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Abstract  

microRNAs (miRNAs) are small (20-23 nt), non-coding single stranded RNA molecules 

that play an important role in post-transcriptional regulation of protein-coding genes. miRNAs 

have been found in all animal lineages, and have been implicated as critical regulators during 

development in multiple species. The echinoderms, Strongylocentrotus purpuratus (sea urchin) 

and Patiria miniata (sea star) are excellent model organisms for studying development due to 

their well-characterized transcriptional gene networks, ease of working with their embryos in the 

laboratory and phylogenetic position as invertebrate deuterostomes. Literature on miRNAs in 

echinoderm embryogenesis is limited. It has been shown that RNAi genes are developmentally 

expressed and regulated in sea urchin embryos, but no study in the sea urchin has examined the 

expression of miRNAs. 

The goal of my work has been to study miRNA regulation in echinoderm developmental 

gene networks. I have identified developmentally regulated miRNAs in sea urchin and sea star 

embryos, using a combination of computational and wet lab experimental techniques. I 

developed a probabilistic model (named HHMMiR) based on hierarchical hidden Markov 

models (HHMMs)  to classify genomic hairpins into miRNA precursors and random stem-loop 

structures. I then extended this model to make an efficient decoder by introduction of explicit 

state duration densities. We used the Illumina Genome Analyzer to sequence small RNA 
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libraries in mixed stage population of embryos from one to three days after fertilization of S. 

purpuratus and P. miniata. We developed a computational pipeline for analysis of these miRNA-

seq data to reveal the miRNA populations in both species, and study their differential expression. 

We also used northern blots and whole mount in situ hybridization experimental techniques to 

study the temporal and spatial expression patterns of some of these miRNAs in sea urchin 

embryos. By knocking down the major components of the miRNA biogenesis pathway, we 

studied the global effects of miRNAs on embryo morphology and differentiation genes. The 

biogenesis genes selected for this purpose are the RNAse III enzyme, Dicer and Argonaute. 

Dicer is necessary for the processing of mature miRNAs from hairpin structures while Ago is a 

necessary part of the RISC (RNA interference silencing complex) assembly, which is required 

for the miRNA to hybridize to its target mRNA site. Knocking down these genes hinders normal 

development of the sea urchin embryo and leads to loss of the larval skeleton, a novel phenotype 

not seen in sea stars, as well as abnormal gastrulation. Comparison of differentiation gene marker 

expression between control and Ago knocked down sea urchin embryos shows interesting 

patterns of expansion and suppression of adjoining some embryonic territories, while ingression 

of larval skeletogenesis progenitors does not occur. 
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1.0  INTRODUCTION: DEVELOPMENTAL BIOLOGY OF 

MICRORNAS AND ECHINODERMS 

Transcription factors interact with cis-regulatory modules that control gene expression, to form 

gene regulatory networks (GRNs). A GRN can be viewed as a set of modules or sub-circuits that 

communicate with each other, through regulatory signals. In the context of GRNs, a module is 

defined as a set of transcription factors (nodes) that interact with each other, to execute a 

common function. The module has defined input and output nodes that control how it interacts 

with the rest of the network, but the genes of each module do not associate significantly with 

genes of other modules (Alon 2007). A complete developmental GRN specifies all interactions 

required to generate a cell type/fate. During development, most of the transcriptome becomes 

active, and modules within the network contribute to the many pathways that lead to 

differentiation of various cell lines. GRNs are typically studied at the transcriptional level of 

regulation. The developmental program, the process that creates a multi-cellular organism from a 

single cell, involves gene regulation at various levels – transcriptional, post-transcriptional and 

post-translational. That is, there are mechanisms of regulation in the cell, other than 

transcriptional, that affect the abundance and activity of the final gene products. Post-

transcriptional regulation of gene expression is one such class of regulation, affecting mRNA 

and protein levels in the cell. 
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Recently, many classes of small RNAs working at the post-transcriptional level have 

been identified. These RNAs have been shown to have a range of functions, including fine-

tuning gene expression, transposon silencing, and regulation of protein translation (Bushati & 

Cohen 2007). The main classes of these small RNAs are: microRNAs (miRNAs), endogenous 

small interfering RNAs (endo-siRNAs), and piwi-interacting RNAs (piRNAs). The distinction is 

mainly based on size, biogenesis pathways, and the particular Argonaute (Ago) protein with 

which they are associated (V. N. Kim et al. 2009). However, miRNAs are the most widely 

studied post-transcriptional regulators of gene expression, by far.  

For this thesis, I will focus on miRNA-based regulation of transcription factors. One 

primary goal of this work is to investigate the role of the miRNA pathway in development. The 

goal of studying development along a timeline in a range of model organisms has been to 

extrapolate how homologous genes (coding or non-coding) might regulate other developmental 

events temporally, in a variety of other organisms. It is also interesting to study how differences 

in these genes, either spatially or temporally, may explain the variation between the species.   

Two developmentally similar echinoderms - sea urchins and sea stars have been selected 

for this study. These species are particularly suited for the study and comparison of transcription-

based regulation with post-transcriptional regulation, due to their phylogenetic position, well-

characterized TF networks, and the ease of working with their embryos in the laboratory. See 

Section 1.2. Echinoderms and chordates make up the two major phyla under deuterostomia. 

Thus, these invertebrates diverged from the chordates much later than other invertebrate model 

organisms such as, arthropods and nematodes. Much is known about how their GRNs have 

evolved, and the consequences of this for their development. This will make the study of 



Sabah Kadri: miRNA regulation in development 

 3 

miRNA-mediated regulation in context of a transcriptional GRN, more insightful and 

informative. 

There has been much speculation about the role of miRNAs in development. Some may 

act as genetic switches, enforcing strong repression of one or few important targets and, thus, 

have a major impact on a biological pathway or process. Others may exhibit subtle effects by 

maintaining transcript and/or protein levels below a threshold. It is also possible that many 

miRNAs cause minor changes in the expression level of the same gene, but their cumulative 

effect has a stronger impact on cell fate. A well-characterized GRN will help de-convolute these 

paradigms of regulation.  

I hypothesize that miRNAs play a crucial role as post-transcriptional regulators of gene 

expression in the development of echinoderms. Our goal has been to study if and how miRNAs 

interact with various pathways to determine cell fate in developing embryos. The study of 

evolution of these genes between two species under the same phylum is very insightful. It has 

been shown that miRNA target sites are gained and lost during evolution (K. Chen & Rajewsky 

2006), thus, implying flexibility in the layer of miRNA regulation. This will be the first study 

that studies the development of miRNAs within the context of well-established pathways in 

development. It will, therefore, contribute to an understanding of the conservation of miRNA 

function, and the role miRNAs may play in shaping development. 
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Figure 1.1: Biogenesis of miRNAs (Figure from (Kadri et al. 2009)): miRNA genes are transcribed in 

the nucleus, where they undergo processing by DGCR8/Pasha and the RNAse III family enzyme, Drosha. The pre-

miRNA is then transported into the cytoplasm where it is processed by Dicer, and the cofactor TRBP to generate a 

~22 nt miRNA: miRNA* duplex. After unwinding, the miRNA forms part of the RISC assembly and causes mRNA 

degradation or translational repression. 
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1.1 miRNAs 

miRNAs belong to a class of small (~22 nts), non-coding RNA molecules that regulate 

protein coding gene expression post-transcriptionally.  

1.1.1 Biogenesis Pathway 

miRNAs gene are generally transcribed by RNA Polymerase II into a primary transcript 

(Figure 1.1) although some repeat-associated miRNAs are transcribed by RNA Polymerase III 

(Borchert et al. 2006), by their own promoters (Marson et al. 2008; Corcoran et al. 2009), or as 

parts of introns of protein coding genes (Baskerville & D. P. Bartel 2005; Ruby et al. 2007; Y.-

K. Kim & V. N. Kim 2007). These primary transcripts (pri-miRNAs) can be several kilobases 

(kb) long, and contain local stem loop structures. The primary transcript is cleaved at the stem of 

the secondary structure to release the characteristic RNA hairpin structure by a complex 

composed of the RNase III-type protein Drosha and DiGeorge syndrome critical region gene 8 

(DGCR8) (Pasha in Drosophila and C. elegans) proteins (V. N. Kim 2005). The product 

processed by the Drosha-DGCR8 complex, also called the Microprocessor complex is called the 

pre-miRNA, which is the precursor of the mature miRNA (Figure 1.1).  

The ~70 nucleotide (nt) long pre-miRNA is exported to the cytoplasm by Exportin-5 via 

a Ran-GTP dependent mechanism, where an RNase III enzyme, Dicer, processes the pre-miRNA 

into a ~22 nt long duplex with 2nt overhangs at the 3’end (Hutvagner 2001; R F Ketting et al. 

2001; D. P. Bartel 2004). This duplex contains the guide strand (mature miRNA) and the 

passenger strand (miRNA*). The mature miRNA typically has relatively higher steady-state 

levels than the corresponding miRNA*. However some miRNA* reach substantial levels and are 
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known to have regulatory roles (J.-S. Yang et al. 2010). Dicer is highly conserved and found in 

most eukaryotes. This gene has homologs in different species. D. melanogaster Dicer1 interacts 

with Loquacious (LOQS) whereas human Dicer interacts with TAR RNA-binding protein 

(TRBP) and PACT.  

The mature miRNA is loaded onto an Argonaute (AGO) protein complex RNA-Induced 

Silencing Complex (RISC), while the miRNA* strand usually degrades (see Figure 1.1B). It has 

been shown that the selection of the strand is determined by its thermodynamic stability 

(Khvorova et al. 2003). Some organisms can have multiple AGO proteins, for example, humans 

have AGO1-4. Of these, only AGO2 has slicer activity. 

1.1.2 miRNA Targeting mechanisms 

The exact mechanism by which miRNAs regulate their targets is still unclear. In plants, 

most (but not all) miRNA regulation is done by mRNA cleavage whereas in animals, 

translational repression is more common (Millar & Waterhouse 2005). Animal miRNAs 

typically target 3’ untranslated regions (UTRs) of protein coding genes, and usually down-

regulate their expression by affecting their protein levels (Selbach et al. 2008), either by 

inhibiting mRNA translation, or by increasing its degradation rate (D. P. Bartel 2009; 

Chendrimada et al. 2005). Studies have recently shown miRNA-binding sites to be present in the 

5’ UTR and coding regions of genes as well (I. Lee et al. 2009; Lytle et al. 2007). There is 

mechanistic diversity in target regulation by miRNAs, including translational repression of target 

mRNAs, and regulation of mRNA decay (Millar & Waterhouse 2005). It has been predicted that 

10-30% of protein-coding genes are regulated by miRNAs (Grün et al. 2005; K. Chen & 

Rajewsky 2006). Each individual miRNA can potentially target 200 or more transcripts (Krek et 
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al. 2005). Identification of miRNA targets in animals is a standing problem due to the degree of 

imperfect complementarity as well as little understanding of how the targets are identified. 

Recent research has established the role of miRNAs in disease and developmental 

processes (Alvarez-Garcia & E. A. Miska 2005). As of December 2012, there are 295 human 

diseases associated with miRNAs in the human miRNA associated disease database 

(http://cmbi.bjmu.edu.cn/hmdd). In development, miRNAs that act as developmental switches of 

important TFs, can cause strong phenotypic changes, when knocked down or deleted (R. Lee 

1993; B J Reinhart et al. 2000). Some miRNAs that cause drastic phenotypic effects do not act as 

switches, but their targets can act as switching genes (Bushati & Cohen 2007). (A switch target is 

one whose expression can be reduced to a level at which it loses its function, that is, it is 

switched off (D. P. Bartel & C.-Z. Chen 2004).) Other miRNAs stabilize the transcript and/or 

protein abundance thus fine-tuning the developmental programs. These miRNAs will have very 

subtle phenotypic changes, if at all (Giraldez et al. 2006). This function can reflect how miRNAs 

smooth out fluctuations in gene expression in the cells, or make sure that the expression levels of 

their targets are suitable to the conditions of the cell. 

TFs are similar to miRNAs in many ways: both are developmentally regulated, act in 

trans to bind a specific cis target sequence, and act combinatorially as well as pleiotropically. 

1.1.3 Evolution of miRNAs 

Genes involved in the RNA interference (RNAi) pathways have been present in 

eukaryotes since early eukaryotic evolution (Cerutti & Casas-Mollano 2006). Since the discovery 

of the first miRNAs, lin-4 and let-7 in C. elegans (R. Lee 1993; B J Reinhart et al. 2000) , 

miRNAs have been identified in plants, animals, and viruses (Millar & Waterhouse 2005; Pfeffer 
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et al. 2005). Thus, miRNAs may have been regulating gene expression since early evolution. 

Some miRNA families are conserved throughout Bilaterians (Prochnik et al. 2007). However, 

miRNA evolution is dynamic and rapid. miRNAs evolve such that there are extensive lineage 

specific expansions. New miRNAs are continually discovered in various lineages. For example, 

40% of primate miRNAs are specific and not found in other mammals (Sempere et al. 2006). 

Once gained, new miRNAs are usually maintained within the descendants of that lineage (B. M. 

Wheeler et al. 2009). But, do conserved miRNAs have conserved expression patterns across 

different species? Comparisons of the expression patterns of miRNAs among zebrafish, medaka 

fish, chick, and mouse, show conservation of expression of miRNA orthologs (Ason et al. 2006; 

Wienholds & R. H. A. Plasterk 2005; Gajewski et al. 2006; Christodoulou et al. 2010).  

It is known from TF-based regulation that orthology of genes does not necessarily imply 

conservation of function. There is very little functional data available for such comparisons 

between orthologous miRNAs. Chen & Rajewsky (K. Chen & Rajewsky 2006) used 

computational target predictions to study the conservation of miRNA-mRNA interactions 

between three species - human, C. elegans and Drosophila. They showed ~10% of predicted 

targets of orthologous miRNAs to be conserved between humans and either C. elegans or 

Drosophila, but only 0.7% conserved between all three. Thus, they showed that despite 

conservation in miRNAs and 3’UTRs, the divergence in miRNA targets is very rapid. The few 

deeply conserved targets across human, C. elegans and Drosophila are enriched for essential 

developmental processes (K. Chen & Rajewsky 2006). 
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1.1.4 Developmental Role of miRNAs across multiple species 

It has been suggested that miRNAs are largely involved in embryonic development and this 

hypothesis is supported by data in mouse and Drosophila (Yu et al. 2007). Various studies have 

been carried out to study the function of miRNAs in animal development (Alvarez-Garcia & E. 

A. Miska 2005; V. Ambros 2004; Bushati & Cohen 2007; Wienholds & R. H. A. Plasterk 2005). 

The role of miRNAs, lin-4  & let-7) in developmental timing is already well established in C. 

elegans (R. Lee 1993; B J Reinhart et al. 2000). Even in the plant Arabidopsis, Dicer-Like1 

mutants have determined miRNAs as key regulators of embryo maturation (Willmann et al. 

2011). Dicer is also essential for mouse oocyte maturation(Murchison et al. 2007).  

Dicer mutant experiments have been carried out in various species, establishing the 

importance of the RNAi pathway in development. For example, in mice, loss of Dicer1 is lethal 

to early mouse development and leads to depletion of embryonic stem cells (Emily Bernstein et 

al. 2003). In zebrafish, loss of Dicer1 leads to arrested development (Wienholds et al. 2003). 

Loss of Dicer homolog, CARPEL FACTORY has pointed to critical roles for miRNAs during 

Arabidopsis development (Brenda J Reinhart et al. 2002). 

miRNAs have also been established as key regulators of cell fate and differentiation (eg. 

neurogenesis, muscle differentiation etc.) (Ivey & Srivastava 2010). In zebrafish, miR-430 has 

multiple roles including brain morphogenesis (Giraldez et al. 2006; Giraldez et al. 2005). On the 

other hand, studies have shown that miRNAs in zebrafish may not be involved in cell 

specification but maintenance of tissue identity instead, in later development (Wienholds et al. 

2005). miR-15 and miR-16 miRNAs are involved in regulation of patterning by interaction with 

signaling cascades (Martello et al. 2007). 
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Studies have also shown that miRNAs play an important role in regulation of cell 

proliferation and cell death during development in Drosophila – for example, bantam targets hid 

in response to developmental signals (Brennecke et al. 2005) and miR-14 targets Drice due to 

stress response (Xu et al. 2003). 

1.2 Developmental Biology of Echinoderms 

1.2.1 Echinoderms are an excellent model system in developmental biology 

The sea urchin, Strongylocentrotus purpuratus and the sea star, Patiria miniata are used as 

model organisms for developmental and evolutionary studies – from fertilization to 

morphogenesis. The reasons for this include their phylogenetic position (invertebrate 

deuterostomes), and their well-characterized transcription factor gene networks. 

Echinoderms are basal deuterostomes that share a common ancestor with the chordates, 

and have an endoskeleton. The echinoderms are invertebrates in the lineage that leads to 

chordates, and are thus, the closest invertebrate outgroup to the chordates. This phylogenetic 

position makes this phylum extremely important from an evolutionary point of view. 

The gene regulatory networks (GRNs) in the sea urchin continue to get increasingly 

detailed, with a complexity unmatched in other developmental model systems (Figure 1.2A). 

Much work has been done to identify regulatory modules that drive cell fate determination and 

specification in embryonic development of the sea urchin and sea star (D. R. McClay 2011; Eric 

H Davidson et al. 2002; V. F. Hinman et al. 2007; V. F. Hinman & Eric H Davidson 2007; 

Oliveri et al. 2002; Su 2009). 
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Figure 1.2: Complexity of GRNs in sea urchin development demonstrated using the endomesoderm 

network(A) and cartoon representation of the cell fate map during developmental stages of the sea urchin 

embryo (B-D) based on (Gilbert 2000). (B-C) Embryonic territories are color-coded similar to (Gilbert 2000).  

[hpf: hours post fertilization; A: Animal pole; V: Vegetal pole] 
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1.2.2 Morphology of the developing sea urchin  

The sea urchin is an indirectly developing echinoderm, with larval stages and then 

morphogenesis into an adult. The developmental stages of its embryo are well defined. Sea 

urchin embryos consist of 10-15 cell types. Figure 1.2B & C shows a cartoon representation of 

the fate map of the sea urchin embryos for selected embryonic stages, derived from (Gilbert 

2000). Most of the cell fates are specified by the 60-cell stage. 

The blastula stage begins at the 128-cell stage, when cells form a hollow sphere 

surrounding a central cavity (blastocoel). Cells at the vegetal half of the blastula thicken and 

form the vegetal pole. The cells at the animal half secrete the hatching enzyme that digests the 

fertilization envelope. This stage is the hatch blastula.  

At the mesenchyme blastula stage (Figure 1.2B), the primary mesenchyme cells (PMCs) 

ingress into the blastocoel (R. E. Peterson & David R McClay 2003; Wu et al. 2007). These 

micromeres undergo autonomous specification and later become skeletogenic mesenchyme. 

They induce the adjacent cells to become veg2 cells (Sherwood & D R McClay 1997), while 

veg2 cells induce the cells adjacent to them to become veg1 cells. As the PMCs ingress, cells 

from the vegetal plate invaginate into the blastocoel, thus, forming the archenteron (primitive 

gut). These endodermal cells adjacent to the PMCs invaginate the farthest and become the 

foregut. The next layer becomes the midgut and the last layer to invaginate becomes the hindgut 

(Figure 1.2C). The animal half gives rise to ectoderm – larval skin and neurons. The apical plate 

(apical ectoderm Figure 1.2B-C) develops within thickened epithelium at the animal pole of the 

embryo (Su 2009). 
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1.3 miRNAs in Echinoderms 

Despite the intense research that has been devoted to their developmental transcriptional 

pathways (Oliveri et al. 2002; Eric H Davidson 2009; V. F. Hinman, A. T. Nguyen & Eric H 

Davidson 2003; V. F. Hinman, A. T. Nguyen, R Andrew Cameron, et al. 2003), little has been 

known about miRNA expression in these two organisms, especially during their early 

developmental stages. In early work, Pasquinelli et al. (Pasquinelli et al. 2000) examined the 

expression of the highly conserved let-7 miRNA in 14 species from 8 phyla, and found that only 

sea urchin embryos lacked mature transcripts for the miRNA. More recently, Song et al. (Song & 

Wessel 2007) showed that the main genes involved in the RNAi pathway are expressed in sea 

urchin embryos, and Wheeler et al. (B. M. Wheeler et al. 2009) found 45 miRNAs to be 

expressed in the adult sea urchin using 454 sequencing. They also sequenced a species of sea 

star, H. sanguinolenta and found 42 miRNAs in this sea star adult. miRBase (v. 17, April 2011) 

contains 64 entries for S. purpuratus miRNAs (including miRNA* species) (B. M. Wheeler et al. 

2009; Campo-Paysaa et al. 2011). Since developmental transcription factor gene networks are 

very detailed in these organisms (more than in any other echinoderm species), a systematic 

overlay of miRNA level regulation will provide invaluable insight into the cumulative effects of 

transcriptional and post-transcriptional regulation on developmental wiring.  

1.4 Specific Aims 

The goal of this project is to study the role of the miRNA layer of regulation involved in 

development, using echinoderms as a model system. To achieve this goal, we used probabilistic 
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Figure 4.7: Expression of differentiation gene markers in control and SpAgo2 knocked down 

embryos: DIG-labeled probes for SpSm50 (A,E,I), SpRsh (B,F,J), SpPks (C,G,K) and SpEndo16 (D,H,L). (A-D) 

Normal expression of the differentiation markers in control embryos. These territories are represented in cartoon 

form in (I-L). Sm50 is a PMC-specific matrix protein found in spicules, and is found in the PMCs. Rsh is a cilia 

gene expressed in the apical ectoderm of the developing sea urchin embryo. Pks is a pigment cell marker expressed 

in veg2 cells in one half of the embryo. Endo16 is an endoderm-specific marker expressed in the vegetal plate. (E-

H) Expression of the respective differentiation markers in SpAgo2 knocked down embryos. All embryos were fixed 

at 30hpf.  
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SpRsh is expressed in the regions that form cilia in the sea urchin embryos (Dunn et al. 

2007). This gene is expressed in the apical region of the blastula stage embryos after hatching 

(Figure 4.7 B). In embryos with perturbed SpAgo2 function, transcripts of SpRsh are expressed 

ectopically throughout the oral and aboral ectoderm (Figure 4.7F). 

4.2.3.3 The SpPks gene does not show any drastic changes in expression 

At the mesenchyme blastula stage, polyketide synthase (Pks) is expressed in a subset of 

the SMC precursors that are specified into pigment cells at gastrulation (Calestani et al. 2003). 

The gene is expressed in a hollow ring-like pattern in the vegetal plate of embryos with miRNA 

function inhibition. However, the difference in expression was not as drastic as those described 

above and might be due to delays caused during development, and not the knock down.  

APPENDIX I show in situ hybridization of Pks in sea urchin embryos 3 days after fertilization.  

4.2.3.4 Reduced expression of the endomesodermal marker, SpEndo16 after 

SpAgo2 knockdown. 

Micromeres induce the expression of the endoderm-specific marker SpEndo16 (Romano 

& Wray 2003) (Figure 4.7 D&L). We saw that in SpAgo2 knockdown, with the reduction of 

PMCs in the mesenchymal blastula, we also see repression of SpEndo16 expression (Figure 

4.7H). Recent work by Song et a. (Song et al. 2011) also showed a reduction in Endo16 signal 

when Dicer function was perturbed in sea urchin embryos. 
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4.3 Future direction: High throughput network reconstruction 

It will be very useful in the future to use a high-throughput experimental set-up to 

immunoprecipitate a component of the RISC assembly, in order to recover miRNA-mRNA 

interactions during various time-points of development. The function of individual miRNAs can 

then be blocked, and assays for transcript abundance changes with particular focus on genes with 

known developmental functions during embryogenesis can be carried out. miRNA target 

prediction methods were combined using a supervised learning method along. Green Fluorescent 

Protein (GFP) reporter assays can be used to deduce direct miRNA-target interactions. Some 

preliminary work was done for this. A high-throughput approach will provide a thorough 

understanding of the global roles of miRNAs during embryogenesis. 

It has been postulated that miRNAs may function to fine-tune levels of their target proteins to 

some biologically relevant levels (tuning targets) (D. P. Bartel & C.-Z. Chen 2004), and many 

miRNA mutants do not individually produce obvious phenotypes (E. A. Miska et al. 2007). 

Other studies have shown that some miRNAs produce drastic phenotypic changes (R. Lee 1993; 

B J Reinhart et al. 2000). Thus, it is possible that most miRNAs in sea urchin embryos fine-tune 

expression and a few (or none) are involved in the developmental effects described above. 

4.3.1 HITS-CLIP 

We would like to immunoprecipitate the cytoplasmic protein:RNA complex (RISC) involved in 

miRNA function, and then sequence the miRNA and mRNA populations involved. The target 

protein should be an integral component of the RISC assembly and, thus, we should be able to 

recover the miRNAs and mRNAs interacting in the cells at a certain developmental stage. After 
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obtaining the pool of miRNAs and mRNAs interacting in the embryo at a specific developmental 

stage, half of this RNA pool can be hybridized to a custom tiling array covering the genome [29] 

to detect parts of the transcriptome that potentially interact with miRNAs. The remaining RNA 

pool can be sequenced using Illumina or 454 sequencing to obtain sequence data for the miRNAs 

and mRNAs. Using the results from Chapter 3.0 , we can identify the miRNAs in the sequences 

and treat the remaining high quality reads as potential mRNA targets. 

The first step for this set-up is to obtain the antibody to immunoprecipitate a RISC 

assembly protein. I have performed preliminary work towards this goal as shown in 4.3.1.2. 

4.3.1.1 The HITS-CLIP technology 

High-throughput sequencing of RNA isolated by crosslinking followed by immunoprecipitation 

(HITS-CLIP) is an in vivo approach to perform genome-wide mapping protein–RNA binding 

sites (Licatalosi et al. 2008). This method has been used to study populations of interacting 

miRNAs and mRNAs by covalently cross-linking native Argonaute protein-RNA complexes, 

followed by immunoprecipitation of the complex (Chi et al. 2009). The RNA populations are 

isolated from the complex, and sequenced using any RNA-seq. 

4.3.1.2 A human antibody against SpAgo was tested in sea urchin samples 

 RISC contains one of multiple Ago proteins in animals (sea urchin has 4 Ago-like 

proteins (Song & Wessel 2007), out of which two seem to be involved in miRNA function). I 

used the sequence of these two AGO proteins to look for existing antibodies that might be able to 

target conserved parts of the protein. Human Ago shares 69% identity with the sea urchin Ago. 
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Specifically the human antibody was raised against the PIWI domain of the protein (Figure 4.9). 

This domain has 73% identity with SpAgo1 and 79% identity with SpAgo2. 

The protein structures of SpAGO1 and SpAGO2 were predicted using SWISS-MODEL 

(Arnold et al. 2005; Kiefer et al. 2009; Peitsch 1995). See Detailed Materials & Methods for 

more details. The pdb files were visualized using VMD (http://www.ks.uiuc.edu/Research/vmd/) 

(Humphrey et al. 1996). As shown in Figure 4.8, the structure of SpAGO1 is very similar to a 

human AGO2 crystal structure. The structure of SpAgo2 could not be fully modelled using 

homology modelling. Partial structures of certain domains can be seen Figure 4.8. The PIWI 

domain is a well-conserved domain of the Argonaute family of proteins (Figure 4.9). The crystal 

structure of the proteins indicates that this domain can be easily accessible to an antibody. 
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Figure 4.8: Protein structure of sea urchin Agos: The Argonaute protein has four main domains in 

humans (template on which these structures are predicted), which are labeled on the proteins, SpAGO1 & SpAGO2. 

The structures were predicted using homology modelling in SWISS-MODEL (See Detailed Materials & 

Methods), and visualized using VMD (http://www.ks.uiuc.edu/Research/vmd/) (Humphrey et al. 1996). The 

structure is colored by secondary structure of the protein. Only partial structures for parts of SpAGO2 were 

predicted. The cartoon at the bottom right corner represents the structural positioning of the four protein domains in 

an Argonaute protein.  
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Figure 4.9: Conservation of the PIWI domain across multiple species: The PIWI domain is a very 

conserved domain across multiple Argonaute proteins. Here, species were selected as representative of various 

clades. The alignment was performed using ClustalW (Goujon et al. 2010; Larkin et al. 2007). (cel: C. elegans; spu: 

S. purpuratus; hsa: H. sapiens; dre: D.rerio; dme:D. melanogaster.) 
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(a) Western Blot shows cross-reactivity with sea urchin bands 

 

Figure 4.10: Western Blot with 2A8 antibody: The size markers on the left side of the figure indicate the 

mass in kDa. The lanes have protein extract prepared from sea urchin embryos 24hpf (See Detailed Materials & 

Methods) in increasing amounts, with lane 3 having the maximum protein. Lane 1 has extract from 100 embryos, 

200 in lane 2, 500 embryos in lane 3 and 400 embryos in lane 4.* represent the two lanes close to the predicted size 

of the protein. 

 

I tested two human Argonaute antibodies on S. purpuratus whole protein extracts using 

western blots: (i) a monoclonal antibody, 2A8 developed by the Mourelatos lab at the University 

of Pennsylvania (Nelson et al. 2007). This antibody was raised against the extremely conserved 

PIWI domain of the protein but the epitope against which it was raised is unknown. (ii) A 

polyclonal peptide antibody from Millipore, raised against the not-very-conserved N-terminus of 

the protein.  
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The 2A8 antibody were chosen due to the conserved nature of the PIWI domain across 

Ago proteins in multiple species (Figure 4.9), whereas the Millipore antibody was chosen due to 

conservation of the peptide in S. purpuratus SpAGOs, respectively. Western blots did not show 

any cross-reactivity with the Millipore peptide antibody (data not shown). However, 2A8 showed 

cross-reactivity with at least 3 bands on the protein gel, two of which are close in size to the 

predicted size of the SpAGO proteins (106 kDa) – at ~90kDa and ~110kDa respectively 

(indicated by * in Figure 4.10). See Detailed Materials & Methods for details on the Western 

blot protocol. 

On the other hand, the same protocol when carried out for P. miniata (sea star) protein 

extracts showed a lot of background and did not show any of the enriched bands that were seen 

in S. purpuratus western blots (APPENDIX I). 

(b) Immunoprecipitated bands were tested using mass spectrometry  

In order to confirm whether the enriched band(s) on the Western blot correspond to the 

protein of interest, AGO, I performed immunoprecipitations without cross-linking to pull down 

the protein with different salt concentrations. The immunoprecipitated samples showed 3 bands 

of pulled down proteins. Interestingly, the most enriched band on the western blot (at ~90kDa)  

(Figure 4.10) did not immunoprecipitate, but the portion of the gel corresponding to this size 

was sent for mass spectrometry, along with the most enriched ~110kDa band (Figure 4.11) and 

the less enriched ~140kDa band to the University of Illinois (Dr. Peter Yau). Analysis of the 

LC/MS mass spectrometry results showed inconclusive results for the peptide sequences that 

were returned. The conclusion was insufficient starting amount of the protein. It has been 

suggested that we scale up the sample volume 4X and repeat the immunoprecipitation. 
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Figure 4.11: Silver stained gel with immunoprecipitated sea urchin extract: The left lanes show the 

samples immunoprecipitated with medium salt buffers, while right lanes show samples immunoprecipitated with 

high salt buffers. 

 

Another experiment that can be performed to verify whether any of the bands seen in 

western blots correspond to AGO, is western blot on protein extracts from control and Ago 

knocked down embryos, using the MASO described in Section 4.2.1. If a band of the expected 

size diminishes or vanishes in the Ago-knocked down protein extracts, the band probably 

corresponds to SpAGO. However, if the knockdown is for a single Ago gene and the signal is not 

lighter, it could correspond to cross reactivity with the other Ago gene. 
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4.3.2 Predicted miRNA-mRNA gene networks 

For the computational predictions, I used a combinatorial approach using existing miRNA target 

prediction algorithms (RNAhybrid (Rehmsmeier 2004), miRanda (Enright et al. 2003), 

TargetScan (Lewis et al. 2005)). These algorithms consider features like thermodynamics, 

RNA:RNA duplex energy and site accessibility. Previous studies have shown that there is very 

small overlap between the predictions of various methods (Rajewsky 2006). Recent years have 

seen an increase (although small) in the number of validated targets of miRNAs. We used 

available validated data of interacting RNAs from immunoprecipitation data in C. elegans 

(Zhang et al. 2007), and developed a supervised learning approach to combine the weak 

classifiers into a strong classifier using boosting. We used this approach to predict miRNA 

targets in sea urchin genes. Thus, the question underlying this approach was, given a UTR, and a 

set of miRNAs expressed in a sample, is the UTR under regulation by a subset of miRNAs?  

One of the advantages here is that this method considers combinatorial effect of the 

miRNAs, is more likely to be important for correct target regulation (Krek et al. 2005).  RNA 

abundance data from deep sequencing, if available, is also considered. 

The top ten most abundant miRNAs discovered in Chapter 3.0 were used for the 

computational predictions. Manoj Samanta provided us with 3’UTR data (personal 

communication) obtained from the tiling array (Samanta et al. 2006) along with mappings of the 

UTR IDs to their Genbank IDs. I have also hand-curated 3’ and 5’ UTRs of few developmentally 

important genes. An example of miRNA target predictions on the PMC network in early sea 

urchin development is shown in Figure 4.12. 
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Figure 4.12: The early sea urchin PMC network overlaid with miRNA predictions: The top 10 most 

abundant miRNAs in the sea urchin libraries were used for target predictions. Visualization was done using 

Cytoscape (Cline et al. 2007; Shannon 2003). The size of the node is proportional to the sum of the indegree and 

outdegress. Thus, the more densely connected nodes are the largest in the network. green line – up-regulation; red 

line – down-regulation. 
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4.3.2.1 Validation methods: GFP reporter assays 

The computational prediction of multiple binding sites of a miRNA(s) in the UTR of a candidate 

target, in a pathway that is downstream of Argonaute, will qualify the gene for experimental 

validation. MASOs can be used to knock down Dicer and Argonaute as described in Section 

4.2.1. A GFP reporter assay can be used to deduce direct interaction by site mutation 

experiments. In this assay, constructs containing the 3’ UTR of the target gene in question, and 

the GFP gene are injected into the embryos (with gene-specific and control MASOs). Expression 

of the GFP protein is then compared between embryos with knocked down miRNA pathway 

expression and control embryos. A difference in fluorescence of the GFP 3'UTR construct 

between control and SpDicer or SpAgo2 knocked down embryos will indicate direct regulation 

of the 3' UTR by miRNAs. 

 For preliminary work, ten TFs were selected from the predictions shown above for 

further validation. 

From the ten UTRs started with, at least one construct was successfully made - SpSoxB1. 

Details on primers are in APPENDIX F.3. In the network, SoxB1 has an unknown repressor that 

affects its protein in the vegetal plate. The GFP SoxB1 construct was injected in control and 

Dicer knocked down sea urchin embryos. If miRNAs regulate the 3' UTR of SoxB1, a difference 

should be seen in the fluorescence of the two sets of embryos, as described earlier. No visual 

difference was seen for the SoxB1 construct. Another method that can be used to detect 

differences in fluorescence (that are not visible under the microscope) is the use of a fluorometer 

to make quantitative measurements, and compare them between the two conditions. However, 

calculation of the fluorescence is not straightforward, as there are unknowns like GFP protein 

turnover, and the time point at which SoxB1 might come under miRNA regulation. The 
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difference of the fluorescence reading and the reading above background, normalized to RFP 

levels can be used. RFP is injected for the purpose of normalization against variability in 

injection volumes on the part of the injector.  

4.4 Detailed Materials & Methods 

4.4.1 Embryo cultures 

Adult sea urchins, were maintained in seawater at 10 °C. Cultures was started in artificial 

seawater at 15 °C using standard methods as described in (Ettensohn et al. 2004). 

4.4.2 Morpholino design 

We cloned and sequenced the 5’RACE product for SpAgo2. The genomic region upstream to the 

first start codon of SpAgo1 was sequenced using RT-PCR. The sequences obtained from multiple 

high quality colonies were submitted to GeneTools (http://www.gene-tools.com/), and 

translation-blocking morpholinos specific to SpAgo1 and SpAgo2 were designed (Figure 4.5 - 

middle and bottom panels).  

 For SpDicer, two splice junction MASOs were designed by amplifying an intron-exon 

boundary (SpDicer-1), and an exon-intron boundary (SpDicer-2). SpDicer-1 is found upstream 

of the helicase domain whereas SpDicer-2 is found in the middle of the first RNAse domain 

(Figure 4.5 – top panel). More sequence information about the individual morpholino sequences 

can be found in APPENDIX F.2.  
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4.4.3 Cloning and RACE 

The primers used for cloning and RACE are indicated in APPENDIX F. The cDNA 

clones were sequenced at Yale sequencing Center. 5’ RACE was performed using the GeneRacer 

Kit (Invitrogen) to get additional 5’ sequence information. 

4.4.4 Protein structure modelling 

The automated-mode SWISS-MODEL structure modelling web server 

(http://swissmodel.expasy.org) was used to predict the SpAgo protein structures. SWISS-

MODEL (Arnold et al. 2005; Kiefer et al. 2009; Peitsch 1995) is a protein structure homology-

modelling server in the automated mode since we expected the target–template similarity to be 

sufficiently high to allow for fully automated modelling, since Argonaute proteins are quite 

conserved across species. In the automated mode, SWISS-MODEL identifies suitable templates 

based on a Blast E-value limit of structural templates, aligns the target sequence with the 

template structures, and builds the model based on the alignment. Some quality evaluations are 

also performed on the model. 

4.4.5 Western Blots & Immunoprecipitation 

Western blots were performed using protocols from the Chakrabarti lab using the ECL 

chemiluminescence kit. For the 2A8, we used 1:100–1:200 dilution. For immunoprecipitation 

using 2A8, 10µL of 2A8 was used with 1 mL of protein-G agarose (Invitrogen) and lysate from 

cells or tissues. Cells or tissues were lysed in lysis buffer using 300mM NaCl and 500mM NaCl 
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for medium and high salt buffers respectively. Samples were run on 4%-12% TrisCl SDS page 

gels.  

4.4.6 Embryo injections and fixation 

Eggs were de-jellied by incubating in acid sea water (pH 4.02) for ~1 min pipetted in rows on a 

plastic culture dish coated with 1% protamine sulfate, containing 15mg/ml PABA sea water. 

Morpholinos were then injected into them immediately after fertilization. For SpDicer-2 as well 

as SpAgo2, we used 0.6mM of morpholino concentration. The control morpholino was injected 

at 0.4mM concentration. 

We used a 4% paraformaldehyde in 100 mM MOPS buffer fixative. The embryos, at the 

desired developmental time point, were fixed for an hour at room temperature and then overnight 

at 4°C and stored in 70% ethanol until use. 

4.4.7 Whole mount in situ hybridization (WMISH) 

The standard lab protocols were used for WMISH (V. F. Hinman, A. T. Nguyen, R Andrew 

Cameron, et al. 2003; V. F. Hinman, A. T. Nguyen & Eric H Davidson 2003). The embryos were 

rehydrated by three washes with 1X MOPS buffer. The embryos were pre-hybridized for 30min-

2h in the hybridization buffer containing 70% formamide at 58°C. Hybridization with 

hybridization buffer containing the DIG-labeled probe was carried out for 5 days. Post-

hybridization washes were carried out with hybridization buffer twice at 58°C and with MAB 

buffer three times at room temperature. The embryos were incubated in a block of MAB buffer 

and 2% Roche block for 30 min at room temperature, followed by incubation in the MOPS 
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Roche block and the Anti-DIG AP antibody at room temperature. Excess antibody was washed 

off using MAB washes. Embryos were washes with the AP buffer followed by color staining 

reaction in AP buffer with NBT/BCIP. 

4.5 Conclusions 

This is the first known study investigating the role of the miRNA pathway in cell specification 

pathways in early echinoderm development. 

Knocking down key components of the sea urchin miRNA biogenesis pathway showed 

hindered development of the embryos. The most striking phenotypic effects were seen on the 

larval skeleton and gut formation. Whole mount in situ hybridization with differentiation gene 

markers showed repression of the endoderm-specific and PMC-specific markers, while an 

expansion of the apical ectoderm marker was seen. We expect that the precursors of these cell 

types have miRNA targets upstream in the pathway, but downstream of the miRNA pathway. 

In a paper published one month ago (Song et al. 2011), the authors performed loss of 

function assays using Dicer and Drosha in sea urchin embryos, and saw effects like gastrulation 

failure and embryonic lethality. They also saw reduction in Endo16 expression with Dicer 

function inhibition; similar to what we see when Ago2 function is inhibited. They do not 

comment on effects on the larval skeleton. 

It will be extremely interesting to see whether majority of developmentally regulated 

miRNAs in the sea urchin have few targets with major cell fate consequences, or they have many 

targets with subtle effects that lead to strong developmental effect. It will also be interesting to 
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see if miRNAs are present as critical regulators of cell differentiation or developmental timing or 

are mere fine-tuning instruments for protein levels. 
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APPENDIX A 

MODIFIED ALGORITHMS FOR HIERARCHICAL HIDDEN MARKOV 

MODELS 

Finite alphabet:   

! 

"  

Observed string:   
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O = o
1
o

2
... o

N
 such that 

! 

oi " #  

Highest level of hierarchy (root): 1 

Lowest level of hierarchy (leaves): D 
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! 

d " 1,...,D{ } 

! 

i
th  state at hierarchical level d: 

! 

qi
d  

Number of sub-states of 

! 

qi
d :  
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qi
d  

Parameters of HHMM: 
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d
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$ q
d( ){ }
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' 
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' 
' 
' 
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' 
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1. Sub-state Transition Matrix: 
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d( ){ }
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3. Output probability distribution: 
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! 

e " l q
D
,q

D#1( ) is the probability that production state 

! 

q
D will emit symbol 

! 

" l # $ . 

 

Modified Baum Welch algorithm: 

Calculate the following probabilities: 

1. Forward Probabilities 
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d( ) = P(ot # # #ot+k ,qi

d+1
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Internal States: 
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2. Backward Probabilities 
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Production states: 
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Initialization: 
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d( ) is the probability of performing a horizontal transition from 

! 

qi
d+1 which is sub-

state of 

! 

q
d  to any of the other sub-states of 

! 

q
d  after 

! 

o
t
 is emitted 
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! 

"out t,qi
d+1
,q

d( ) = # t,qi
d+1
,qk

d+1
,q

d( )
k=1

q
d

$  

Thus, 

! 

ˆ " qi
2
q

1( ) = # t,qi
2
,q

1( )  

! 

ˆ " qi
d+1

q
d( ) =

# t,qi
d+1

,q
d( )

t=1

T

$

# t,qi
d+1

,q
d( )

t=1

T

$
i=1

q
d

$

   1 < d < D %1( ) 

! 

ˆ a jk
q d

=

" t,qi
d+1

,q j
d+1

,q
d( )

t=1

N

#

" t,qi
d+1

,qk
d+1

,q
d( )

t=1

N

#
k=1

q
d

#

=

" t,qi
d+1

,q j
d+1

,q
d( )

t=1

N

#

$out t,qi
d+1

,q
d( )

t=1

N

#

 

! 

ˆ e " l qD
,qD#1( ) = ( $ t,qi

D
,qD#1( )

ot =" l

%

           +            & in t,qi
D

,q
D#1( )

t>1,ot =" l

% ) /( $ t,qi
D

,q
D#1( )

t=1

T

%

           +                & in t,qi
D

,q
D#1( )

t=2

T

% )
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A.1 MODIFIED VITERBI ALGORITHM WITH EXPLICIT STATE 

DURATION DENSITIES IN INTERNAL STATES OF HHMM 

Every pair of states (state, parent) has three variables: 

• 

! 

" t, t + k,qi
d
,q

d#1( ) : Likelihood of the most probable state sequence generating 

! 

o
t
... o

t+k  assuming it was solely generated by a recursive activation that started at 

time step t from state 

! 

q
d"1 that ended at 

! 

qi
d  and returned to 

! 

q
d"1 at time step 

! 

t + k . 

• 

! 

" t, t + k,qi
d
,q

d#1( ) : Index of the most probable state to be activated by 

! 

q
d"1 before 

! 

qi
d . If such a state does not exist (

! 

ot ... ot+k"z  was solely generated by 

! 

qi
d ), we set 

! 

" t, t + k,qi
d
,q

d#1( ) = #1. 

• 

! 

" t, t + k,qi
d
,q

d#1( ): Time step at which 

! 

qi
d  was most probable to be called by 

! 

q
d"1. 

If 

! 

qi
d  generated the entire subsequence, 

! 

" t, t + k,qi
d
,q

d#1( ) = t . 

! 

MAXl"S f l( ){ } =maxl"S,argmaxl"S f l( ){ } 

 

Production State: 

Initialization: 

! 

" t, t,qi
D

,q
D#1( ) = Pr q

D#1
activated qi

D( ) $Pr qi
D

 emitted ot( )
                           = % qD#1

qi
D( ) $ bqi

D

ot( )
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! 

" t, t,qi
D
,q

D#1( ) = #1

$ t, t,qi
D
,q

D#1( ) = t
 

 

Recursion: 

! 

" t,t + k,qi
D
,q

D#1( ),$ t, t + k,qi
D
,q

D#1( )( ) = MAX
1% j% qD#1

j& i

" t,t + k #1,q j
D
,q

D#1( )
'a ji

qD#1 ' bqi
D

ot+k( )

( 

) 
* 

+ * 

, 

- 
* 

. * 

/ t, t + k,qi
D
,q

D#1( ) = t + k

 

 

Internal State: 

Initialization: 

! 

" t, t,qi
d
,q

d#1( ) = Pr q
d#1

activated qi
d( ) $Pr qi

d
 emitted ot( )

                           = MAX
1%s% qi

d

& qd#1

qi
d( ) $ " t, t,qsd+1

,qi
d( )[ ]

$as end
qi
d

$ pqi
d

1( )

' 

( 
) 

* ) 

+ 

, 
) 

- ) 

 

 

! 

" t, t,qi
d
,q

d#1( ) = #1

$ t, t,qi
d
,q

d#1( ) = t
 

 

 

Recursion: 

! 

k < Z  

where 

! 

Z  is the maximum duration of 

! 

qi
d  and 

! 

k > 0 

For 

! 

t'= t +1,...,t + k  
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! 

" = MAX
1#s# qi

d $ t',t + k,qs
d+1

,qi
d( ) % as endqi

d

{ } 

! 

" t '( ),# t'( )( ) = MAX
1$ j$ qd%1

j&i

' t,t'%1,q j
d
,q

d%1( ) ( a jiq
d%1

(pqi
d

k % t '%t( )( ) ( )

* 

+ 
, 

- , 

. 

/ 
, 

0 , 
 

For t, 

! 

" t( ) = # q
d$1

qi
d( ) % MAX

1&s& qi
d ' t, t + k,qs

d+1
,qi

d( ) % as endqi
d

{ } % pqi
d

k +1( ) 

! 

" t( ) = #1 

Most probable switching time: 

! 

" t, t + k,qi
d
,q

d#1( ),$ t,t + k,qi
d
,q

d#1( ) = MAXt%t'%t+k& t'( )

' t, t + k,qi
d
,q

d#1( ) = ( $ t, t + k,qi
d
,q

d#1( )( )
 

! 

k " Z  and 

! 

k > 0 

For 

! 

t'= t + k " Z +1,...,t + k  

! 

" = MAX
1#s# qi

d $ t',t + k,qs
d+1

,qi
d( ) % as endqi

d

{ } 

! 

" t '( ),# t'( )( ) = MAX
1$ j$ qd%1

j&i

' t,t'%1,q j
d
,q

d%1( ) ( a jiq
d%1

(pqi
d

k % t '%t( )( ) ( )

* 

+ 
, 

- , 

. 

/ 
, 

0 , 
 

Most probable switching time: 

! 

" t, t + k,qi
D
,q

D#1( ),$ t,t + k,qi
D
,q

D#1( ) = MAXt+k#Z+1%t'%t+k& t'( )

' t, t + k,qi
D
,q

D#1( ) = ( $ t, t + k,qi
D
,q

D#1( )( )
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APPENDIX B 

SUMMARIZATION OF CHARACTERISTICS OF MIRNA HAIRPIN 

STRUCTURES OF VARIOUS SPECIES 

HP: Hairpin Length 

LP: Loop Length 

MIR: miRNA Length 

EXT: Extension Length 

PRI: Primary extension Length 
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Invertebrates: 

 HP LP MIR EXT  PRI 
Mean 

Anopheles Gambiae 
Apis mellifera 
Bombyx mori 
Drosophila melanogaster 
Drosophila pseudoobscura 
Schmidtea mediterranea 
Caenorhabditis briggsae 
Caenorhabditis elegans 

 
89.8 
94.4 
91.0 
89.1 
87.0 
88.4 
96.4 
95.6 

 
7.4 
9.0 
8.0 
8.0 
8.3 
7.2 
7.5 
7.9 

 
22.4 
22.3 
22.1 
22.3 
22.5 
21.7 
22.3 
22.2 

 
5.7 
3.9 
4.6 
6.0 
5.7 
5.9 
6.3 
6.1 

 
13.3 
15.6 
15.0 
12.4 
11.3 
13.0 
16.3 
14.9 

Standard Deviation 
Anopheles Gambiae 
Apis mellifera 
Bombyx mori 
Drosophila melanogaster 
Drosophila pseudoobscura 
Schmidtea mediterranea 
Caenorhabditis briggsae 
Caenorhabditis elegans 

 
8.7 
7.4 
10.1 
18.5 
11.1 
12.7 
11.0 
9.2 

 
3.5 
4.1 
3.7 
4.1 
3.9 
4.3 
3.4 
3.9 

 
1.4 
1.6 
1.7 
1.2 
1.3 
1.2 
1.1 
1.2 

 
2.5 
2.7 
4.0 
6.9 
3.8 
3.9 
3.3 
3.3 

 
5.1 
4.9 
3.3 
6.6 
5.9 
4.9 
6.9 
4.6 

Minimum 
Anopheles Gambiae 
Apis mellifera 
Bombyx mori 
Drosophila melanogaster 
Drosophila pseudoobscura 
Schmidtea mediterranea 
Caenorhabditis briggsae 
Caenorhabditis elegans 

 
69.0 
77.0 
80.0 
54.0 
62.0 
59.0 
67.0 
56.0 

 
3.0 
3.0 
4.0 
3.0 
3.0 
3.0 
3.0 
3.0 

 
20.0 
19.0 
19.0 
20.0 
20.0 
18.0 
19.0 
19.0 

 
1.0 
0.0 
1.0 
0.0 
1.0 
0.0 
1.0 
0.0 

 
2.0 
4.0 
9.0 
0.0 
0.0 
2.0 
4.0 
0.0 

Maximum 
Anopheles Gambiae 
Apis mellifera 
Bombyx mori 
Drosophila melanogaster 
Drosophila pseudoobscura 
Schmidtea mediterranea 
Caenorhabditis briggsae 
Caenorhabditis elegans 

 
112.0 
107.0 
122.0 
215.0 
110.0 
128.0 
116.0 
110.0 

 
16.0 
18.0 
15.0 
22.0 
17.0 
26.0 
16.0 
30.0 

 
28.0 
28.0 
27.0 
28.0 
28.0 
24.0 
26.0 
25.0 

 
14.0 
11.0 
16.0 
55.0 
18.0 
18.0 
21.0 
20.0 

 
29.0 
30.0 
20.0 
31.0 
28.0 
26.0 
32.0 
27.0 
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Vertebrates: 

 HP LP MIR EXT  PRI 
Mean 

Danio rerio 
Fugu rubripes 
Tetraodon nigroviridis 
Xenopus tropicalis 
Gallus gallus 
Bos taurus 
Canis familiaris 
Homo sapiens 
Monodelphis domestica 
Macaca mulatta 
Mus musculus 
Pan troglodytes 
Rattus norvegicus 

 
94.1 
80.8 
80.3 
82.9 
86.7 
84.8 
95.8 
88.4 
80.9 
87.6 
85.6 
88.1 
86.4 

 
7.6 
7.9 
7.8 
7.8 
7.2 
7.0 
7.2 
6.9 
8.4 
7.1 
7.0 
7.3 
7.0 

 
22.1 
22.1 
22.1 
21.9 
21.9 
22.2 
22.0 
21.9 
21.7 
21.8 
21.9 
21.8 
22.0 

 
4.8 
4.7 
4.7 
4.6 
4.7 
4.7 
7.7 
5.4 
4.5 
5.1 
5.5 
4.6 
4.6 

 
16.4 
9.5 
9.0 
11.0 
12.9 
11.8 
15.5 
13.0 
10.0 
13.1 
11.8 
14.2 
13.0 

Standard Deviation 
Danio rerio 
Fugu rubripes 
Tetraodon nigroviridis 
Xenopus tropicalis 
Gallus gallus 
Bos taurus 
Canis familiaris 
Homo sapiens 
Monodelphis domestica 
Macaca mulatta 
Mus musculus 
Pan troglodytes 
Rattus norvegicus 

 
18.1 
10.0 
10.6 
10.5 
11.4 
12.5 
11.6 
12.4 
12.0 
13.4 
14.3 
13.5 
11.3 

 
3.6 
4.1 
4.0 
3.7 
3.6 
3.5 
3.4 
3.0 
4.4 
2.7 
3.2 
3.0 
3.2 

 
0.6 
0.6 
0.6 
1.0 
1.1 
0.9 
0.0 
1.0 
1.3 
0.9 
1.0 
1.0 
0.9 

 
3.3 
2.5 
2.7 
2.7 
3.1 
2.9 
3.8 
3.8 
2.7 
3.5 
4.7 
2.6 
2.7 

 
9.2 
5.2 
5.8 
5.5 
6.3 
6.3 
4.6 
6.1 
5.6 
7.3 
7.3 
7.2 
5.6 

Minimum 
Danio rerio 
Fugu rubripes 
Tetraodon nigroviridis 
Xenopus tropicalis 
Gallus gallus 
Bos taurus 
Canis familiaris 
Homo sapiens 
Monodelphis domestica 
Macaca mulatta 
Mus musculus 
Pan troglodytes 
Rattus norvegicus 

 
63.0 
63.0 
62.0 
60.0 
63.0 
59.0 
85.0 
55.0 
57.0 
64.0 
61.0 
62.0 
59.0 

 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
4.0 
3.0 
3.0 
3.0 

 
18.0 
20.0 
20.0 
17.0 
17.0 
20.0 
22.0 
19.0 
16.0 
19.0 
18.0 
19.0 
19.0 

 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
2.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
10.0 
0.0 
2.0 
0.0 
0.0 
0.0 
0.0 

Maximum      
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Danio rerio 
Fugu rubripes 
Tetraodon nigroviridis 
Xenopus tropicalis 
Gallus gallus 
Bos taurus 
Canis familiaris 
Homo sapiens 
Monodelphis domestica 
Macaca mulatta 
Mus musculus 
Pan troglodytes 
Rattus norvegicus 

153.0 
112.0 
122.0 
109.0 
112.0 
119.0 
111.0 
137.0 
111.0 
112.0 
128.0 
119.0 
112.0 

18.0 
22.0 
22.0 
20.0 
20.0 
16.0 
12.0 
16.0 
22.0 
14.0 
17.0 
14.0 
21.0 

24.0 
25.0 
25.0 
24.0 
25.0 
25.0 
22.0 
25.0 
24.0 
24.0 
26.0 
24.0 
25.0 

22.0 
13.0 
13.0 
16.0 
18.0 
17.0 
13.0 
26.0 
18.0 
25.0 
34.0 
14.0 
17.0 

50.0 
27.0 
38.0 
30.0 
31.0 
25.0 
22.0 
35.0 
25.0 
30.0 
37.0 
35.0 
32.0 

 

Plants: 

 HP LP MIR EXT  PRI 
Mean 

Triticum aestivum 
Zea mays 
Arabidopsis thaliana 
Populus trichocarpa 
Vitis vinifera 
Oryza sativa 

 
154.7 
129.0 
138.2 
110.4 
109.4 
136.0 

 
11.4 
5.8 
6.0 
6.6 
7.7 
6.2 

 
22.3 
20.7 
21.1 
21.3 
21.0 
21.4 

 
29.6 
25.3 
25.7 
22.8 
19.7 
30.3 

 
19.5 
15.4 
19.5 
8.1 
10.3 
13.3 

Standard Deviation 
Triticum aestivum 
Zea mays 
Arabidopsis thaliana 
Populus trichocarpa 
Vitis vinifera 
Oryza sativa 

 
34.1 
34.2 
50.1 
31.2 
27.3 
50.9 

 
7.9 
2.5 
3.5 
3.6 
4.4 
2.5 

 
1.8 
0.5 
0.8 
1.1 
0.5 
1.0 

 
21.9 
14.8 
17.6 
15.3 
14.2 
22.4 

 
11.2 
7.2 
17.8 
2.8 
0.8 
9.8 

Minimum 
Triticum aestivum 
Zea mays 
Arabidopsis thaliana 
Populus trichocarpa 
Vitis vinifera 
Oryza sativa 

 
107.0 
74.0 
73.0 
58.0 
83.0 
60.0 

 
4.0 
3.0 
3.0 
3.0 
3.0 
3.0 

 
19.0 
20.0 
20.0 
17.0 
20.0 
20.0 

 
2.0 
8.0 
2.0 
0.0 
1.0 
0.0 

 
2.0 
1.0 
0.0 
0.0 
8.0 
0.0 

Maximum 
Triticum aestivum 
Zea mays 
Arabidopsis thaliana 
Populus trichocarpa 
Vitis vinifera 
Oryza sativa 

 
218.0 
221.0 
337.0 
226.0 
222.0 
312.0 

 
35.0 
14.0 
18.0 
28.0 
25.0 
18.0 

 
24.0 
22.0 
24.0 
24.0 
22.0 
24.0 

 
77.0 
68.0 
89.0 
79.0 
83.0 
102.0 

 
39.0 
20.0 
78.0 
11.0 
13.0 
51.0 
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APPENDIX C 

COMPARISON OF MATURE MIRNA SEQUENCES BETWEEN S. 

PURPURATUS ADULT AND EMBRYO DATA 

Adult data is from (B. M. Wheeler et al. 2009). Differences are highlighted in bold. E: 

Embryonic data from Illumina platform; A: Adult data from 454 sequencing platform. 

miRNA Sequence 

spu-let-7 E: TGAGGTAGTAGGTTATATAGTT 

A: TGAGGTAGTAGGTTATATAGTT 

spu-miR-1 E: TGGAATGTAAAGAAGTATGTAT 

A: TGGAATGTAAAGAAGTATGTAT 

spu-miR-1b E: TGGAATGTAAAGAAGTATGTAC 

spu-miR-10 E: AACCCTGTAGATCCGAATTTGTG 

A: AACCCTGTAGATCCGAATTTGTG 

spu-miR-125 E: TCCCTGAGACCCTAACTTGTGA 

A: TCCCTGAGACCCTAACTTGTGA 

spu-miR-137 E: TTATTGCTTGAGAATACACGTA- 
A: -TATTGCTTGAGAATACACGTAG 

spu-miR-153 E: TTGCATAGTCACAAAAGTGATT 

A: TTGCATAGTCACAAAAGTGATT 

spu-miR-182 E: TTTGGCAATTGATAGAATTCACACT 

A: TTTGGCAATTGATAGAATTCACACT 

spu-miR-183 E: TATGGCACTATAGAATTCACTG 

A: TATGGCACTATAGAATTCACTG 

spu-miR-184 E: TGGACGGAGAACTGATAAGGGC 

A: TGGACGGAGAACTGATAAGGGC 
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spu-miR-200 E: TAATACTGTCTGGTGATGATGTT 

A: TAATACTGTCTGGTGATGATGTT 

spu-miR-2001 E: ATGTGACCGATATAATGGGCAT 

A: ATGTGACCGATATAATGGGCAT 

spu-miR-2002 E: TGAATACATCTGCTGGTTTTTAT 

A: TGAATACATCTGCTGGTTTTTAT 

spu-miR-2003 E: AACCCGTAAGGTCTTAACTTGTG 

A: AACCCGTAAGGTCTTAACTTGTG 

spu-miR-2004 E: TCACACACAACCACAGGAAGTT 

A: TCACACACAACCACAGGAAGTT 

spu-miR-2007 E: TATTTCAGGCAGTATACTGGTAA 

A: TATTTCAGGCAGTATACTGGTAA 

spu-miR-2008 E: ATCAGCCTCGCTGTCAATACGA 
A: ATCAGCCTCGCTGTCAATACG- 

spu-miR-2009 E: TGAGTTGTCCCACAAAGAACAC- 

A: TGAGTTGTCCCACAAAGAACACA 

spu-miR-2010 E: TTACTGTTGATGTCAGCCCCTT 

A: TTACTGTTGATGTCAGCCCCTT 

spu-miR-2011 E: ACCAAGGTGTGCTAGTGATGAC 

A: ACCAAGGTGTGCTAGTGATGAC 

spu-miR-2012 E: TAGTACTGGCATATGGACATTG 

A: TAGTACTGGCATATGGACATTG 

spu-miR-2013 E: TGCAGCATGATGTAGTGGTGTA 
A: TGCAGCATGATGTAGTGGTGT- 

spu-miR-210 E: TTGTGCGTGCGACAGCGACTGA 

A: TTGTGCGTGCGACAGCGACTGA 

spu-miR-219 E: TGATTGTCCGAACGCAATTCTTG 

A: TGATTGTCCGAACGCAATTCTTG 

spu-miR-22 E: TCAGCTGCCCGGTGAAGTGTATA 
A: -CAGCTGCCCGGTGAAGTGTATA 

spu-miR-242 E: TTGCGTAGGCGTTGTGCACAGT 

A: TTGCGTAGGCGTTGTGCACAGT 

spu-miR-252a E: CTAAGTACTAGTGCCGTAGGTT 

A: CTAAGTACTAGTGCCGTAGGTT 

spu-miR-252b E: CTAAGTAGTAGTGCCGCAGGTA 

A: CTAAGTAGTAGTGCCGCAGGTA 

spu-miR-29 E: AAGCACCAGTTGAAATCAGAGC 

A: AAGCACCAGTTGAAATCAGAGC 

Spu-miR-29b E: TAGCACCATGAGAAAGCAGTAT 

A: TAGCACCATGAGAAAGCAGTAT 
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spu-miR-31a E: AGGCAAGATGTTGGCATAGCTG 
A: AGGCAAGATGTTGGCATAGCT- 

spu-miR-31b E: AGGCAAGATGCTGGCATAGCT 

spu-miR-33 E: GTGCATTGTCGTTGCATTGCAT 

A: GTGCATTGTCGTTGCATTGCAT 

spu-miR-34 E: CGGCAGTGTAGTTAGCTGGTTG 

A: CGGCAGTGTAGTTAGCTGGTTG 

spu-miR-4847 E: TAATGATGGCGCGGTGCGGTGC 

A: TAATGATGGCGCGGTGCGGTGC 

spu-miR-4850 E: TTATCATGACTGTAAACAGGAGG 

A: TTATCATGACTGTAAACAGGAGG 

spu-miR-4851 E: TGATTACTTGCTTTGGAGTTCTT 

A: TGATTACTTGCTTTGGAGTTCTT 

spu-miR-4854 E: TGTTGCAGTGACGACTTCGCGC 

A: TGTTGCAGTGACGACTTCGCGC 

spu-miR-4855 E: TGTGTAACATCTCATTCAGTGGGT 

A: TGTGTAACATCTCATTCAGTGGGT 

spu-miR-7 E: TGGAAGACTAGTGATTTTGTTGT 

A: TGGAAGACTAGTGATTTTGTTGT 

spu-miR-71 E: TGAAAGACATGGGTAGTGAGATT 

A: TGAAAGACATGGGTAGTGAGATT 

spu-miR-79 E: ATAAAGCTAGGTTACCAAAGATA 
A: ATAAAGCTAGGTTACCAAAGAT- 

spu-miR-9 E: TCTTTGGTTATCTAGCTGTATG 
A: TCTTTGGTTATCTAGCTGTATG 

spu-miR-92a E: TATTGCACTTGTCCCGGCCTAC- 

A: TATTGCACTTGTCCCGGCCTACT 

spu-miR-92b E: TATTGCACTTGTCCCGGCCTGC 

A: TATTGCACTTGTCCCGGCCTGC 

spu-miR-92c E: TATTGCACTCGTCCCGGCCTGC 

A: TATTGCACTCGTCCCGGCCTGC 

spu-miR-96 E: TTTGGCACTAGCACATTTTGC 

A: TTTGGCACTAGCACATTTTGC 
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APPENDIX D 

COMPARISON OF MATURE MIRNA SEQUENCE DATA BETWEEN 

TWO SEA STAR SPECIES 

Comparison of mature miRNA sequences between H.sanguinolenta adult data (B. M. Wheeler et 

al. 2009) and P. miniata embryonic data. Differences are highlighted in bold. Pmi: P. miniata; 

Hsn: H. sanguinolenta. 

 

miR-1 Pmi TGGAATGTAAAGAAGTATGTAT 

Hsn TGGAATGTAAAGAAGTATGTAT 

miR-7 Pmi TGGAAGACTAGTGATTTTGTTGT 

Hsn TGGAAGACTAGTGATTTTGTTGT 

miR-8, 141, 200 Pmi TAATACTGTCTGGTAATGATGTT  

Hsn  

 R1 TAATACTGTCTGGTAATGATGT- 

miR-9 Pmi TCTTTGGTTATCTAGCTGTATGA 

Hsn  

 R1 TCTTTGGTTATCTAGCTGTATGA 

miR-10 Pmi AACCCTGTAGATCCGAATTTGTG  
Hsn  

 R1 AACCCTGTAGATCCGAATTTGT- 

miR-22, 745, 980 Pmi TCAGCTGCCCGGTGAAGTGTAG 

Hsn TCAGCTGCCCGGTGAAGTGTAG 

miR-29, 83, 285 Pmi AAGCACCAGTTGAAATCAGAGC  

Hsn  

 R1 AAGCACCAGTTGAAATCAGAGC 
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miR-31 Pmi  

 31a AGGCAAGATGTTGGCATAGCTG  

 31b AGGCAAGATGCTGGCATAGCTG 
Hsn  

 R1  AGGCAAGATGTTGGCATAGCT- 

miR-33 Pmi GTGCATTGTAGTTGCATTGCAT  

Hsn GTGCATTGTAGTTGCATTGCAT 

miR-34 Pmi TGGCAGTGTGGTTAGCTGGTTG  

Hsn TGGCAGTGTGGTTAGCTGGTTG 

miR-71 Pmi TGAAAGACATGGGTAGTGAGAT  

Hsn  

 R1 TGAAAGACATGGGTAGTGAGAT 

miR-79 Pmi ATAAAGCTAGGTTACCAAAGATA  

Hsn –TAAAGCTAGGTTACCAAAGAT- 

miR-92 Pmi  

 92a TATTGCACTTGTCCCGGCCAGC  
 92b TATTGCACTTGTCTCGGCCTGC 

 92c TATTGCACTCGTCCCGGCCTGC 
 92d TATTGCACTCGTCCCGGCCTAG 
Hsn  TATTGCACTTGTCTCGGCCTGC 

miR-96 Pmi TTTGGCACTAGCACATTTTGC-  

Hsn TTTGGCACTAGCACATTTTGCT 

miR-100 Pmi AACCCGTAGATCCGAACTTGT 

Hsn AACCCGTAGATCCGAATTTGT 

miR-124 Hsn TAAGGCACGCGGTGAATGCCA 

miR-125 Pmi TCCCTGAGACCCTAACTTGTGA  

Hsn  

 R1 TCCCTGAGACCCTAACTTGTGA 

miR-133 Hsn TTTGGTCCCCTTCAACCAGCCGT 

miR-137 Pmi TATTGCTTGAGAATACACGTAG  

Hsn TATTGCTTGAGAATACACGTAG 

miR-153 Hsn TTGCATAGTCACAAAAGTGATT 

miR-1692 Pmi TGTAGCTCAGTTGGTAGAG 

miR-182, 263b Pmi TTTGGCAATAGATAGAATTCACA  

Hsn TTTGGCAATAGATAGAATTCAC- 

miR-183 Pmi TATGGCACTGTAGAATTCACT 
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APPENDIX E 

ALIGNMENT OF MATURE MIRNA SEQUENCES IN TWO 

ECHINODERMS AND A HEMICHORDATE OUTGROUP SPECIES. 

spu - S. purpuratus; pmi - P. miniata; sko - S. kowalevskii. 

 

spu-let-7   TGAGGTAGTAGGTTATATAGTT 22 

sko-let-7        TGAGGTAGTAGGTTGTATAGTT 22 

                 ************** ******* 

 

spu-miR-1        TGGAATGTAAAGAAGTATGTAT 22 

pmi-miR-1        TGGAATGTAAAGAAGTATGTAT 22 

sko-miR-1        TGGAATGTAATGAAGTATGTAT 22 

                 ********** ***********  

 

spu-miR-1b       TGGAATGTAAAGAAGTATGTAC 22 

sko-miR-1b       TGGAATGTAATGAAGTATGTAT 22 

                 ********** **********  

 

spu-miR-10       AACCCTGTAGATCCGAATTTGTG 23 

pmi-miR-10       AACCCTGTAGATCCGAATTTGTG 23 

sko-miR-10       TACCCTGTAGATCCGAATTTGTG 23 

                   ********************** 

 

pmi-miR-100      AACCCGTAGATCCGAACTTGT- 21 

sko-miR-100      AACCCGTAGATCCGAACTTGTG 22 

                 *********************  
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spu-miR-124       TAAGGCACGCGGTGAATGCCA- 21 

sko-miR-124       TAAGGCACGCGGTGAATGCCAA 22   

                  *********************   

 

spu-miR-125      TCCCTGAGACCCTAACTTGTGA 22 

pmi-miR-125      TCCCTGAGACCCTAACTTGTGA 22 

sko-miR-125      TCCCTGAGACCCTAACTTGTGA 22 

                 ********************** 

 

spu-miR-133  TTTGGTCCCCTTCAACCAGCCGT 23 

sko-miR-133  -TTGGTCCCCTTCAACCAGCTGT 22 

    ******************* ** 

 

spu-miR-137      TTATTGCTTGAGAATACACGT—- 21 

pmi-miR-137      -TATTGCTTGAGAATACACGTAG 22 

sko-miR-137      -TATTGCTTGAGAATACACGTAG 22 

                   ********************   

 

spu-miR-153      TTGCATAGTCACAAAAGTGATT 22 

sko-miR-153      TTGCATAGTCACAAAAGTGATT 22 

                 **********************  

 

pmi-miR-1692 TGTAGCTCAGTTGGTAGAG 19 

 

spu-miR-182      TTTGGCAATTGATAGAATTCACACT 25 

pmi-miR-182      TTTGGCAATAGATAGAATTCACA-- 23 

sko-miR-182      TTTGGCAATAGATAGAATTCACA-- 23 

                 ********* *************    

 

spu-miR-183      TATGGCACTATA-GAATTCACTG 22 

pmi-miR-183      TATGGCACTGTA-GAATTCACT- 21 

sko-miR-183      AATGGCACTGTATGAATTCACTG 23 

                   ******** ** **********  

 

 

spu-miR-184      TGGACGGAGAACTGATAAGGGC 22 

pmi-miR-184      TGGACGGAGAACTGATAAGGGC 22 

sko-miR-184      TGGACGGAGAACTGATAAGGGC 22 

                 **********************  

 

spu-miR-200      TAATACTGTCTGGTGATGATGTT 23 

pmi-miR-200      TAATACTGTCTGGTAATGATGTT 23 

sko-miR-200       TAATACTGTCTGGTAATGATGTT 23 

************** ********   
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spu-miR-2001      ATGTGACCGATATAATGGGCAT 22 

pmi-miR-2001      ATGTGACCGTTACAATGGGCAT 22 

sko-miR-2001      TTGTGACCGTTATAATGGGCAT 22 

                   ******** ** ********* 

 

spu-miR-2002 TGAATACATCTGCTGGTTTTTAT 23 

 

spu-miR-2003 AACCCGTAAGGTCTTAACTTGTG 23 

 

spu-miR-2004      TCACACACAACCACAGGAAGTT 22 

pmi-miR-2004      TCACACACAACCACAGGAAGTT 22 

                  ********************** 

 

spu-miR-2005 AGTCCAATAGGGAGGGCATTGCA 23 

 

spu-miR-2006      GAGCACACTTGGTAGCGGTGCC 22 

pmi-miR-2006      GAGCACACTTGGTAGCGGTGCC 22 

                  ********************** 

 

spu-miR-2007 TATTTCAGGCAG-TATACTGGTAA  23 

pmi-miR-2007 TATTTCAGGCGG-TATACTGGTAA  23 

sko-miR-2007 TATTTCAGGCGTTTATACTGGTGA  24 

   **********   ********* *  

 

spu-miR-2008      ATCAGCCTCGCTGTCAATACGA 22 

sko-miR-2008      ATCAGCCTCGCTGTCAATACGG 22 

*********************  

 

spu-miR-2009 TGAGTTGTCCCACAAAGAACAC 22 

pmi-miR-2009 TGAGTTGTCCCACAAAGAACAC 22 

   ********************** 

 

spu-miR-2010      TTACTGTTGATGTCAGCCCCTT 22 

pmi-miR-2010      TTACTGTTGATGTCAGCCCCTC 22 

                  *********************  

 

spu-miR-2011      ACCAAGGTGTGCTAGTGATGAC 22 

pmi-miR-2011      ACCAAGGTGTGTTAGTGATGAC 22 

sko-miR-2011      ACCAAGGTGTGTTAGTGATGAC 22 

                  *********** ********** 

 

spu-miR-2012      TAGTACTGGCATATGGACATTG 22 

pmi-miR-2012      TAGTACTGGCATATGGACATT- 21 

sko-miR-2012      TAGTACTGGCATATGGACATTG 22 

                  *********************  
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spu-miR-2013      TGCAGCATGATGTAGTGGTGTA 21 

pmi-miR-2013      TGCAGCATGATGTAGTGGTG-A 22 

sko-miR-2013 TGCAGCATGATGTAGTGGTGTG 22 

                  ********************   

 

spu-miR-210       TTGTGCGTGCGACAGCGACTGA 22 

sko-miR-210       TTGTGCGTGCGACAGCGACTTC 22 

      ********************   

 

spu-miR-219       TGATTGTCCGAACGCAATTCTTG 23 

 

spu-miR-22        TCAGCTGCCCGGTGAAGTGTATA 23 

pmi-miR-22        TCAGCTGCCCGGTGAAGTGTAG- 22 

                  *********************       

 

spu-miR-242       TTGCGTAGGCGTTGTGCACAGT- 22 

pmi-miR-242       TTGCGTAGGCGTTGTGCACAGT- 22 

sko-miR-242       -TGCGTAGGCGTTGTGCACAGTG 22 

                   *********************  

 

spu-miR-252a      CTAAGTACTAGTGCCGTAGGTT- 22 

pmi-miR-252a      CTAAGTACTAGTGCCGCAGGTTG 23 

sko-miR-252a      CTAAGTACTAGTGCCGCAGGAGT 23 

                  **************** ***    

 

spu-miR-252b      CTAAGTAGTAGTGCCGCAGGTA- 22 

pmi-miR-252b      CTAAGTAGTAGTGCCGCAGGTA- 23 

sko-miR-252b      CTAAGTAGTAGTGCCGCAGGTAA 23 

                  **********************    

 

spu-miR-278  TCGGTGGGACTTTCGTTCGATT 22 

pmi-miR-278       TCGGTGGGACTTTCGTTCGATT 22 

sko-miR-278       TCGGTGGGACTTTCGTTCGTTT 22 

                  ******************* ** 

 

spu-miR-29        AAGCACCAGTTGAAATCAGAGC 22 

pmi-miR-29        AAGCACCAGTTGAAATCAGAGC 22 

sko-miR-29b       TAGCACCATTTGAAATCAGTGT 22 

                   ******* ********** *   

 

spu-miR-29b       TAGCACCATGAGAAAGCAGTAT 22 

sko-miR-29  TAGCACCATATGAAATCAGTTT 22 

sko-miR-29b       TAGCACCATTTGAAATCAGTGT 22 

                  *********  ********* *   
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spu-miR-31a   AGGCAAGATGTTGGCATAGCTG 22 

pmi-miR-31a       AGGCAAGATGTTGGCATAGCTG 22 

sko-miR-31a       AGGCAAGATGTTGGCATAGCTG 22 

      **********************  

 

spu-miR-31b       AGGCAAGATGCTGGCATAGCT 21 

pmi-miR-31b       AGGCAAGATGCTGGCATAGCT 21 

      *********************  

 

spu-miR-33        GTGCATTGTCGTTGCATTGCAT 22 

pmi-miR-33        GTGCATTGTAGTTGCATTGCAT 22 

                  ********* ************  

 

spu-miR-34        CGGCAGTGTAGTTAGCTGGTTG 22 

pmi-miR-34        TGGCAGTGTGGTTAGCTGGTTG 22 

sko-miR-34        TGGCAGTGTGGTTAGCTGGTTG 22 

 ******** ************  

 

spu-miR-375       -TTGTTCGTTCGGCTCGCGTCAA 22           

sko-miR-375       TTTGTTCGTTCGGCTCGCGCGA- 22  

                   ******************  *   

 

pmi-miR-4171 TGACTCTCTTAAGGTAGCC 19 

 

spu-miR-4847 TAATGATGGCGCGGTGCGGTGC 22 

 

spu-miR-4848a TGGGTTGAGGCTTTTGGGCAGGA 23 

 

spu-miR-4848b TGGGTTGAGGCTTTGGGGCAGGA 23 

 

spu-miR-4849 TAATGATGGCGCGGTGCGGTGC 22 

 

spu-miR-4850 TTATCATGACTGTAAACAGGAGG 23 

 

spu-miR-4851 TGATTACTTGCTTTGGAGTTCTT 23 

 

spu-miR-4852 AATTCTATCATTTTGGCTGCAT 22 

 

spu-miR-4853 TAGCTCCGTTGTTGCGTCTTGGTA 24 

 

spu-miR-4854 TGTTGCAGTGACGACTTCGCGC 22 

 

spu-miR-4855 TGTGTAACATCTCATTCAGTGGGT 24 
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spu-miR-7         TGGAAGACTAGTGATTTTGTTGT 23 

pmi-miR-7         TGGAAGACTAGTGATTTTGTTGT 23 

sko-miR-7         TGGAAGACTAGTGATTTTGTTGT 23 

      *********************** 

 

spu-miR-71        TGAAAGACATGGGTAGTGAGATT 23 

pmi-miR-71        TGAAAGACATGGGTAGTGAGAT- 22 

sko-miR-71        TGAAAGACACAGGTAGTGAGAT- 22 

                  *********  ***********  

 

spu-miR-79       ATAAAGCTAGGTTACCAAAGATA 23 

sko-miR-79       ATAAAGCTAGGTTACCAAAGACA 23 

                 ********************* * 

 

spu-miR-9        TCTTTGGTTATCTAGCTGTATG- 22 

pmi-miR-9        TCTTTGGTTATCTAGCTGTATGA 23 

sko-miR-9        TCTTTGGTTATCTAGCTGTAT-- 21 

                 *********************  

 

spu-miR-92a      TATTGCACTTGTCCCGGCCTAC 22 

pmi-miR-92a      TATTGCACTTGTCCCGGCCAGC 22 

sko-miR-92a      TATTGCACTTGTCCCGGCCTAA 22 

                 *******************   

 

spu-miR-92b      TATTGCACTTGTCCCGGCCTGC 22 

pmi-miR-92b      TATTGCACTTGTCTCGGCCAGC 22 

sko-miR-92b      TATTGCACTTGTCCCGGCCTGC 22 

      ******************* ** 

 

spu-miR-92c      TATTGCACTCGTCCCGGCCTGC 22 

pmi-miR-92c      TATTGCACTCGTCCCGGCCTGC 22 

sko-miR-92c      TATTGCACTCGTCCCGGCCTGT 22 

                 *********************  

 

pmi-miR-92d      TATTGCACTCGTCCCGGCCTAG 22 

 

spu-miR-96       TTTGGCACTAGCACATTTTGC 21 

pmi-miR-96       TTTGGCACTAGCACATTTTGC 21 

sko-miR-96       TTTGGCACTAGCACATTTTGC 21 

     *********************  

 

spu-miR-981      TTCGTTGTCAACGAAACCTGC 21 
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APPENDIX F 

PRIMERS USED FOR VARIOUS EXPERIMENTS 

F.1 NORTHERN BLOT 

miRNA Sequence Signal found 
in Northern 

blot 
miR-124 AGGCAAGAUGUUGGCAUAGCUGA  
miR-125 UUGCAUAGUCACAAAAGUGAUC  
miR-10 AGGCAAGAUGUUGGCAUAGCUGA  
miR-1 UUGCAUAGUCACAAAAGUGAUC  
miR-7 CACGCUCAUGCACACACCCACA No 
miR-9 UGAAAGACAUGGGUAGUGA  
miR-31/72 AGGCAAGAUGUUGGCAUAGCUGA  
miR-153 UUGCAUAGUCACAAAAGUGAUC  
miR-574 CACGCUCAUGCACACACCCACA No 
miR-71 UGAAAGACAUGGGUAGUGA  
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F.2 MORPHOLINO SEQUENCES 

Splice junction morpholinos for SpDicer 

SpDicer-1 (Exon-intron boundary) Exon3-Intron3: 

ATAGATCTCATAAGGACATT[AAAAAgtgagtggctcttcactattc]tgtt 

Morpholino sequence: GAATAGTGAAGAGCCACTCACTTTT 

 

SpDicer-2 (Exon-intron boundary): Intron14-Exon15 

gtctgt[actctcctattctacacagGTTAGT]AATTTCAACCTGTACTGCT 

Morpholino sequence: ACTAACCTGTGTAGAATAGGAGAGT 

 

SpAgo1 

CTGACATGCTGAAATAAACGTTCAACTACGGCCTATTTTGCCATTATTGAAAT

TTATATTGTATAATTTTTGAA[AGAGGAAAG(ATG)TATCAACCACCCT]TTCCG 

Morpholino sequence: AGGGTGGTTGATACATCTTTCCTCT 

 

SpAgo2 

CAAATACAACTCAATGTCAATATACTATG[GCCCTAATAGTAACGACAAACTG

AA]ATAACATC(ATG)TACCAGCCACCACCGCATCCGA 

Morpholino sequence: TTCAGTTTGTCGTTACTATTAGGGC 
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F.3 3’UTR PRIMERS FOR REPORTER CONSTRUCTS 

Gene 
Name 

Forward Primer Reverse Primer Length of 
amplicon 

Alx1 GGGAGTCCTGAAGCTTAGTG ATCCATGCTCTTTCCACCGA 2.3kb 
Blimp1 GTGTGCTCGCTTTGGCTAGT AGGCACAATCCTGTTGGAAG 1.6kb 
Ets1 TGTGCACTGCGCAAGAATAC TCTCGACATTCTGCTGATCC 1.3kb 
FoxJ1 AATGTTGTGTGAGGACCAGG GAACGTACGCTATGTTTCGC 1.1kb 
Gsc GACTGTTTTGATGTGCTTCT AGGAAGGGAACATCTCGTTG 1.7kb 
Hox11/13b CTCTTCTGTTGTAGGCACGC TTGGACAAGAAAGCGATCGG 2.1kb 
Nk2.1 TGATAAGCCTCCTAAGGCCG ACACCTTCTTCCGTCATAGC 1.9kb 
SoxB1 AATAGTATGCGACGAAACGG AAACACACACGCTAACATCC 1.3kb 
Tgif GCAGATTGAAACGGTACAGC CATACATTGCACAGGGACGG 1.8kb 
GataE CCAGAGGAAATCACCAGAGA CAGCATATCCCTTCTGGTCAG 1.6kb 

 

F.4 RESULTS OF LIBRARY SCREEN IN P. MINIATA 

Gene 
Name 

Forward Primer Reverse Primer Clone 
number 

PmDicer TCCAACTACCAGCAGCCTCT TTGAATCACCTTGGCTTTCC 233N24 
PmDGCR8 AGGAGAGCCATCAACAATGG GTATGCTTGCCAAAGGTGGT  

 

F.5 PRIMERS FOR DICER GENE IN P. MINIATA 

 

Figure F.5. 1: Primers for cloning, WMISH and RT-PCR PmDicer: The direction of the arrows 

represent the sense and antisense primers (: Forward; :Reverse). 



Sabah Kadri: miRNA regulation in development 

 137 

F.6 RACE PRIMERS 

Gene Name Primer sequence Type of RACE 
Primer 

AmDGCR8-R1 AGCCAATGCAGACGGGGCACCAGAC 3’ RACE 
AmDGCR8-R3 CCCCGGGGACAAAAGTACGGGCAAAGG  
SpAgo-R-4 GGAAACCAAACCACACCTCTC 5’ RACE 
SpAgo2-R-6 CGCTGGATAGGTGCCTGGGGGA 5’ RACE 
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APPENDIX G 

SECONDARY RNA STRUCTURES OF CONSERVED MIRNAS FOUND IN 

SEA URCHIN EMBRYONIC LIBRARY 

R: miRNA 

*: miRNA* 

>spu-miR-31 

AGGCAAGATGTTGGCATAGCT 

>Scaffold56613_109 strand:+ excise_beg:252614 excise_end:252723 

TACAAACCAGTGGAGAAAAGGCAAGATGTTGGCATAGCTGTGATTTAAATATTAACCCAGCTGTGTCTTCATACTGCCATTTATTCACTTGGTTGT 

((((.((((((((.(((.((((..(((..((((((((((((((......))))...))))))))))..)))..)))).))).))))).))))))) 

                  RRRRRRRRRRRRRRRRRRRRR                     ********************* 

 

>spu-miR-184 

TGGACGGAGAACTGATAAGGGC 

>Scaffold74947_52 strand:+ excise_beg:134114 excise_end:134232 

TGTCTTTTATCTTTCCTTATCATTCTCTTGCCCGGCCGAATACTATGTTATTGAAATTGCGCTGGACGGAGAACTGATAAGGGCTTATATAAGACA 

((((((.(((...(((((((((((((((.(.((((((((.................))).))))).))))))).)))))))))...))).)))))) 

              *********************                           RRRRRRRRRRRRRRRRRRRRRR 

 

>spu-miR-2012 

TAGTACTGGCATATGGACATTG 

GGTTCTTGATAGTACTGGCATATGGACATTGTTGTAATAATCTTACTCTCAATGTTCATCTGTCCGTACTGCCAAGTGCC 

(((.((((.((((((.((((.((((((((((..((((.....))))...)))))))))).)))).)))))).)))).))) 

         RRRRRRRRRRRRRRRRRRRRRR                    ********************** 

 

>spu-miR-2009 

TGAGTTGTCCCACAAAGAACACA 

>Scaffold57328_15 strand:+ excise_beg:19762 excise_end:19872 

TCCTCAGTAATCTTTGGTTTTTGTGGAACAGCTCCTGTGAATTATATAAGACCATGAGTTGTCCCACAAAGAACACAGATCGCTGTGA 

((..(((..((((.((.(((((((((.(((((((.((.(..((....))..))).))))))).))))))))).)).))))..))).)) 

              ***********************                 RRRRRRRRRRRRRRRRRRRRRRR 
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>spu-miR-183 

TATGGCACTATAGAATTCACTG 

>Scaffold58778_183 strand:+ excise_beg:323022 excise_end:323135 

TCTGCTCCTCGTCTATGGCACTATAGAATTCACTGTGTGTTGTGTTGCCATGGTAACAGCTGGTTCTACAGTGCCATTGCATGATGGGTAGA 

(((((((.(((((.((((((((.(((((((..((((.((..(((....)))..))))))..))))))).)))))))).).)))).))))))) 

             RRRRRRRRRRRRRRRRRRRRRR                       ********************** 

 

>spu-miR-1 

TGGAATGTAAAGAAGTATGTAT 

>Scaffold4906_62 strand:+ excise_beg:262910 excise_end:263018 

TCCCATGCCATAACATACTTCTTTAGAATTCCATACTGAATCTCCTCAACTCTATGGAATGTAAAGAAGTATGTATTGAAACTGGGA 

(((((...((..(((((((((((((..((((((((.(((......)))....)))))))).)))))))))))))..))....))))) 

             **********************                   RRRRRRRRRRRRRRRRRRRRRR 

 

>spu-miR-182 

TTTGGCAATTGATAGAATTCACACT 

>Scaffold58778_188 strand:+ excise_beg:328065 excise_end:328176 

TCCGCCTCTATTTTTGGCAATTGATAGAATTCACACTGTAACCTCATTATGTAATCAGTGGTTCTCTCATTGCCAAGCCTGGTGGCGTGATT 

((((((.(((..(((((((((.((.(((((...(((((..((........))...)))))))))).)))))))))))..))).)))).)).. 

            RRRRRRRRRRRRRRRRRRRRRRRRR                     ************************* 

 

>spu-miR-2001 

ATGTGACCGATATAATGGGCAT 

>Scaffold41617_52 strand:+ excise_beg:105259 excise_end:105365 

ATCACGTGATCTTGTCAATGTGACCGATATAATGGGCATGAATAATCATGATCAATGTCCAGTATAGCGGTGACAATGAGATGGTCATGTGGT 

(((((((((((.(.(((.(((.((((.((((.(((((((((.((....)).)).))))))).)))).)))).))).))).).))))))))))) 

                 RRRRRRRRRRRRRRRRRRRRRR                 ********************** 

 

>spu-miR-92c 

TATTGCACTCGTCCCGGCCTGC 

>Scaffold40011_170 strand:+ excise_beg:295409 excise_end:295520 

GAGGGCAGCAAGCTGGTCGTGAGGAGTTGCAATTTGTCCACATGATAATAATCATCATATTGCACTCGTCCCGGCCTGCCTGCTTGCCCTC 

((((((((((.((.(((((.((.((((.(((((.((.....(((((....))))))).))))))))).)).))))).)).))).))))))) 

              **********************                     RRRRRRRRRRRRRRRRRRRRRR 

 

>spu-miR-96 

TTTGGCACTAGCACATTTTGC 

>Scaffold58778_184 strand:+ excise_beg:324584 excise_end:324701 

ATACTAGTCTGTTTGGCACTAGCACATTTTGCTGTACCTCGAAAGAGGCTCATTGTCGTGTGCAAGATATGTTTGTGCCAAGCCAGATTGG 

...((((((((((((((((.((((.(((((((((..((((....))))..)).........))))))).)))).)))))))).)))))))) 

           RRRRRRRRRRRRRRRRRRRRR                               ********************* 

 

>spu-miR-92b 

TATTGCACTTGTCCCGGCCTGC 

>Scaffold40011_162 strand:+ excise_beg:293726 excise_end:293839 

TGGTGATTGATGGTCAAGTCGGACCGAGCGCAATGTTGTTCCTCTATTGAGGTTTTTCGAATATTGCACTTGTCCCGGCCTGCTCATCAACACCA 

(((((.((((((..((.(((((..((((.(((((((((..((((....)))).....).)))))))).))))..))))).))..))))))))))) 

               **********************                        RRRRRRRRRRRRRRRRRRRRRR 
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>spu-miR-2007 

TATTTCAGGCAGTATACTGGTAA 

>Scaffold20011_6 strand:+ excise_beg:3791 excise_end:3903 

CGGCATCATGCATTATTTCAGGCAGTATACTGGTAAAGGGTTTTATTTGCACCATTCTTACCTGTTGCTACCTGAAATTAATGCAAGATGT 

..(((((.((((((((((((((.((((.((.(((((..(((.........)))....))))).)))))).))))))).))))))).))))) 

             RRRRRRRRRRRRRRRRRRRRRRR                       *********************** 

 

>spu-miR-2008 

ATCAGCCTCGCTGTCAATACG 

CACTTTTTACCCCGTATTAACAATGTGGCTGATGAGGAATCTTATGAACCATCAGCCTCGCTGTCAATACGAGGTAAGGAGTG 

(((((((((((.((((((.(((.((.((((((((.(...((....)).))))))))).)).))).)))))).))))))))))) 

         **********************                   RRRRRRRRRRRRRRRRRRRRR 

 

>spu-miR-219 

TGATTGTCCGAACGCAATTCTTG 

>Scaffold4943_18 strand:- excise_beg:24301 excise_end:24406 

TTTCCATGCGAGTGTTCTCCGTTGATTGTCCGAACGCAATTCTTGTTGAATTTCCTAGTCAAGAACTGTGTACGGACATCAGTGGTTGATACCGC 

.......(((.(((((..((((((((.(((((.(((((.(((((((((.......))).)))))).))))).)))))))))))))..)))))))) 

                      RRRRRRRRRRRRRRRRRRRRRRR               *********************** 

 

>spu-miR-7 

TGGAAGACTAGTGATTTTGTTGT 

>Scaffold15487_10 strand:- excise_beg:9657 excise_end:9766 

CACATACCTCTGGCCCTTTGGAAGACTAGTGATTTTGTTGTTGTGAATGTCAAAGAACTAACAAAAAATCACTGTCGGCCACTGGGGACAGAGGT 

.....(((((((.((((.(((..(((.(((((((((.(((((((............)).)))))))))))))))))..)))..)))).))))))) 

                  RRRRRRRRRRRRRRRRRRRRRRR                     *********************** 

 

>spu-miR-242 

TGCGTAGGCGTTGTGCACAGT 

>Scaffold65146_255 strand:- excise_beg:99185 excise_end:99289 

GTAACACCATGTCGGGCATTGCGTAGGCGTTGTGCACAGTGTTCTTTAAATTACAATTGTGCATCTCATCCACGTAAATCACGGCACTGGT 

.....(((((((((....((((((.(..(..(((((((((((..........)).)))))))))..)..).))))))....))))).)))) 

                   RRRRRRRRRRRRRRRRRRRRR                 ********************* 

 

>spu-miR-2002 

TGAATACATCTGCTGGTTTTTAT 

>Scaffold34693_338 strand:+ excise_beg:947283 excise_end:947392 

TTATTCATCAGACTGATAAGACCAACAGGTGTTATTCTCATGTGTGATGTACAGATCTGTGAATACATCTGCTGGTTTTTATTAGGCTCGATGA 

....(((((((.((((((((((((.(((((((.((((.((.((.((.....)).)).)).))))))))))).))).))))))))).)).))))) 

                 ***********************                   RRRRRRRRRRRRRRRRRRRRRRR 

 

>spu-miR-9 

TCTTTGGTTATCTAGCTGTATG 

>Scaffold32321_166 strand:- excise_beg:474453 excise_end:474559 

ACTGACTCTGCTTTTCTCTTTGGTTATCTAGCTGTATGAGTGATGTCAATGCATCATAAAGCTAGGTTACCAAAGATAAGTGCCTGTTGTCAC 

..((((.(.((.(((.((((((((.((((((((......(((((((....)))))))..)))))))).)))))))).))).))..)..)))). 

                RRRRRRRRRRRRRRRRRRRRRR                     ********************** 
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APPENDIX H 

WHOLE MOUNT IN SITU HYBRIDIZATION OF PKS IN EMBRYOS 

INJECTED WITH CONTROL MASO AND MASO TARGETING AGO2 
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