed on whole mount zebrafish embryos at 55 hpf using
Znp-1 antibodies to label primary motor neurons. Confocal images were acquired from
the same somites for all embryos, as indicated. (B) Effects on primary motor neuron
structure and branching under the indicated conditions. Scale bar: 40um.
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Figure 31. miR-153 regulates secondary motor neuron development

(A) Immunofluorescence was performed on whole mount zebrafish embryos at 55 hpf
using Zn-8 antibodies to label secondary motor neurons. Confocal images were acquired
from the same somites for all embryos, as indicated. (B) miR-153 knockdown (miR-
153"°) and snap-25a,b overexpression significantly increased the growth of secondary
motor neuron axons (arrows). Overexpression of miR-153 or knockdown of snap-25a,b
(snap-25a,b™°) caused severe defects in axon development and architecture (asterisks).
Scale bar: 40um.
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Expression of miR-153 in Motor Neurons

To ensure that the effects of miR-153 on motor neuron patterning were due to
expression of miR-153 in these cells, we FACS sorted cells from the trunks of 52 hpf
(Tg(mnxI:TagRFP-T) embryos and conducted RT/qPCR. As shown in Figure 32, there
was a greater than 10-fold enrichment for miR-153 in RFP+ cells compared to RFP- cells.
Prior work had shown that miR-153 is expressed in the brain and spinal cord but these

results show that miR-153 is expressed in developing motor neurons.
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Figure 32. miR-153 is expressed in motor neurons.

To enrich for motor neurons, heads were removed from 52 hpf embryos just posterior to
the otic vesicle and trunks were dissociated to facilitate sorting of RFP+ and RFP- cells.
RNA was isolated from these cell fractions and RT/PCR was performed to determine
miR-153 levels relative to U6 snRNA. Significance was determined by a two-tailed
Student’s t-test with the error bars representing s.e.m.; p<0.02.
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miR-153 regulates vesicular exocytosis to control signaling

Since SNAP-25 has a well-established function in the fusion and release of
numerous vesicle types, we next examined the role that miR-153 plays in modulating
exocytosis. Owing to the core role of miR-153 in movement control, we first focused on
synaptic activity at the neuromuscular junction (NMJ) in zebrafish embryos. For this
analysis, we measured synaptic vesicle (SV) cycling using the styryl dye, FM1-43
(Gaffield and Betz, 2006; Li et al., 2003). At 55 hpf, embryonic NMJs were imaged with
Alexa 594-conjugated o-bungarotoxin (a.-Btx) to label postsynaptic acetylcholine
receptor (AChR) clusters, while monitoring FM1-43 uptake into NMJ presynaptic
boutons (Figure 33). The terminals were acutely depolarized for 5 minutes with high
[K"] saline (45 mM) to drive the SV cycle and load FM1-43, whereas only weak loading
was evident in low [K"] conditions. In non-injected controls, fluorescence was observed
along terminal axon branches with intense staining at individual synaptic varicosity
boutons (Figure 33A). Compared to NIC labeling, miR-153 overexpression resulted in a
significant decrease in FM1-43 loading in presynaptic terminals, indicating slowing of
the SV cycle (Figure 33B). In sharp contrast, knockdown of miR-153 showed a
significant increase in FM1-43 loading, indicating an elevated SV cycling rate (Figure
33C). The significant difference between miR-153 knockdown and overexpression
conditions indicates that miR-153 plays an important role in controlling the rate of vesicle
cycling (Figure 33D). Together, these results reveal a key function for miR-153 in the
control of presynaptic vesicle release at the embryonic NMJ, consistent with a role for
miR-153 in the regulation of embryonic movement. The overall effects on movement are
therefore a combination of effects on motor neuron development and patterning as well as

overall exocytotic activity.
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Figure 33. miR-153 regulates synaptic activity at the neuromuscular junction

(A) FM1-43 loading of neuromuscular junction (NMJ) boutons in 55hpf fish embryos.
(B) Postsynaptic clusters of AChRs were labeled with Alexa 594-conjugated -
bungarotoxin. Overexpression of miR-153 caused decreased FM1-43 loading, indicating
down-regulation of the synaptic vesicle cycle within NMJ boutons (arrowheads). (C)
Knockdown of miR-153 (miR-153"°) promoted greater uptake of FM1-43 dye, indicating
increased synaptic vesicle cycling. Scale bar: 10um. (D) Quantification of FM1-43

fluorescent intensity with a paired Student’s t-test. Error bars show s.e.m. *p<0.01;
*#p<0.02.
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SNAP-25 has a highly conserved role mediating vesicular fusion in both neurons
and other neurosecretory cells where it is critical for DCV release (Burgoyne and
Morgan, 2003). To test whether miR-153 plays a role in this secretory context, we
examined exocytosis in a rat neuroendocrine pituitary cell line (GH4C1) expressing
human growth hormone (hGH) (Kannenberg et al., 2007). Release of hGH in these cells
provided a functional readout of exocytic activity (Figure 34). GH4C1 cells were
therefore transfected with miR-153, morpholinos against miR-153/snap-25, or vectors
expressing snap-25a,b, followed by determination of hGH levels in the media by ELISA.
Overexpression of miR-153 and knockdown of snap-25a,b (snap—25a,bM0) reduced the
levels of hGH to below the amount detected in culture media from mock transfected cells
(Figure 34). In sharp contrast, knockdown of miR-153 and overexpression of snap-25
both significantly increased the amount of secreted hGH 8-10 fold over the mock
transfected control (Figure 34). The differences observed due to perturbation of miR-153
levels in the GH4C1 cell line compared to embryonic NMJs are most likely due to
differences in the efficiency of miR-153/miR-153"° delivery between the two
experiments, as well as developmental differences. Nevertheless, the effects in this case
were fully suppressed by co-expression of either miR-153/snap-25a,b mRNA or MOs
against miR-153/snap-25a,b, demonstrating specific regulation of snap-25 by miR-153.
These data strongly support the conclusion that miR-153 functions to precisely control

SNAP-25 levels to regulate vesicle exocytosis.
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Figure 34. miR-153/snap-25 regulates vesicular exocytosis

GHA4C1 cells stably expressing human growth hormone (hGH) were transfected, as
indicated. The effects of exogenous expression on hGH levels secreted into the culture
media were determined by ELISA using hGH antibodies. Significance was determined
by comparing mock transfected to all other treatments using ANOVA with Dunnett’s
post-test. Error bars show s.e.m. *, p<0.01.
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Discussion

In this study, we show that miR-153 regulates the critical core SNARE
component, SNAP-25, to modulate exocytosis and neuronal development. Increased
miR-153 levels cause decreased SNAP-25 expression resulting in decreased embryonic
movement, decreased neuronal secretion, and decreased neuronal growth/branching.
Conversely, miR-153 knockdown causes elevated SNAP-25 expression resulting in
hyperactive movement, increased neuronal secretion, and increased neuronal
growth/branching. Accumulating evidence suggests that SNAP-25 misregulation plays a
role in numerous human disease states including ADHD, schizophrenia, bipolar I
disorder, Huntington’s Disease, Alzheimer’s Disease, and diabetes (Gray et al., 2010).
Regulated expression of miR-153 provides an attractive model to mechanistically explain

tight control of SNAP-25 levels.

SNAP-25 Functions during Development

It is well established that axon outgrowth during neuronal development occurs via
SNARE-dependent addition of membrane for growth cone extension (Hepp and Langley,
2001; Kimura et al., 2003). Axonal growth, pathfinding, and target recognition are
secondarily modulated by SNARE-dependent release of developmental signals via dense
core vesicle (DCV) exocytosis (Igarashi et al., 1996; Igarashi et al., 1997; Martinez-Arca
et al.,2001; Osen-Sand et al., 1993; Osen-Sand et al., 1996; Zhou et al., 2000). The
outgrowth of both axons and dendrites is blocked by Botulinum neurotoxins A and C1,
proteases specific for SNAP-25, demonstrating a direct role of SNAP-25 in neuronal
morphogenesis (Grosse et al., 1999; Igarashi et al., 1996; Osen-Sand et al., 1996).

Likewise, inhibition of SNAP-25 by antisense oligonucleotides blocks axonal outgrowth
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(Osen-Sand et al., 1993). In stark contrast, neuronal outgrowth was surprisingly not
inhibited in SNAP-25 null mice (Washbourne et al., 2002). The explanation for this
inconsistency is not clear. Our results show a clear requirement for SNAP-25 in motor
neuron outgrowth and branching in zebrafish. It is possible that the requirement for
SNAP-25 may be species specific but we found that altered levels of miR-153 caused
similar branching defects in rat PC12 cells as observed in zebrafish motor neurons,
strongly arguing against this (data not shown). Perhaps the differences are due to cell-
specific requirements for SNAP-25. In the retina, for example, SNAP-25 is expressed in
a dynamic spatiotemporal pattern and such differential expression may underlie specific
development of cholinergic amacrine cells and photoreceptors (Greenlee et al., 2002).
An intriguing possibility based on the results presented here is that developmental, stage-
specific and/or cell-specific expression of miR-153 may similarly regulate SNAP-25

levels, which then drives developmental and cell-specific effects.

SNAP-25 in Synaptic Vesicle Exocytosis

SNAP-25 is one of three SNARE proteins that contribute a-helices that mediate
fusion between synaptic vesicles and presynaptic membranes (Jahn and Scheller, 2006;
Sudhof and Rothman, 2009). Blockage of synaptic transmission by Clostridium and
Botulinum neurotoxins first established that SNARE proteins are critical for
neurotransmitter release (Schiavo et al., 2000). Cleavage of SNAP-25 by Botulinum
neurotoxin A causes a paralytic phenotype that resembles the loss of movement we
observe in zebrafish embryos expressing excess miR-153. SNAP-25 haploinsufficient
mice show no observable phenotypic defects but complete loss of SNAP-25 blocks

evoked synaptic transmission (Washbourne et al., 2002). Moreover, overexpression of
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SNAP-25 inhibits normal calcium responsiveness and can impair memory-associated
synaptic plasticity (McKee et al., 2010). These findings suggest that modulation of
SNAP-25 levels are important for overall SNARE function, especially in generating
differences in calcium dependence between neuronal and non-neuronal secretory
vesicular fusion events. Matteoli and colleagues (2009) have shown that SNAP-25 is
differentially expressed between excitatory glutamatergic and inhibitory GABAergic
neurons in a developmental-specific manner (Matteoli et al., 2009). These results remain
controversial, as earlier studies did not observe this difference, but the data are consistent
with an important role for SNAP-25 as a required component for both glutamatergic and
GABAergic transmission (Delgado-Martinez et al., 2007; Tafoya et al., 2008).
Mechanisms for how SNAP-25 levels might be regulated in a development- and/or cell-
specific manner are uncertain, but our data strongly support miRNA regulation as a likely
candidate and a critical mechanism controlling SNAP-25 levels. A recent report
describing the effects of chronic overexpression of SNAP-25 in the rat dorsal
hippocampus demonstrated the critical importance of controlling SNAP-25 levels
(McKee et al., 2010). Elevated expression of SNAP-25 produced increased levels of
secreted glutamate with cognitive deficits similar to those observed in ADHD and
schizophrenia. We propose that miR-153 control of SNAP-25 levels allows for precise

regulation of SNAP-25 during development and exocytosis.

miRNAs Regulation of Neuronal morphogenesis and Synaptic Activity
Localized translation control in synaptic dendrites is common, requiring
repression of mRNA translation during transport. miRNA mediated inhibition of

translation is an attractive mechanism that can precisely control gene expression in
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neurons. Consistent with this hypothesis, many miRNAs are neuron or brain specific
(Bicker and Schratt, 2008). Moreover, the effector complexes that carry out repression of
translation (RNA Induced Silencing Complexes; RISCs) are composed of several
subunits that have been implicated in both neuronal function and disease (Ashraf et al.,
2006; Schratt, 2009; Vo et al., 2010). For example, nervous system specific miRNAs
have been shown to regulate the maturation of dopamine neurons in the midbrain as well
as control serotonin transport by regulating the serotonin transporter (Baudry et al., 2010;
Kim et al., 2007). Likewise, miR-1, miR-124, miR-125b, miR-132, bantam, miR-34 and
the miR-310 cluster have all been implicated in the modulation of synaptic homeostasis
(Agostini et al., 2011; Impey et al., 2010; Parrish et al., 2009; Rajasethupathy et al., 2009;
Simon et al., 2008; Tsurudome et al., 2010; Wayman et al., 2008). Similarly, synaptic
plasticity is reportedly regulated by miR-134 through targeting of SIRT1 or Limk1, which
control dendritic spine morphogenesis (Gao et al., 2010; Schratt et al., 2006). In addition,
miR-124 in retinal ganglion cell growth cone was shown to act through CoREST to
regulate the intrinsic temporal sensitivity to Sema3A, a guide cue during axonal
pathfinding and morphogenesis (Baudet et al., 2012). Our work demonstrates that miR-
153 1s a member of this subset of miRNAs implicated in neuronal function but by a
distinctly different mechanism through targeting of snap-25. miR-153 also likely targets
other mRNAs (Doxakis, 2010), but SNAP-25 regulation alone is required and sufficient
to explain the role of miR-153 regulation of movement, motor neuron morphogenesis,

and SNARE-mediated secretion.

Materials and Methods
Ethics Statement
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The Animal Care and Use Committee monitors all animal care and research at Vanderbilt.
Vanderbilt University has on file with the Office for Protection from Research Risks of
the NIH an Assurance of Compliance with Public Health Service regulations and
requirements and provisions of the Animal Welfare Act. All zebrafish experiments in

this paper were approved by the Vanderbilt University Institutional Animal Care and Use
Committee (IACUC) under protocol M-09-398. In accordance with that protocol, all
necessary means were taken to avoid pain. For any manipulations that might induce pain,
animals were anesthetized with a 0.15% solution of Tricaine (3-amino-benzoic

acidethylester). The approved method for euthanizing zebrafish is incubation in ice water.

Microinjections
Single cell zebrafish male and female embryos were injected with 200pg of miR-153, 5Sng
each of miR-153"° and miR-153""""° and/or 100pg of in vitro-transcribed, capped GFP
reporter with or without the snap-25a or b 3’UTR. Zebrafish snap-25a,b 3> UTR
sequences were amplified by PCR and subcloned downstream of the GFP ORF in pCS2+
(Rupp et al., 1994). Rescue experiments used injection of 3ng of snap-25°“"™° and snap-
257VTRMO '150pg of snap-25a,b mRNA, 250pg of snap-25a mRNA, or 300pg of snap-25b
mRNA without 3’UTRs.

Two different morpholinos against miR-153 were utilized. One was perfectly
complementary to the mature sequence; the second was complementary to a portion of
the mature sequence and then extending into the precursor loop. Targeting of snap-25a,b

mRNAs was performed using morpholinos against the region including the start codon.

Botulinum Toxin Analysis
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Embryos injected at the 1-cell stage were treated with purified Botulinum neurotoxin A
(Metabiologics, Inc., Madison, WI). Initial titration experiments were performed testing
arange of BONT A concentrations with final selection of 1ng per 10 ml of water for 30
minutes at either 24-hpf or 48-hpf. Embryos were washed 10 times in fresh water and the
allowed to recover for 1 hour prior to protein extraction or video capture to monitor

movement.

qRT-PCR and Northern Blots

Total RNA extracted from both RFP+ and RFP- cells were reverse transcribed (Tagman
RT kit, Life Technologies, NY). qPCR reactions were carried out using Tagman miRNA
assays (Life Technologies, NY) using the CFX96 Real-time PCR system (Bio-Rad), as
previously described (Wei et al., 2012). Northern blots were also performed as described

(Flynt et al., 2007; Sempere et al., 2003).

Western Blots

Embryos were dechorionated, deyolked, and sonicated in lysis buffer as described (Flynt
etal., 2007). Approximately 100 embryos were pooled and one-tenth of the resulting
samples were loaded into each lane. Membranes were probed with antibodies against o-
tubulin (Abcam, ab15246), GFP (Torrey Pines, TP401) or SNAP-25 (Alomone Labs).
For detection, anti-rabbit or anti-mouse HRP-conjugated secondary antibodies were used

followed by visualization with ECL.

GFP Reporter Analyses

Reporter analyses and western blots were as described (Flynt et al., 2007). To generate
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the snap-25a,b GFP reporters, the GFP ORF was fused to the 3’ UTR sequence of
zebrafish snap-25a or b. snap-25a,b UTRs were cloned from zebrafish whole embryo
RNA preparations using oligo d(T) primed reverse transcription followed by PCR
amplification with gene specific primers. Images were acquired with a Leica MZFIII
dissecting scope equipped with a fluorescent laser using a Qimaging camera with

Qimaging software and imported into Adobe Photoshop for orientation and cropping.

Immunofluorescence
Embryos were fixed in 4% PFA overnight at 4°C and then permeabilized in 0.5%

TritonX-100 for 60 minutes followed by treatment with protease K (20ug/ul) for 10
minutes at room temperature. Samples were washed in PBT-DMSO before blocking
overnight at 4°C (PBT-DMSO, 2% BSA, 5% goat serum). Primary antibodies (SNAP-
25, 1:1000; SV-2, 1:300; ZNP-1, 1:2000; ZN-8, 1:25) were incubated overnight at 4°C,
washed with PBT-DMSO, and then embryos were incubated with Cy5 or Cy3-conjugated
donkey anti-mouse or rabbit antibodies (Jackson Immuno) for 4 hrs at room temperature.
Before mounting and visualization, embryos were washed with PBT-DMSO. PC12 cells
were fixed in 4% PFA for 15 mins, washed in PBS before incubating with primary
antibodies for 1hr, washed, incubated with secondary antibodies for 1 hr, Hoechst dye for

5 mins, washed, and visualized.

Tissue Dissociation and Motor Neuron Isolation
Tg(mnxl1:TagRFP-T) zebrafish embryos of 52hpf were dechorionated, deyolked and then
dissected just posterior to the otic vesicle to collect the trunks (excluding the hearts).

Tissues were kept in buffer (1xPBS, pH 6.4, 1%BSA) and then dissociated using 16U/ml
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papain and 0.2U/ml Dispase (Worthington, NJ) for 30 mins at 28°C on a rotator. After
complete dissociation of the tissue by careful pipetting up and down, cells were pelleted
at 8000x g for 2mins. Resuspended cells were then treated with Img/ml Leupeptin
(Worthington, NJ) and 100U/ml DNasel (Sigma-Aldrich) in PBS at pH 7.4 containing
2mg/ml MgCl, for 10 mins at room temperature and then kept on ice for RFP+ and RFP-
cell isolation. Gating was based on cell size and fluorescence intensity, determined by

the control sample of dissociated cells from WT fish at the same developmental stage.

FM1-43 Dye Labeling

Embryos at 55 dpf were incubated in HBSS (137mM NaCl, 5.4mM KCl, ImM MgSO,,
0.44 mM KH,PO,, 0.25mM Na2HPO4, 4.2mM NaHCO3, 1.3mMCaCl2, 5mM Na-
HEPES) containing 0.2% Tricaine and glued onto sylgard coated glass chambers before
removing the skin using a glass needle. FM1-43 and a-bungarotoxin (a-Btx) labeling
procedures were as previously published (Li et al., 2003), except the preloading
incubation of FM1-43 dye was omitted and the Advasep incubation period was elongated
to 15 mins. For data analysis, axons with puncta labeled with a-Btx were considered as
synaptic boutons. FM1-43 puncta with sizes of 0.5-2mm were collected for analysis

using Image J.

Cell Culture and ELISA
PC12 cells (ATCC CRL-1721) were maintained using Ham’s F12K media with 15%
horse serum and 5% FBS, and transfected individually or in combination with miRNAs,

mRNAs, and morpholinos. Transfections were performed with 300 nM miR-153,
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biotinylated snap-25 MOs and miR-153 MOs and 1.5 ug of snap-25a,b using
Lipofectamine 2000 (Tsuji et al., 2001). Co-transfection of a GFP plasmid was used to
determine transfection efficiencies. Efficiencies less than 50% were discarded. One day
after transfection, 50ng/ml nerve growth factor was added to media to induce
differentiation. Neurite outgrowth was assayed at day 5 by immunostaining with
antibodies against acetylated o-tubulin. Stably transfected GH4C1 cells were a gift from
Dr. K. Kannenberg (Kannenberg et al., 2007). ELISAs were performed after 5 days of
transfection and human growth hormone was assayed following the Diagnostic Systems

ELISA kit.

Acknowledgments

We thank Drs. Sarah Kucenas, Bruce Appel, and Victor Ambros for critical comments
and suggestions and Dr. Jeff Rohrbough and Dr. Ricardo Pineda for help with the FM1-
43 experiments. We also thank Drs. Li-En Jao and Susan Wente for providing the

mnxl1:TagRFP-T fish.

108



CHAPTER 4:

Regulation of zebrafish pharyngeal arch morphogenesis by miR-27

Chunyao Wei, Nergis Kara and James G. Patton'

Department of Biological Sciences, Vanderbilt University, Nashville, TN 37235 USA

L CW and JGP conceived and designed the experiments. CW and NK performed the
experiments. CW, NK and JGP analyzed the data.

109



Introduction

Correct formation of craniofacial cartilage is a crucial aspect of vertebrate
development. Human birth defects in this process include DiGeorge and Pfeiffer
syndromes (Lindsay, 2001; Wilkie, 1997). In zebrafish, the program of skeletogenesis is
essentially conserved with that of higher vertebrates, but with simpler spatial patterns
involving a smaller number of cells (Yelick and Schilling, 2002). Fate-mapping and
lineage tracing studies in the embryos of fish, amphibians, birds, and mammals have all
shown that the pharyngeal skeleton or “viscerocranium” is derived from cranial neural
crest (CNC) cells originating from the hindbrain (Couly et al., 1993; Lumsden et al.,
1991; Osumi-Yamashita et al., 1994; Schilling and Kimmel, 1994). CNC cells migrate
from the dorsal neural tube in three distinct streams into a series of pharyngeal arches that
eventually give rise to pharyngeal cartilage and bone including the mandible (stream 1),
hyoid (stream 2), and five branchial arches (stream 3). In each arch, a mesoderm-derived
core is surrounded by CNC cells to generate a cylinder-like structure, which is in turn

covered by endodermal- and ectodermal-derived epithelia (Knight and Schilling, 2006).

The fate of CNC cells in the arches is regulated by intrinsic and extrinsic cues.
These include the origin of CNC cells in the neural tube prior to migration, the position in
the arch post-migration, and local interactions with signaling centers such as surface
ectoderm and the pharyngeal endoderm. Nested expression patterns of Homeobox (Hox)
genes in CNC cells along the anterior-posterior axis are necessary to confer positional
identity (Santagati and Rijli, 2003). Along the dorsal-ventral (D-V) axis, Endothelin 1
(Ednl), arising from either the pharyngeal ectoderm or endoderm, functions as a

morphogen to specify D-V identity of CNC cells in each arch (Clouthier and Schilling,

110



2004). In addition, epithelial-mesenchymal interactions between CNC cells and the
pharyngeal endoderm or ectoderm are also very important for CNC-derived cartilage

development and patterning (David et al., 2002; Hall, 1980, 1981; Trumpp et al., 1999).

Studies with specific miRNA and conditional Dicer deletions have revealed that
miRNAs are required for the proper development of a number of tissues including lung,
muscle, skin and limbs (Flynt et al., 2007; Harfe et al., 2005; Harris et al., 2006; Yi et al.,
2009). During vertebrate craniofacial development, deletion of Dicer in NC cells in the
mouse disrupts proper CNC cell and cartilage development (Kobayashi et al., 2008; Zehir
etal.,2010). Several individual miRNAs from different species were reported to
modulate specific signaling pathways in various developmental stages, such as PDGF,
BMP, and Wnt signaling (Eberhart et al., 2008; Ning et al., 2013; Sheehy et al., 2010).
Here, we show that the zebrafish miR-27 family is necessary for pectoral appendage
outgrowth and pharyngeal arch morphogenesis during early development. By regulating
the proper activities of CNC cells during mesenchymal condensation and chondrogenesis,
we show that miR-27 is required for extracellular matrix (ECM) secretion and subsequent

cartilage formation.

Results and Discussion

miR-27 regulates pectoral fin bud outgrowth and craniofacial morphogenesis.

As one of the best-known miRNA families, the miR-27 family is highly conserved
among vertebrates and displays tissue-specific expression patterns (Wienholds et al.,
2005a). In zebrafish, miR-27 expression is restricted to the tail bud of embryos before 24

hours-post-fertilization (hpf), as indicated by high-throughput sequencing and in situ
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hybridization (Wienholds et al., 2005a). Starting from 48 hpf, expression of miR-27
decreases in the tail but becomes detectable in the pharyngeal arches, progressively
increasing in expression thereafter. By 72hpf, miR-27 is readily detectable in the
pharyngeal arches and pectoral fins (Figure 35A,B).

To determine the function of miR-27 during early zebrafish development, we
designed antisense morpholinos (MOs) against miR-27a/b and their corresponding
Drosha cleavage sites for loss-of-function experiments. Morpholinos were injected into
single cell embryos after which development was allowed to proceed for 3 days to
examine possible morphological phenotypes (Figure 35). As shown in Figure 35C,
injection of morpholinos resulted in an approximate 70% loss of miR-27a,b. Despite
some developmental defects observed in the caudal fin and ventral blood vessels,
possibly due to the repression of multiple targets, the major defects we discovered was a
lack of pectoral fins with an associated swimming impairment (Figure 35D-J). Injection
of control MOs did not cause any noticeable morphological defects. However, upon
closer inspection, the pectoral fins of miR-27 morphants were, in fact, initiated, but
developed much smaller in size and seem to lack all endoskeleton elements compared to
wild-type embryos of the same stage (Figure 31F-J). Consistent with this, in situ
hybridization showed the expected expression of multiple transcription factors and FGF
ligands that are required for pectoral fin bud initiation. In almost all cases, the patterns of
expression were indistinguishable between wild-type control fish and the miR-27
morphants, suggesting that miR-27 does not block pectoral fin bud initiation but rather its

outgrowth (Figure 36).
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Figure 35. miR-27 knockdown results in defects of pectoral fin development.

(A-B) miR-27a is expressed in the pharyngeal arches at 72 hpf. (C) Injection of miR-27
MOs (MO27) leads to efficient knockdown of endogenous miR-27. (D-G) The
phenotypes of miR-27 knockdown fish at 3 dpf. (F-G) High magnification images of fish
indicated in (D and E) after removal of the yolk. (H-J) Whole mount embryos at 4 dpf
were stained with alcian blue with the pectoral fins indicated in (H) enlarged in (I and J).
ed, endodermal disc; sc, scapulocoracoid; pc, postcoracoid; cl, cleithrum.
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Figure 36. Loss of miR-27 does not affect tbx5 and fgf ligand expression.

(A) tbx5 and fgf signaling pathways are essential for pectoral fin bud initiation. (B)
Expressions of tbx5 and fgf24 between wild-type fish and miR-27 knockdown fish are
indistinguishable at 26 hpf. (C) Expression of tbx5, fgf10 and fgf8 are not changed
between wild-type and miR-27 knockdown fish.
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Besides defects in pectoral fin outgrowth, we also noted defects in jaw formation.
Compared to wild-type control fish at 4dpf, miR-27 morphant fish at the same age lacked
a lower jaw (Figure 37A,B). To gain insight into overall craniofacioal defects, we stained
miR-27 morphants with Alcian blue at 4 dpf which showed a total loss of cartilage in the
pharyngeal arches as well as the pectoral fins (Figure 37C-F). In addition, knockdown of
miR-27 resulted in an abridged palate in the upper jaw, where the bilateral trabeculae
were joined in the midline but the ethmoid plate did not extend properly (Figure 37D,F).
Consistent with the loss of cartilage, the expression of col2ala, a major component of
ECM in cartilage, was abolished in miR-27 knockdown fish (Figure 37G-J). At 5 dpf, the
cartilaginous elements of each arch were still defective in miR-27 knockdown fish. In
contrast, over-expression of miR-27 did not disrupt embryogenesis although we detected
severe edema at higher concentrations (data not shown). The loss of function defects in
both the pectoral fins and craniofacial development suggest that miR-27 plays a major

role in controlling cartilage formation.

Overexpression of miR-27

The expression of miR-27 is precisely regulated during development. Prior to 24
hpf, the expression of miR-27 is restricted to undefined areas of the tail bud. Starting at
36 hpf, expression of miR-27 can be detected in the future jaw (Figure 38A,B). However,
overexpression of miR-27 by injection into single-cell embryos did not cause any
dramatic morphological defects in the jaw and the major cartilage elements are intact and
appropriately positioned (data not shown). In addition, injection-mediated
overexpression could easily cause off-target effects in many tissues where miR-27 is not

supposed to be expressed during development. This is similar to the effect of wnt9a,
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Figure 37. Knockdown of miR-27 leads to the loss of pharyngeal arch extracellular

matrix.

(A, B) miR-27 morphants lack a lower jaw, as indicated with the black arrows. (C-F)
Zebrafish embryos at 4 dpf were treated with alcian blue to stain the ECM. (E-H) Expression
of col2ala, the major component of ECM, is lost in the pharyngeal arches (white arrows)
upon knockdown of miR-27 at 50 hpf (G, H) and 72 hpf (I, J) using whole-mount in situ

hybridization.
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which is also required for zebrafish craniofacial development (Curtin et al., 2011). To
overexpress miR-27 endogenously in a time- and tissue-specific manner, we created
transgenic fish expressing miR-27 driven by either the sox/0 or the hsp70 heat shock
promoter. We have been able to demonstrate successful overexpression of miR-27 upon
heat shock by using in sifu hybridization at 72 hpf (Figure 38C-F), but miR-27
overexpression with sox/0 promoter remains to be validated. We plan to use these fish to
examine the effects of miR-27 on the expression of transcriptional factors and molecular
markers related to CNC in different stages of CNC cell condensation and chondrogenesis.
By comparison to miR-27 knockdown fish, we expect to identify the exact stages at

which miR-27 is required and the specific genes that are regulated by miR-27.

3dpf
hsp70:miR27-egfp

Figure 38. In situ hybridization for miR-27.
(A-B) Expression of endogenous miR-27 in zebrafish embryos at 36 hpf and 48 hpf. (C-
D) Overexpression of miR-27 in Tg(hsp70: miR27-egfp) and wild-type fish. (E-F) High

magnification images focusing on the heads of wild-type and Tg(hsp70: miR27-egfp)
fish. Black arrowheads indicate expression of miR-27 in the pharyngeal arches.
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Figure 39. miR-27 is required in post-migratory CNC cells.

(A-B) Tg(sox10:mRFP) transgenic embryos were injected with either control or miR-27 MOs
and monitored from 18 hpf to 48 hpf (A) and 53hpf to 80 hpf (B). Numbers indicate positions
of CNC cell populations or the developing arches. Images show the lateral side of the fish,
with the head on the right side. ov, otic vesicle. (C) In situ hybridization of dix2a and sox10 in
control embryos and miR-27 knockdown embryos at 16 hpf and 22hpf.
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miR-27 is required in post-migratory CNC cells

Craniofacial development depends on proper migration and development of
cranial neural crest cells. In order to examine the role of miR-27 during CNC migration,
we monitored morphology of growing arches over time using 7g(sox!0:mRFP)
transgenic embryos following miR-27 MO and control MO injections (Kucenas et al.,
2008). During early embryogenesis, CNC cells before and during migration were not
affected by the reduction of miR-27. The earliest time point where miR-27 morphants
start to show different phenotypes from the control MO is 48-53 hpf, when CNC cell
migration into the developing arches is largely accomplished (Figure 39A,B). This
indicates that perturbation of miR-27 levels does not appear to alter CNC migration,
suggesting that miR-27 functions post-migration. Consistent with this, the expression
pattern of dix2a, a specific marker of CNC cells, is also indistinguishable from wild-type

embryos during cell migration, as indicated by in situ hybridization (Figure 39C).

Cell proliferation and apoptosis

Histological sections of pharyngeal arches from zebrafish at 72 hpf indicated that
not only was the ECM not secreted, but very few chondrocytes were appropriately
stacked and differentiated (Figure 40A-C). Sox9a, a marker for chondrogenic
differentiation, is expressed in chondrocytes as expected, but its levels are dramatically
altered (Figure 42), suggesting that the differentiation of progenitors or the proliferation
of chondrocytes is potentially inhibited. TUNEL staining of sectioned arches at 60 hpf
did not show increased apoptosis in miR-27 knockdown fish, although overall apoptosis

was slightly increased in the head (Figure 40D-G). This is possibly because cell death
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and cell removal occur before 60 hpf. Thus, earlier stages (e.g. 48 hpf and 55 hpf) need
to be focused on in the future to verify cell apoptosis in pharyngeal arches.

Another possibility is that chondrocyte proliferation could be inhibited. To
provide insight into this possibility, we labeled DNA replication by incorporation of
BrdU. Although more experimental repeats are needed, our preliminary results show that
compared with control MO-injected fish, chondrocyte proliferation is decreased upon

miR-27 knockdown (Data not shown).

Figure 40. Knockdown of miR-27 results in the loss of chondrocytes.

(A-C) Toluidine blue staining of chondrocytes from the first arch as indicated by the
rectangles in (A), in control fish (B) and miR-27 knockdown fish (C) at 72 hpf. (D-G)
TUNEL assay on zebrafish embryo sections in at 60 hpf. Pharyngeal arches are labeled by the
expression of GFP driven by the Flil promoter. Two representative images for each condition
are shown.
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ptk2.2 is a target of miR-27

In order to identify endogenous targets of miR-27 in zebrafish, we performed
high-throughput mRNA sequencing using mRNA samples isolated from the
transcriptome of zebrafish heads at 48 and 72hpf, following the injection of either miR-27
MO or control MOs. Since miRNAs are negative regulators of gene expression, we
expected that miR-27 target genes would be up-regulated, with increased RPKMs in miR-
27 knockdown fish compared to control MOs. Thus, we selected potential miR-27 targets
from sequencing lists of up-regulated transcripts in combination with miRNA target
prediction algorithms. In addition, co-localization of both potential mRNA targets and
miR-27 was also taken into consideration. Based on these criteria, we predicted ptk2.2, a
protein tyrosine kinase, as a miR-27 target.

To test whether ptk2.2 is indeed a target of miR-27, we first analyzed the
expression of ptk2.2 mRNAs using our mRNA-seq data and found a slight increase in
mRNAs levels upon the loss of miR-27 at 48 hpf, consistent with the previous reports that
miR-27 regulates targets without dramatically decreasing mRNA levels (Urbich et al.,
2012). To test whether miR-27 could target the 3’UTR of ptk2.2, we used a GFP reporter
assay. The 3’UTR of ptk2.2 was fused to the GFP open reading frame (Figure 41A).
Synthetic mRNAs from this fusion construct were prepared and injected into single cell
embryos in the presence or absence of miR-27. After 1 day development, fluorescence
imaging of embryos showed that co-injection of miR-27 resulted in obvious down-
regulation of GFP (Figure 41B). This suggests that miR-27 could physically interact with

ptk2.2 mRNAs and potentially regulate expression level of endogenous ptk2.2.
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Figure 41. miR-27 targets ptk2.2.

(A) GFP reporter constructs were created by fusing the reading frame of GFP to the ptk2.2
3’UTR. The miR-27 sequence is indicated in red and the corresponding ptk2.2 UTR sequence
is shown in green. Seed pairings between miR-27 and ptk2.2 3’UTR are indicated with black
lines. (B) Single cell zebrafish embryos were injected with mRNAs derived from the GFP
reporters fused to the full length ptk2.2 UTR. Embryos were either uninjected or injected with
exogenous miR-27. Fluorescence levels were examined at 1 dpf. Clusters of embryos are
shown as well as a high magnification image of a single representative embryo.
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Identify targets involved into pharyngeal arch development

Although we identified ptk2.2 as a potential endogenous target of miR-27, the
current known roles of protein tyrosine kinase in affecting ECM formation cannot
completely explain all the existing morphological defects observed in the pharyngeal
arches of miR-27 knockdown fish, especially the abnormal proliferation of chondrocytes.
Therefore, it 1s likely that there are other miR-27 target genes that are involved in
pharyngeal arch development. Previously published literature indicated that loss of
wnt9a in zebrafish resulted in developmental defects in pharyngeal arches that mimic the
phenotypes of miR-27 knockdown fish (Curtin et al., 2011). It is possible that miR-27
targets inhibitors of Wnt signaling pathway to regulate development.

In addition, we are testing whether miR-27 targets MMPs (matrix
metalloproteinases) that mediate the cleavage and degradation of many ECM proteins
(Williams et al., 2012). It has been reported that increased tyrosine kinase activity (such
as Ptk2.2) can suppress MMP14 endocytosis and enhanced the activity of MMP14
(Washbourne et al., 2002). Therefore, the loss of ECM may be accompanied by
increased activity of MMPs. Paradoxically, knockdown of MMP14a, but not MMP14b,
led to a complete loss of pharyngeal arches that is almost identical to that of our miR-27
knockdown fish. In addition, it has been shown that MMP9 and MMP13a are also
involved into the degradation of different types of collagen components during cartilage
formation (Gioia et al., 2009; Lausch et al., 2009). Currently, we are trying to determine

whether or not they are indeed targets of miR-27.
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Ctl-MO MO-27

Figure 42. sox9a expression in control (ctl-MO) and miR-27 knockdown (MO-27) fish.
Whole-mount embryos at 72hpf after in situ hybridization of sox9a were embedded and
sectioned. 3 images on the right side indicate 3 morphants corresponding to a mild, moderate
and severe phenotypes in miR-27 knockdown fish.
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CHAPTER 5:

Discussion

Significance

Since the discovery of /in-4 and let-7, miRNAs have been extensively studied for
more than 10 years. Extensive progress has been made including identification of
numerous miRNAs from multiple species, mapping of the genomic loci encoding these
miRNAs, and identification of many of the components of the biogenesis pathway.
miRNAs have been identified in organisms as diverse as viruses, unicellular algae, plants,
worms, flies, fish, mammals, and humans (Bartel, 2004; Skalsky and Cullen, 2010; Zhao
et al., 2007). Studies in lower organisms such as plants and worms imply that small
RNAs might have evolved to combat viral infections and protect the genome from
transposon insertion (Baulcombe, 1999; Ketting et al., 1999; Ratcliff et al., 1999; Tabara
etal., 1999). Compared with other surveillance players, such as proteins, production of
small RNAs bypasses translation, saving energy and providing a quicker response
without compromising specificity. From potential initial selection as antivirals or as a
form of genome immunity, higher organisms appear to have expanded roles for miRNAs
into processes such as homeostasis, responses to environment stress, neuronal circuitry,

pathogenesis, and cancer.

Given the probable binding of each miRNA to multiple targets, complete
understanding of the function of a single miRNA is still very challenging. This requires
studies in specific cell types and specific timing during embryogenesis and pathogenesis

to elucidate all targets for each miRNAs. A single mRNA is likely regulated by multiple
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miRNAs. Also, given the limited pairing, it remains to be determined exactly how
binding affinities are determined. It has been reported that the secondary structure of the
3’UTR of mRNAs can affect the accessibility of a miRNA to its target (Kedde et al.,
2010; Long et al., 2007). Thus, it is very likely that the flanking sequence of a miRNA
targeting site might also be relevant toward recruitment of miRNAs. In support of this
idea, limited analysis suggested that many miRNA targeting sites are within repeat-rich
regions of mammalian mRNAs (Schnall-Levin et al., 2011). Another interesting finding
is that miIRNA-mRNA interactions are very likely cellular context dependent, meaning a
single miRNA-mRNA interaction could be enhanced or diminished by other co-
expressed regulators. Recently published examples of ceRNAs or circular RNAs belong
to this category (Memczak et al., 2013; Salmena et al., 2011). Therefore, experimental
validation of the mechanism of binding of each miRNA and its targets should be reported
and analyzed continuously to accumulate strong evidence from which major discoveries

can be made.

miRNA expression patterns during the Maternal-Zygotic Transition

The maternal-zygotic transition is a stage during early embryonic development
when maternal mRNA transcripts are removed while the zygotic genome becomes active
for transcription (Schier, 2007). In zebrafish, the MZT appears during the midblastula
stage, around 3 hpf. Studies in the Schier group found that the miR-430 family is
required for the clearance of maternal mRNAs but whether or not other miRNAs are
expressed or involved during the MZT is still unknown (Giraldez et al., 2006a). Previous
studies using microarrays suggested that few miRNAs are expressed in embryos until 1

dpf. This is possibly due to the difficulty of detecting miRNAs at low expression levels
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in array-based analyses. However, given the fact that miRNAs can instruct the
specification of single neurons (Chang et al., 2004), it is possible that many rare miRNAs
accumulate in some individual cells with likely biological significance but with limited
ability to detect such transcripts. Using high-throughput sequencing, we identified 198
miRNAs that are expressed during the MZT. Their expression patterns are subject to
dedicated regulation, suggesting that they are not derived from transcriptional
background or noise. At the 256-cell stage, which is about 2.5 hpf (before the MZT), we
discovered numerous miRNAs at relatively high levels which are then rapidly down-
regulated during the MZT. It is likely that many of these miRNAs are maternally
deposited (e.g. miR-34) (Soni et al., 2013) and their subsequent removal is by a novel
mechanism coincident with the clearance of maternal mRNAs during MZT. Another
possibility is that these miRNAs are transcribed from the zygotic genome (as we
observed with the miR-430 family) (Cohen and Brennecke, 2006; Giraldez et al., 2006a).
If true, this would suggest that initiation of zygotic transcription may occur before the

MZT.

miRNA 3’ termini heterogeneity

The deep coverage of miRNA high throughput sequencing shed light on the
heterogeneous composition of reads for many expressed miRNAs, with individual
miRNAs having extra uridine or adenine additions at the 3’ termini. In my sequencing of
zebrafish embryos, I identified a substantial fraction of miRNA reads exhibiting 3’ end
nucleotide additions. The addition of uridine is reported to largely decrease the
expression levels of mature miRNAs, and despite the controversial underlying

mechanism, the findings remain largely correlative. I speculate that the down-regulation
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of many miRNAs from the 256-cell stage to the sphere and shield stages is due to
targeted degradation mediated by uridine addition to the 3’ end. When analyzing
miRNAs expressed at the 256-cell and the sphere stages, I found that ~70% of miRNAs
had an increased percentage of uridine additions. Importantly, the levels of miR-430
quickly decrease after the sphere stage, coinciding with the detection of increasing
uridine addition at the 3’ end. Interestingly, prior to this time, I detected an increased
percentage of miR-430 reads with adenine addition at the 3' end, coinciding when miR-
430 functions to remove maternal mRNAs. These data indicate that uridylation and
adenylation of miR-430 serve to regulate the levels of miR-430 family during the MZT
and post-MZT stages. My data support the hypothesis that miRNA 3’ terminal addition

of adenine stabilizes half-life whereas uridine addition promotes degradation.

miR-153 and SNAP-25 in motor neuron development

SNAP-25 is a key component of soluble N-ethylmaleimide-sensitive factor
attached protein (SNAP) receptor (SNARE) machinery. It associates with Syntaxin to
form t-SNARE complexes on the target membrane and interacts with Synaptobrevin, the
v-SNARE on the vesicle membrane, to mediate docking and fusion of the vesicles to the
plasma membrane (Jahn and Scheller, 2006; Sudhof and Rothman, 2009). During
development of the nervous system, neurite outgrowth is dependent on membrane
expansion at the growth cone, located at the tips of axons where vesicles transported from
the cell body are added to the plasma membrane in an exocytic manner. Inhibition or
cleavage of SNAP-25 in rat cortical neurons and PC12 cells in vitro prevents neurite
elongation and axon growth, consistent with the morphological phenotypes of zebrafish

motor neurons that we observed in our experiments (Hepp and Langley, 2001; Kimura et
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al., 2003). Currently there are contradictory reports concerning the opposite effects of
syntaxin inhibition on neurite outgrowth (Igarashi et al., 1996; Yamaguchi et al., 1996),
raising questions as to the involvement of SNARESs during neurite outgrowth. However,
our data strongly support the hypothesis that SNAP-25 is required for axonal outgrowth
and branching, acting either through SNARE complexes or by other novel mechanisms.
Besides effects on axonal outgrowth, the loss of SNAP-25 also caused defects in axonal
trajectory projections over the surface of axial muscles implying that SNAP-25 is also
involved in regulating growth cone responses to attractive and repulsive cues. This
result, together with the effects on neurite outgrowth, suggests that SNAP-25 regulates

motor neuron development by means of multiple novel mechanisms.

Surprisingly, neuronal outgrowth was not inhibited in hippocampal E17.5-18.5
neuron cultures from SNAP-25 null mice (Washbourne et al., 2002). The explanation for
this inconsistency is not clear. It is possible that the requirement for SNAP-25 may be
species or cell type specific but my work argues against this because we detected
outgrowth defects in both zebrafish embryos and mammalian cultured cell lines. The
neurons from the SNAP-25 null mice showed subsequent loss of VAMP-2 positive
processes that were followed by further degeneration, suggesting that the differences may

be due to timing rather than species or cell specific differences.

We have shown that miR-153 regulate SNAP-25 in motor neurons to control
development and synaptic activity. The majority of miR-153 is expressed in the brain
suggesting that precise regulation of SNAP-25 is also required for appropriate neuronal
function and development in the zebrafish brain. In fact, our preliminary data indicate

that miR-153 is also required during synaptic vesicle formation in the brain.
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Furthermore, our data from rat neuroendocrine pituitary cells (GH4Cl1) clearly indicate
miR-153 can also regulate growth factor secretion in neurosceretory cells. Thus, miR-153
may control SNAP-25 levels in multiple settings, perhaps including other neuroendocrine
glands including the pituitary, the pineal gland and the adrenal glands (Hepp and
Langley, 2001). Future work needs to focus on the in vivo role of miR-153 in brains,
especially neurite outgrowth of specific neurons and regulation of homeostasis and

secretion activities in neuroendocrine glands.

miR-27 in pharyngeal arch development

The knockdown of miR-27 using morpholinos resulted in the total loss of
pharyngeal arches and deformed trabeculae. However, overexpression of miR-27 seemed
not cause any dramatic morphological phenotypes in the jaw. Alcian blue staining of
ECM indicates that the fish overexpressing miR-27 have all the necessary cartilage
elements in the appropriate positions. This could be due to sufficient silencing of targets
by endogenous levels of miR-27 or possibly due to short half-life of injected miR-27
before chondrogenesis begins. To overcome these problems, I created transgenic fish
that overexpress miR-27 driven by either the hsp 70 heat-shock promoter or the sox/0
promoter to enable temporal and tissue specific control of miR-27 expression. The
construct I created contains pri-miR-27 sequences in an artificial intron of GFP such that
splicing results in expression of GFP and therefore an indicator or miR-27 expression
(Nicoli et al., 2010). Using in situ hybridization, I have shown that miR-27 can be
successfully overexpressed in fish at 72 hpf upon heat shock. Future work is needed to

characterize the morphological phenotypes in these fish and identify dysregulated genes
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upon overexpression of miR-27. By comparison to miR-27 knockdown fish, the goal is

identify differentially expressed genes subject to miR-27 control.

miR-27 has been reported to be a cancer-related miRNA due to its function in
mediating degradation of extracellular matrix. We obtained preliminary evidence
indicating that miR-27 can target Ptk2.2, a tyrosine kinase that is concentrated in focal
adhesions that form among cells attaching to extracellular matrix constituents. Increased
tyrosine kinase activity suppresses MMP14 endocytosis and enhances the activity of
MMP14 (Washbourne et al., 2002). Given the fact that MMP14 is a matrix
metalloproteinase that mediates cleavage and degradation of many ECM proteins
(Williams et al., 2012), it is possible that up-regulation of Ptk2.2 upon the loss of miR-27
is responsible for the phenotypes we observed in miR-27 knockdown fish. A second
zebrafish tyrosine kinase, Ptk2.1 is also predicted to be a target of miR-27, raising the
possibility that these two kinases function coordinately to regulate ECM formation and
cartilage development. Future work is needed is provide insight into the mechanism by

which Prk2.2 and possibly Ptk2.1 regulate pharyngeal arch development.
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APPENDIX

A. Details of small RNA sequencing data.

The following tables are available at http://rnajournal.cshlp.org/content/18/5/915/suppl/DC1

Supplemental Table 1. Expression of miRNAs.

Reads whose cloning frequency is less than 2 are eliminated and miRNA profiles of
different stages are deposited into 4 different spread sheets. miRNA star sequences and
loop sequences are highlighted in green and yellow, respectively. Reads derived from 2
neighboring cleavages sites on both sides at the 5' end are labeled in red. Some RNA
reads that are inside of the mature miRNAs are also underlined. For miR-430, only

mature miRNA sequences with more than 5 copies are retained.

Supplemental Table 2. miRNA 3’ termini heterogeneity.

miRNA reads whose abundance is less than 3 were discarded. miRNA star sequences and
loop sequences are highlighted in green and yellow, respectively. Small RNA reads
mapping to different miRNA families are separated with a blank line. RNA reads derived

from different stages are separated into different sheets.

Supplemental Table 3. piRNA clusters

piRNA clusters were analyzed using all piRNAs reads as listed below. In each cluster, the
total number of reads may be smaller than the number of unique RNA sequences because
the total number of reads in each position is weighted by dividing by the number of

mapped positions in genome.

Supplemental Table 4. The sequences and expression of tRNA-derived small RNAs.
Small RNA reads derived from tRNAs were collected and deposited into different spread
sheets based on the stages when they were discovered. Only those whose copy number is
larger than 100 are shown. The start position indicates the position where a read mapped
to one of the known tRNAs. Each read might map to more than one tRNA. Some

random tRNA degradation reads might also be included in this list based on abundance.
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Supplemental Table 5. The numbers of sequencing reads from the 4 developmental

stages

Supplemental Table 6. The log2 value of all single miRNAs and miRNA families
throughout development

Tab1l: Normalized expression levels of miRNA families are indicated as log2 value of the
read number of miRNA families across 4 development stages. miRNA family reads
include reads exactly matching the genomic loci and reads having sequence variations at
the 3’ end. "-" means no expression.

Tab 2: Expression levels of each miRNA are indicated as log2 value of the number of
miRNA reads across 4 development stages, including "3p" and "5p" miRNAs. Star
strands are not included. Normalization was performed using expression ratios of miR-9
across development. miRNA reads include those exactly matching the genomic loci and

nn

reads having sequence variations at the 3’ end. means no expression.
B. Movies of zebrafish movement.
The supplemental movie is available at

http://www .plosone.org/article/info%3Adoi%2F10.1371%?2Fjournal .pone.0057080

Supplemental Movie 1. Embryo Movements in different conditions.

0:00-0:11. NIC Embryo Movements at 24 hpf

Noninjected control (NIC) zebrafish embryos at 24 hpf were filmed for one minute.
Twitching was counted from individual embryos over multiple movies, as quantitated in
Figure 17.

0:11-0:21. Effects of miR-153 Overexpression on Movement at 24 hpf

Single cell zebrafish embryos were injected with miR-153 and filmed for one minute at
24 hpt. Twitching was counted from individual embryos over multiple movies, as
quantitated in Figure 17.

0:22-0:32. Effects of Knockdown of miR-153 on Movement at 24 hpf

Single cell zebrafish embryos were injected with miR-153"% and filmed for one minute at

24 hpt. Twitching was counted from individual embryos over multiple movies, as
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quantitated in Figure 17.

0:33-0:42. Effects of Decreased SNAP-25 Expression on Movement at 24 hpf

Single cell zebrafish embryos were injected with snap-25a,b6™° and filmed for one minute
at 24 hpf. Twitching was counted from individual embryos over multiple movies, as
quantitated in Figure 17.

0:42-0:52. Effects of Increased SNAP-25 Expression on Movement at 24 hpf

Single cell zebrafish embryos were injected with snap-25a,b mRNA and filmed for one
minute at 24 hpf. Twitching was counted from individual embryos over multiple movies,
as quantitated in Figure 17.

0:52-1:02. Effects of co-Injection of miR-153 and snap-25a,b on Movement at 24 hpf
Single cell zebrafish embryos were co-injected with miR-153 and snap-25a,b mRNA and
filmed for one minute at 24 hpf. Twitching was counted from individual embryos over
multiple movies, as quantitated in Figure 17.

1:02-1:12. Effects of co-Injection of miR-153"° and snap-25a,b° on Movement at 24
hpf

Single cell zebrafish embryos were co-injected with miR-153" and snap-25a,b™° and
filmed for one minute at 24 hpf. Twitching was counted from individual embryos over
multiple movies, as quantitated in Figure 17.

1:12-1:22. NIC Embryo Movements at 28 hpf

Noninjected control (NIC) zebrafish embryos at 28 hpf were filmed for one minute at the
same time that the following Movies were created. Twitching was counted from
individual embryos, as quantitated in Figure 24C.

1:22-1:32. Effects of Botulinum Toxin Treatment on Movement at 28 hpf

Single cell zebrafish embryos were injected with injection dye and treated with
Botulinum toxin A at 27 hpf. After a 30 min treatment, embryos were washed and
allowed to recuperate for 1 hour before being filmed. Twitching was counted from
individual embryos, as quantitated in Figure 24C.

1:33-1:42. Effects of Botulinum Exposure and co-Injection of miR-153"° on
Movement at 28 hpf

Single cell zebrafish embryos were injected with miR-153"% and treated with Botulinum

toxin A at 27 hpf. After a 30 min treatment, embryos were washed and allowed to
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recuperate for 1 hour before being filmed. Twitching was counted from individual
embryos, as quantitated in Figure 24C.

1:42-1:52. Effects of Botulinum Exposure and co-Injection of snap-25a,b mRNA on
Movement at 28 hpf

Single cell zebrafish embryos were injected with snap-25a,b mRNA and treated with
Botulinum toxin A at 27 hpf. After a 30 min treatment, embryos were washed and
allowed to recuperate for 1 hour before being filmed. Twitching was counted from

individual embryos, as quantitated in Figure 24C.

C.Novel Zebrafish miRNA sequences.

The precursor sequence of each novel miRNA candidate is list below in red with its
predicted secondary structure. The corresponding reads and their alignment are also
indicated with their abundance on the right side. For Novel_6-Novel_8, which were
derived from the alignment with known miRNAs of other species, the homologous

miRNA sequences are also indicated on the top of the novel miRNAs.

The novel miRNAs and sequence alignments are available in the next page.
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Novel_1:
UUGGGACCUUGUUUUCCAUUUUGAAAACUGUUAUCAGUAAGUAUAGUAUUCAACACAAACUAAAUAAUCAAUAAUACAUACAUAAAUACAUACAUAAACAACAAUGGAAGCCAAUGGUUACCAG

R O A R B B B T O 1)) ) e e 1))-))))))))))))))))))
.................................................................................................... ACAAUGGAAGCCAAUGGUUA......2
.................................................................................................... ACAAUGGAAGCCAAUGGUUAC....33
.................................................................................................... ACAAUGGAAGCCAAUGGUUACC.. .15
.................................................................................................... ACAAUGGAAGCCAAUGGUUACCA...1
..................................................................................................... CAAUGGAAGCCAAUGGUUA......2
..................................................................................................... CAAUGGAAGCCAAUGGUUAC....19
..................................................................................................... CAAUGGAAGCCAAUGGUUACC. .152
..................................................................................................... CAAUGGAAGCCAAUGGUUACCA...5
..................................................................................................... CAAUGGAAGCCAAUGGUUA......2
Novel_2:

GACAGAAAAAGAGAUAUUUUGAAAAAUGUUGUAAGCCGGUAACCAUUGACCUCCAUAGUAUUUGUUUUCCCUGUUAUGAAGGUCAAUGGUUACCAGUUUUCAGCUUUCUUCUGAACAUCAUCUUUUUUGUU

OO O OO O O O O O O O G G G O G G G G G G A O O G O O O O O G O O Y G )))))+<)))))))))))))))))))I))))))))))))))))))))))))))
...................................... GUAACCAUUGACCUCCAUAGU .« « e e e et s aeeeesoossesoassassasssesassssssasssesasssassssssasassssssosssssssssssasanaal
....................................... UAACCAUUGACCUCCAUAGUA . « ¢ e e et s eeeeesonasassasasesanasessssssssasasssssssssssssssasassssasosssssssssssasaal
........................................................................... AUGAAGGUCAAUGGUUACCAGU . ¢ttt eeeeseneeaasocaaasonasassscasassnaaanaal
............................................................................ UGAAGGUCAAUGGUUACCAG . ¢ ¢ e e e e essssssssscssssssssssssssssssssssasnsal
............................................................................ UGAAGGUCAAUGGUUACCAGU . ¢t c e e e sssssssssscssssssssssssssssssssaasassld
............................................................................ UGAAGGUCAAUGGUUACCAGUU . c e v e veeeneessoosscsosssasscsssassscaaasaaald
............................................................................ UGAAGGUCAAUGGUUACCAGUUU . ¢ e et teeeeesooeaaasoceasasasssaasasaaasanesl
............................................................................. GAAGGUCAAUGGUUACCAGUUU . ¢ e e et eeeecsooeaacssossassscsassssaaasanesl
Novel_3:

GAGUGCCCAGUGCUGUACCAUGCUGGUAGCCAGUAUGAAAUAGGGCUUGCUGGUAACCAGCGUUGUGCCCCACUGGUUGCUC

COCCe e GO O OO ((nemeeeeees 1))))))<))))))))))))-))))))))))

............. UGUACCAUGCUGGUAGCCAGU « 4 ¢ s ¢ st s e sesesesesesesesesesescsesesescscscscscsscscscscscscscsscscscscscscscscscscscsssecsesl3
............. UGUACCAUGCUGGUAGCCAGUA . ¢t sttt s et esesesesesesesesesesesesesescscsescsescsscscscscscscsscscscscscscssssscscscsssecsesl3
Novel_4:

GCUAAUACUAGUAAUGGAAAUACUCGCUGAUACUGCAAGAAUUGUGGCAUCGGUAUAAGCCAGUAUUUCCGAUACUAGUAUUGGU

COCCCCCCCCCCC OO o (e rmeeeeeaaens 1)))))+)))-)))))))))) )N

............ AAUGGARAAUACUCGCUGAUACU ¢ 4 ¢ s ¢ s e s e sesesesesesesescscsesesescscscsescscscscscscsscscscsscsescscsscscssssssscscscssscsesll
............ AAUGGAAAUACUCGCUGAUACUG . ¢ s ¢ s e s e s e sesesesesesescscsescscscscscscscscscscscssscscscscsscscscscsscsssssssssssssssssesed
............ AAUGGARAAUACUCGCUGAUACUGCA . ¢ st s et et esesesesesesesesesesesesesesescsscscscscscsscscscscscscscscsscscssscscscsssssscsesal
............. AUGGARAUACUCGCUGAUACU . ¢ ¢ e s e st s esesesescscscscssscssssssssssssssssssssssssscsssssssssscsscsssssssssscsssscsscsssssscseal
............. AUGGARAAUACUCGCUGAUACUG e ¢ ¢ ¢ ¢ s e s e sesesescscscscscssssssssssssssssssssssssssssssssssssscsssssssssssssscsscsscsscscscsdsd8
............. AUGGARAAUACUCGCUGAUACUGC A . ¢t sttt s esesescscscscscscscssssssssssssssssssssssssssssssssscsssssssssssscsssscsscsscsscscseal
.............. UGGAAAUACUCGCUGAUACUGC « « e o e o oo s s ososesososesesssssesssossssssssssssssssssssssssssssssssssssssssssssssssssssssssl
..................................................... UAUAAGCCAGUAUUUCCGAU . ¢ s e s et e sesesesesesesescscssscscscscssscscscscsacsasal
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Novel_5:
AGAAACUGUGAAUCCUACACUGGAAGGUUGAUGUUUUACAGUUCUCUUCCAAGUGUUAUGAGUCAAAGUUUCU

CCCCCCC (e CCCCCCCCC e e (e ))eee2)))))))))))e-))))))))))))
...... UGUGARAUCCUACACUGGRAGG e ¢ ¢ e o oo o s ososesesesesososososesossssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssscsdsd
...... UGUGAAUCCUACACUGGAAGGU . 4 e ¢ e o oo o s ososesosesosesesososssssosososesssssssosossssssssssssssssssssssssssssssssssssssssssssssl
.............................................. UUCCARAGUGUUAUGAGUCA . s ¢ et et e s osososossossosssssssssssssssssssssssssssssssssssssssssl
.............................................. UUCCAAGUGUUAUGAGUCALAG. ¢ e e s s s s ssosssosssssssssssssssssssssssssssssssssssssssssssl
.............................................. UUCCAAGUGUUAUGAGUCARLAGU .. e t et e s s s ososossossossosssssssssssssssssssssssssssssssssscesll
Novel_6:
GCUGAUCAGUAGUGGGAUCGCGCCUGUGAAUAGCCACUGUACUCCAGCCUGGGCAACAUAGCGAGACCCCGUCUCUUUUG e ¢ e s e s e s e s e s e s esesescscscscscscss ssc-mir-1285
GCUGAUCAGUAGUGGGAUCGCGCCUGUGAAUAGACACUGCAGUGCAGCCUGAGCAACACAGAGAGACGCAGACUUUUCUU
....... (o (o (o (e (((erealona(((onvna)))oooaaa)ed))))e)e))ea)e)ea))))ennn
........ GUAGUGGGAUCGCGCCUG . ¢ ¢ ¢ e o e o e s o s ososososesosesosesosesesssososososssosossssssssssssssssssssssssssssssssssssssssssssscsscsd
........... GUGGGAUCGCGCCUGUGAAU . ¢ e ¢ s e s e s e sesesesesesescsescscscscscscscscscscscscscscscscscscscscscsscscscsscsscscscscscscscscsel
........... GUGGGAUCGCGCCUGUGA .. ¢ s ¢ s e s e s e sesesesescsesescsescscscscscscscscscscscscscscscscscsscscscscsscsescscsscscscscscscscsasahd
........... GUGGGAUCGCGCCUGUGAAU A . 4 ¢ s e s e s e sesesesesesesesesesescsesescscscscsescsscscsscscscsscsscscscscscsscscsscsscscscscscscsecsesddd
........... GUGGGAUCGCGCCUGUGA .. ¢ s ¢ s e s e s e s esesesescscscscsescscscscsescscscscsescscscscscscscsscscsscsscscscscsscsscsscscscscscscsacsahd
e e e GAUCAGUAGUGGGAUCGCGC ¢« o ¢ e o o e s o e osseosoessessscsscassssssesessssessssssescssssessesssessscsssessesssessssssssssesssssssssssscsss 7
Novel_7:

CCACCUCCCCUGCAAACGUCCAGUGAUGCAGAGGUAAUGGACGUUGGCUCUGGUGGUG . ¢ e ¢ e s e s e s e s e s esesesescscscscscscscscsscscscscsscscsscs bta-miR-1306
UCCACCACCUCCCCUGCAAACGUCCAGUGACGCAGAGGAAAUGGACGUUAGCUCUGGUGGUGAUGGACA
T T A LA A U O 1)))))))))ee)))))))))) -
e eeeCCACCUCCCCUGC AR ACGUC C A . t o o e oo e osseossessesssosssssssssessssssessssssesssssssssesssesssssssssesssessssssssssesssssssssssssss 7
Novel_8:
CGGGUGGAGCCGCCGCGGGUGCAGAUCUUGGUGGUAGUAGCAAAUAUUCAAACGAGAACUUUGAAGGCCGAAGUGGAGAAGGGUUCCAUGUG . . ¢ e s e s e s e s esesescscscss mdo-mir-739
CGGGUGGAGCCGCCGCGGGUGCAGAUCUUGGUGGUAGUAGCAAAUAUUCAAACGAGAGCUUUGAAGGCCGAAGUGGAGAAGGGUUCCAUGUG
CCo OO o CCCCCC((eenes ((((ennnn 1)))eeee)))))ea)))) o)) ) e e))) ) ennnn 1))))))) )
..................................................................... GAAGUGGAGAAGGGUUCC . ¢t et s et e sesesesesesesesesasasaseseasall3
................................................................. GGCCGAAGUGGAGAAGGG . ¢ e e s s s s sssssssssssssssssssssssssssssssssd9
.................................................................. GCCGAAGUGGAGAAGGGU .. ¢ st sttt sesesesesesescsescscsasasaseasesad8
....... AGCCGCCGCGGGUGCAGAU . ¢ « ¢ o e s e o esesesesesesssessscssscssssssssssssssssssssssssssssssssssssssssssscsssssscsscsssscsscsscscscseesl
..................................................................... GAAGUGGAGAAGGGUUCCAU . ¢ st e e s s ssssssssssssssssssssssssesab9
..................................................................... GAAGUGGAGAAGGGUUCCAUG . s t e e e s s s ssssssssssssssssssssssesab9
................... UGCAGAUCUUGGUGGUAGU .« 4 ¢ s ¢ s e oo oo oesescscscscscscscscscscscscscscscscsscsscsscsscsscsscsscsscsscscsscsscscscscscscscsecsll
.................. GUGCAGAUCUUGGUGGUARGU . 4 ¢ ¢ e o e o e s esesesesescscsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesll
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