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"Είμασ�τε σ�κουληκάκια μικρά μικρά [...] απάνω σ�’ ένα φυλλαράκι γιγάντιου δέντρου.
Το φυλλαράκι αυτό είναι η γης μας. T’ αλλα φύλλα είναι τ’ ασ�τέρια που βλέπεις
να κουνιούνται μέσ�α σ�τη νύχτα. Σουρνόμασ�τε απάνω σ�το φυλλαράκι μας, και το
ψαχουλεύουμε με λαχτάρα τ’ οσ�μιζόμασ�τε, μυρίζει, βρωμάει, το γευόμασ�τε, τρώγεται,
το χτυπούμε, αντηχάει και φωνάζει σ�αν πράμα ζωντανό. Μερικοί άνθρωποι, οι πιο
ατρόμητοι, φτάνουν ως την άκρα του φύλλου. Από την άκρα αυτή σ�κύβουμε, με τα
μάτια ανοιχτά, τα αυτιά ανοιχτά, κάτω σ�το χάος. Ανατριχιάζουμε. Μαντεύουμε κάτω
μας το φοβερό γκρεμό, ακούμε ανάρια ανάρια το θρο που κάνουν τα φύλλα του γιγάντιου
δέντρου, νιώθουμε το χυμό ν’ ανεβαίνει από τις ρίζες του δέντρου και να φουσ�κώνει
την καρδιά μας. Κι έτσ�ι σ�κυμμένοι σ�την άβυσ�σ�ο, νογούμε σ�ύγκορμα, σ�ύψυχα, να μας
κυριεύει τρόμος. Από τη σ�τιγμή εκείνη αρχίζει..."

Βίος και πολιτεία του Αλέξη Ζορμπά -Του Νίκου Καζαντζάκη
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Abstract

This thesis addresses the emerging link between the evolution of microRNAs and the

evolution of complex bilaterian body plans. Recent deep sequencing of various metazoan

animals revealed that early metazoans possessed at least one conserved microRNA, miR-

100 (plus an unknown number of non conserved microRNAs), growing to 36 microRNAs

in the last common ancestor of protostomes and deuterostomes. To further explore the

putative link between the evolution of stem bilaterians and microRNAs, I set out to

determine the ancient sites of activity of conserved microRNA families in a comparative

approach.

I investigated the full set of 36 conserved bilaterian microRNAs in two slow-evolving

protostome animals, the marine annelids Platynereis and Capitella, in a slow-evolving

deuterostome, the sea urchin Strongylocentrotus and in a basal metazoan, the sea anemone

Nematostella. The resulting comparative expression data showed that in these animals,

other than in the fast-evolving fly Drosophila and nematode Caenorhabditis, microRNAs

largely retain their ancient expression sites.

The oldest animal microRNA, miR-100, together with the co-transcribed let-7 and

miR-125, was found expressed in a small group of neurosecretory cells located around

the mouth, in cnidarians, annelids and sea urchin. This is where the conserved role of

let-7 and miR-125 in developmental timing must have evolved. Other sets of ancient

microRNAs were first present in locomotor ciliated cells, specific brain centres, or, more

broadly, one of four major organ systems: central nervous system, sensory tissue, mus-

culature and gut.

Insights into the contribution of the step-wise acquisition of microRNA families towards

bilaterian complexity are given in the second part of this thesis. Using Platynereis and

Capitella developing annelids, I localized the expression of 7 microRNAs specific to the

protostome, 6 to the lophotrochozoan, 2 to the annelid and 2 to the Platynereis lineage.

In most cases lineage specific microRNAs appeared to reinforce the regulatory signature

of ancient bilaterian microRNAs by joining their expression in the above stated tissues.

However few of them were highly restricted to subsets of these ancient bilaterian tissues.

In conclusion, the expression data of this comparative study suggest that both ancient

bilaterian and “younger” lineage -specific microRNAs evolved in a tissue -specific context

and conferred developmental robustness to an ancient set of animal cell types and tissues.

They also imply that these microRNA-defined tissues were in place already in the last

common ancestor of protostomes and deuterostomes. By this property, microRNAs pro-

vide a new tool for reconstructing ancient animal body plans at important evolutionary

nodes, focussing here on the protostome-deuterostome divergence.
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Περίληψη

Η εξέλιξη της περιπλοκότητας του σ�ώματος των σ�ύγχρονων αμφισ�υμμετρικών ζώων και

πιο σ�υγκεκριμένα το πως αύτη επηρεάσ�τηκε από την εξέλιξη των μικρών-RNA αποτελούν

σ�κοπό αυτής της διδακτορικής εργασ�ίας. Μετά από πρόσ�φατη εις βάθος αλληλούχησ�η (deep

sequencing) των μικρών-RNA ζώων που κατατάσ�σ�ονται σ�ε γενεαλογικές γραμμές πριν και

μετά τον διαχωρισ�μό των πρωτοσ�τόμιων-δευτεροσ�τόμιων, βρέθηκε ένα κοινά διατηρημένο

μικρό-RNA, το miR-100.

Για την περαιτέρω μελέτη των μικρών-RNA σ�την εξέλιξη των αμφισ�υμμετρικών ζώων, και

πιο σ�υγκεκριμένα εαν τα μικρά-RNA έπαιξαν σ�ημαντικό ρόλο σ�την διαμόρφωσ�η του σ�ώματος

του κοινού προγόνου των προτεοσ�τόμιων και δευτεροσ�τόμιων, προσ�πάθησ�α να χαρακτηρίσ�ω

και να σ�υσ�χετίσ�ω την δράσ�η 36 αρχαίων μικρών-RNA -τα οποία έχουν διατηρηθεί και σ�τις

δύο γενεαλογικές γραμμές- σ�ε οργανισ�μούς που εξελίσ�σ�ονται αργά.

Οι θαλάσ�σ�ιες αννελίδες, Platynereis dumerilii, Capitella spI, και ο αχινός Strongylocen-

trotus purpuratus εκπροσ�ωπούν τα αργά εξελισ�σ�όμενα πρωτοσ�τόμια και δευτεροσ�τόμια,

αντίσ�τοιχα. Σημαντικός οργανισ�μός σ�ε αυτή την σ�ύγκρισ�η είναι η θαλάσ�σ�ια ανεμώνη,

(Nematostella), που εκπροσ�ωπεί έναν προδρομικό κλάδο των σ�ύγχρονων αμφισ�υμμετρικών

ζώων, τα κνιδάρια.

Συγκρίνοντας την δράσ�η των αρχαίων μικρών-RNA σ�τα παραπάνω ζώα φάνηκε ότι τα

πρώτα έχουν διατηρήσ�ει την έκφρασ�η τους κατά την διάρκεια της εξέλιξης, ενώ ταυτόχρονα

επιτράπηκε η πρόβλεψη τις δράσ�ης τους σ�τον πρόγονο των πρωτοσ�τόμιων-δευτεροσ�τόμιων.

Αντίθετα, το παραπάνω σ�υμπέρασ�μα δεν ήταν εμφανές από την σ�ύγκρισ�η των πρότυπων

έκφρασ�ης των αρχαίων μικρών-RNA σ�ε ζώα που εξελίσ�σ�ονται γρήγορα, όπως είναι τα είδη

Drosophila και Caenorhabditis.

Ενδιαφέρον είχε το πρότυπο έκφρασ�ης του αρχαιότερου μικρού- RNA, miR-100, το οποίο

σ�υν-μεταγράφεται με τα let-7 και miR-125. ΄Ολα μαζί εκφράζονται σ�ε μία μικρή ομάδα

νευρικών-εκκριτικών κυττάρων που εντοπίζονται γύρω από το σ�τόμα. Αυτό το πρότυπο έκ-

φρασ�ης ήταν κοινό σ�τα κνιδάρια, σ�τις αννελίδες και σ�τον αχινό. Πιθανώς να υποδεικνύει τον

αρχικό ρόλο των let-7 και miR-125 σ�την επιλογή της χρονικής σ�τιγμής για την μεταμόρφωσ�η

κατά την διάρκεια της ανάπτυξης του ζώου, μια διατηρημένη λειτουργία σ�την εξέλιξη των

μεταζώων. Τα υπόλοιπα αρχαία μικρά-RNA εντοπίσ�τηκαν σ�ε κινητικά βλεφαριδωτά κύτταρα

σ�ε σ�υγκεκριμένα τμήματα του εγκεφάλου και σ�ε ένα από τα τέσ�σ�ερα οργανικά σ�υσ�τήματα:

κεντρικό νευρικό σ�ύσ�τημα, αισ�θητήρια όργανα, μυϊκό σ�ύσ�τημα και πεπτικό σ�ύσ�τημα.

Το δεύτερο μέρος της διδακτορικής διατριβής εξετάζει την σ�χέσ�η της κλιμακούμενης απόκ-

τησ�ης των μικρών-RNA και της περιπλοκότητας του σ�ώματος των ζώων. Σε αυτό το σ�ημείο

εσ�τιάζομαι, κυρίως, σ�ε μικρά-RNA που είναι διατηρημένα σ�ε μια γενεαλογική γραμμή και

πως αυτά σ�υσ�χετίζονται με σ�ωματικά χαρακτηρισ�τικά αυτής. Η μελέτη αυτή περιορίσ�τηκε
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σ�τις δυο αννελίδες (Platynereis και Capitella), σ�τις οποίες μελετήθηκε η έκφρασ�η των

μικρών-RNA που εμφανίζονται αποκλεισ�τικά σ�ε πρωτοσ�τόμια, λοφοτροχοζώα, αννελίδες

και Platynereis, αντίσ�τοιχα. Στις περισ�σ�ότερες περιπτώσ�εις τα γενεαλογικά-εξειδικευμένα

μικρά-RNA σ�υν-διαμορφώνουν με τα αρχαία μικρά-RNA την κυτταρική ταυτότητα των προαναφερ-

θέντων οργανικών σ�υσ�τημάτων.

Συνοψίζοντας, η παραπάνω σ�υγκριτική μελέτη προτείνει ότι τόσ�ο τα αρχαία, όσ�ο και τα

νεότερα γενεαλογικά-εξειδικευμένα μικρά-RNA προσ�φέρουν αναπτυξιακή σ�ταθερότητα σ�ε

μια ομάδα αρχέγονων κυτταρικών τύπων και οργάνων, οι οποίοι φαίνεται να ήταν παρόν

σ�τον κοινό πρόγονο των πρωτοσ�τόμιων-δευτεροσ�τόμιων. Επιπλέον, τα αρχαία μικρά-RNA

διατηρούν το πρότυπο έκφρασ�ης τους σ�ε αργά-εξελισ�σ�όμενα ζώα αποτελώντας ένα νέο ερ-

γαλείο για να την έρευνα της εξέλιξη του σ�χεδίου σ�ώματος των μεταζώων και πιο σ�υγκεκριμένα

του προγόνου των πρωτοσ�τόμιων-δευτεροσ�τόμιων.
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1.1 The chronicle of microRNA discovery

In 1993, a forward genetic screen for genes involved in developmental timing of Caenorhab-

ditis elegans revealed for the first time the regulatory role of a small RNA in animal

development (Lee et al., 1993; Wightman et al., 1993). The reported defects in C. ele-

gans early embryonic development in lin-4 null mutants were attributed to the alleviated

downregulation of lin-14 protein whose temporal gradient specifies the temporal order of

cell lineages (Ruvkun and Giusto, 1989). Despite the observation that the 5’ end of the

22nt long lin-4 microRNA had a number of complementary sites in the 3’ untranslated

region (UTR) of the lin-14 mRNA, the finding did not attract enough attention because

at the time lin-4 orthologs were non identifiable in other animals and the finding was

considered a nematode specific peculiarity (Ambros, 2008).

Seven years later, the discovery of yet another regulatory small RNA of C. elegans , let-

7, this time with a conserved sequence across bilaterally symmetrical animals (Reinhart

et al., 2000; Pasquinelli et al., 2000) followed by that of the Drosophila microRNA bantam

(Brennecke et al., 2003) caught the eyes of the RNA community, which joined the small

RNA field in search for more such regulators and their mode of action. From then on,

animal microRNA discovery has been a subject of molecular cloning and sequencing in

both invertebrates (Lau et al., 2001; Lee and Ambros, 2001; Ruby et al., 2006) and

vertebrates (Lagos-Quintana et al., 2001; Berezikov et al., 2006; Landgraf et al., 2007)

as well as bioinformatics predictions (Sandmann et al., 2007; Stark et al., 2007). Recent

development of sequencing technologies (Lu et al., 2005; Margulies et al., 2005) has

allowed the discovery of less abundant microRNAs leading to a total of at least 6930

microRNA sequences deposited for animals and their viruses in the latest version of the

microRNA repository; miRBase (Griffiths-Jones et al., 2008). Defining characteristics

for all animal microRNAs deposited in miRBase are their short size (~23nt), their non-

coding nature and biogenesis and their repressive function by imperfectly binding to

target mRNAs 3’ UTRs.

Up to date, thousands of articles about microRNAs have contributed to growing knowl-
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edge on biological processes in which microRNAs seem to play a role. Currently, microR-

NAs are computationally predicted to control at least 20-30% of animal transcripts which

bear at least one or more microRNA binding sites in their 3’ UTRs (Lewis et al., 2005;

Krek et al., 2005; Ruby et al., 2007).

1.2 microRNA biogenesis

1.2.1 Transcription of microRNA genes

Depending on their genomic position with respect to protein coding genes, microRNA

genes can be either intergenic or intronic (Kim and Nam, 2006). Intergenic microRNAs,

such as lin-4 and let-7 in C. elegans, do not overlap with other genes and form their own

transcriptional units with a promoter and a poly-A terminator sequence (Saini et al.,

2008). Of the intronic microRNAs, many are hosted in protein coding genes’ introns and

for such cases co-expression of microRNA and its host gene mRNA has been demonstrated

(Baskerville and Bartel, 2005). Non-coding RNA (ncRNAs) transcription units can also

host microRNAs in both their introns and exons (Rodriguez et al., 2004).

Most microRNA genes’ transcription relies on the activity of RNA Pol II (Lee et al.,

2004). Several Pol-II-dependent transcription factors have been linked to microRNA

transcriptional regulation (Lee and Dutta, 2009) indicating that microRNA expression

can be regulated in different cell types and developmental time points.

The primary microRNAs (pri-miRNAs) that Pol-II transcribes are capped and polyadeny-

lated (Lee et al., 2004; Rodriguez et al., 2004). Their length can vary between 1-10kb

(Saini et al., 2008)with local stem loop structures protruding as candidates for further

processing by the Microprocessor complex (Figure 1.1;Kim et al., 2009).

Involvement of RNA polymerase III in the transcription of microRNA genes has also

been shown for few cases such as microRNAs which lie among Alu repeats (Borchert et

al., 2006) and for microRNAs encoded by viruses (Pfeffer et al., 2005; Andersson et al.,

2005).

1.2.2 RNA editing on primary transcripts

Modifications of adenosine (A) into inosine (I) by adenosine deaminases acting on RNA

(ADARs) within the stem loop of a precursor microRNA (pre-miR) can influence sub-

sequent processing steps. Since the base pairing properties of inosine are similar to

guanosine (G), a single nucleotide change can affect the structural properties of the pre-

miR stem loop (by introducing an additional bulge or eliminating one). Single nucleotide
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1.2 microRNA biogenesis

Figure 1.1: The canonical microRNA biogenesis pathway. microRNAs are transcribed by Pol II into

primary transcripts (pri-miRNAs) which get cleaved in the nucleus by Drosha/DGCR8 to yield

a shorter precursor (pre-miRNA). The latter get exported from the nucleus to the cytoplasm

where they get further processed by Dicer to generate a shorter microRNA::microRNA* duplex.

Once loaded into AGO1, the microRNA strand can direct translational repression and mRNA

destabilization of its target mRNAs. Figure adapted after Kim et al. (2009).
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polymorphisms (SNPs) have been shown to drastically affect the processing eligibility of

pri-miRNAs (Duan et al., 2007).

Like with SNPs, there are examples where RNA editing led to more efficient nuclear

processing of pri-miRs (Kawahara et al., 2008) as well as examples where the new struc-

tural properties inhibited processing (Yang et al., 2006). Aside from affecting microRNAs

road towards maturity, ADAR modification has the power to redirect a microRNA’s tar-

get set of mRNA transcripts and therefore affect its function (Ohman, 2007; Kawahara

et al., 2007).

1.2.3 Nuclear processing of primary transcripts

In this first step towards microRNA maturation, primary trancripts (pri-miRNAs) get

cleaved at the base of microRNA stem loop structures which protrude from the transcript

owing to their secondary structure. An average human pri-miRNA, has a hairpin stem

of 33 base-pairs with a terminal loop and single-stranded flanking sequences upstream

and downstream of the hairpin (Winter et al., 2009).

The cleavage reaction takes place in the nucleus by the nuclear RNaseIII type endonu-

clease named Drosha (Lee et al., 2003). Together with its cofactor, DGCR8 (in humans)

or Pasha (in Drosophila and C.elegans), which contains two dsRBD domains, they form

the Microprocessor complex (Denli et al., 2004). DGCR8/Pasha recognizes the junction

between flanking ssRNA and dsRNA at the base of the stem loop where it anchors to

form a “cleavage complex” which facilitates the positioning of Drosha so that it cuts 11bp

from the base of the stem loop (Figure 1.1; Han et al., 2006). The product of this reaction

is a precursor microRNA (pre-miRNA) which is 60 to 80nt long with a 5’ monophosphate

and a 3’ 2nt overhang (Kim et al., 2009).

Recent cloning and sequencing of small RNAs in Ciona intestinalis revealed a previ-

ously unnoticed class of small RNAs which are slightly shorter than microRNAs (19-20nt

long) and are mapped to flank the predicted stem loop of the pre-miRNA at both 5’ and

3’(Shi et al., 2009). Such “microRNA -offset RNAs” (moRs) have also been detected in

human small RNA libraries albeit less abundantly (Langenberger et al., 2009). Their

processing still remains to be elucidated.

There is growing evidence that pri-miRNA processing takes place co-transcriptionally.

Pri-miRNAs have been found enriched in the chromatin-associated nuclear fraction (Pawlicki

and Steitz, 2008) and chromatin immunoprecipitations revealed enriched Drosha and Pol-

II binding on the same microRNA loci in human cell lines (Morlando et al., 2008). In

addition, the nuclear exosome (3’-5’ exonuclease) and XRN2 (5’-3’ exonuclease) were

found co-localised with Drosha on the introns of microRNA host genes, suggesting that
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1.2 microRNA biogenesis

after Drosha processing the introns get excised and degraded (Morlando et al., 2008).

The emerging model suggests that Drosha cleaves after the transcript associates to the

early spliceosome complex but before the intron gets excised (Kim et al., 2009).

1.2.3.1 Mirtrons skip nuclear processing

Certain introns which host microRNAs can be so small in size, that upon completion

of splicing and debranching they fold into hairpin structures resembling those of pre-

miRNAs and can thus by-pass canonical processing by Drosha/Pasha (Ruby et al., 2007).

Mirtrons have been identified in both invertebrates and vertebrates but unlike canonical

microRNAs they appear to be phylogenetically restricted in the phyla where they are

discovered (Okamura et al., 2007; Berezikov et al., 2007).

1.2.4 Nuclear export of precursor microRNAs

Transport of pre-miRNAs into the cytoplasm is mediated by Exportin-5 (EXP5), a mem-

ber of the karyopherin family of transport receptors, in a RanGTP-dependent manner

(Bohnsack et al., 2004; Lund et al., 2004). EXP5 can recognize dsRNA stems longer

than 14bp with a short 3’ overhang of 1-8nt (Gwizdek et al., 2003; Zeng and Cullen,

2004) on which it directly binds without the need for any adaptor proteins (Lund et al.,

2004). Once in the cytoplasm, GTP gets hydrolyzed to GDP and EXP5/Ran-GDP then

releases the pre-miRNA (Figure 1.1).

1.2.5 Cytoplasmic processing of precursor microRNAs

The second processing step towards microRNA maturation involves the excision of pre-

miRNAs terminal loop and takes place in the cytoplasm (Figure 1.1). Dicer, a cy-

toplasmic RNase III endonuclease, can recognize and bind the 3’ 2nt overhang that

Drosha cleavage leaves behind, through its PAZ domain which preferentially binds single-

stranded 3’ ends of dsRNAs (Lingel et al., 2003; Ma et al., 2004). Upon PAZ binding,

Dicer cuts 20bp from the base of the stem to remove the loop and leave an additional

2nt 3’ overhang (Zhang et al., 2004). Imprecise or alternative processing by Dicer could

account for the observed length heterogeneity at 3’ ends of mature microRNAs (Landgraf

et al., 2007; Ruby et al., 2007; Seitz et al., 2008).

However, similar to Drosha, Dicer activity requires association with proteins which

bear dsRNA binding domains such as Loquacious (LOQS) in Drosophila (Forstemann

et al., 2005; Jiang et al., 2005; Saito et al., 2005) and its ortholog TRBP in addition

to PACT in human (Figure 1.1;Chendrimada et al., 2005; Lee et al., 2006). The final
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product, is a ~22nt miRNA:miRNA* duplex with 2nt overhangs at both 3’ ends (Grishok

et al., 2001; Hutvagner et al., 2001; Ketting et al., 2001).

1.2.6 Loading mature microRNAs to Argonautes

To exert their regulatory role, microRNAs must associate with the argonaute proteins

(AGOs) and form the RNA-induced silencing complex (RISC) which will cause trans-

lational repression and/or destabilization of target mRNAs (Figure 1.1; Carthew and

Sontheimer, 2009).

The mature miRNA:miRNA* duplex product of Dicer enters miRISC assembly (while

still bound by Dicer and LOQ/TRBP) which involves duplex unwinding and association

of one of the two strands with AGO (Gregory et al., 2005; Maniataki and Mourelatos,

2005). Strand retention is influenced by thermodynamic criteria similar to those which

determine which strand of an siRNA duplex will be the guide and which the passenger

(Schwarz et al., 2003; Khvorova et al., 2003). MicroRNAs can mature from either arm of

the pre-miR stem loop and in some cases both arms produce mature microRNAs (Ruby

et al., 2007; Okamura et al., 2008; Ro et al., 2007).

During RISC assembly, there is a choice of AGO proteins on which a mature microRNA

can be loaded. Five, eight and twenty-seven paralogs of the argonaute superfamily ex-

ist in Drosophila, human and C. elegans respectively (Carthew and Sontheimer, 2009).

Among paralogs, some have been shown to be functionally specialized for the miRNA

and siRNA silencing pathways in each species (Okamura et al., 2004; Yigit et al., 2006;

Diederichs and Haber, 2007). In invertebrates, the basic criterion over which small RNAs

are sorted/loaded to different AGOs is the structure of the pre-miRNA stem (Tomari et

al., 2007).

In Drosophila, Dicer/LOQ bound microRNA duplexes with disturbed base pairing

(by central mismatches) preferentially associate with Ago1 (Tomari et al., 2007; Forste-

mann et al., 2007). Recent high throughput sequencing of AGO1 associated small RNAs

confirmed that the vast majority were microRNAs (Czech et al., 2008). Only a small

fraction of AGO2 associated small RNAs corresponded to microRNA sequences while

the majority comprised siRNAs which originate from perfectly matching duplexes which

are specifically bound by Dicer/R2D2 complex (Czech et al., 2008; Tomari et al., 2004).

Similarly, the C. elegans argonaute family member ALG-1 gets loaded with mature mi-

croRNAs originating from missmatched precursors while RDE-1 associates with small

RNAs unwound from perfect matched dsRNA precursors (Steiner et al., 2007). In hu-

mans, which have four AGO proteins (AGO1-4), binding preferences for microRNAs have

been reported for AGO3 and AGO2 after sequencing all AGOs associated small RNAs
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(Azuma-Mukai et al., 2008).

1.2.7 MicroRNA delivery to neighbouring cells through exosomes

Investigation for the presence of nucleic acids in exosomes of mouse and human mast

cell lines identified substantial amounts of RNA, in particular mRNA from ~1300 genes

but also large amounts of small RNAs, including 121 different microRNAs (Valadi et

al., 2007). Similar, recent findings were reported for embryonic stem cell microvesicles

which were found to carry protein and RNA of size <2kb among which several abundant

microRNAs (Yuan et al., 2009). There is therefore growing evidence suggesting that

in cell types which have the capacity to release exosomes, a hypothetical final step in

microRNA biogenesis could be their packaging and export. Such a model would assign

an additional role to microRNAs in intercellular regulation of gene expression.

1.3 microRNA mediated silencing mechanisms

Following the assembly of the silencing complex, the mature microRNA guides miRISC

to its target mRNA. The mechanism through which miRISC will exert gene silencing de-

pends on the degree of complementarity between the microRNA and its target sequence.

Up to now, three different mechanisms have been reported: mRNA cleavage, mRNA

degradation and translational repression.

1.3.1 mRNA cleavage

Of the three known silencing mechanisms, mRNA endonucleolytic cleavage is the best

understood. This is because of the thorough characterization of AGO2, the only AGO

protein which can catalyze endonucleolytic cleavage of a base-paired (perfectly matching)

miRNA::target duplex through an RNaseH-like fold of its PIWI domain (Liu et al., 2004;

Meister et al., 2004; Okamura et al., 2004). However, such “slicing” repression activity

against target transcripts has only been reported for a couple of mammalian microRNAs;

miR-198 which guides the enonucleolytic cleavage of HOXB8 mRNA (Yekta, 2004) and

miR-122 that guides cleavage of Transition protein 2 (Tnp2) mRNA (Yu et al., 2005). In

contrast to this, “slicing” is a very widespread target transcript repression mechanism in

plants where microRNAs bind their targets with full complementarity (Jones-Rhoades

et al., 2006).
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1.3.2 mRNA degradation

In the last 5 years, work from several groups has established deadenylation followed by

decapping and degradation of target transcripts as one of the important silencing mech-

anisms by microRNAs (Bagga et al., 2005; Lim et al., 2005; Giraldez, 2006; Rehwinkel et

al., 2006; Eulalio et al., 2009). In eukaryotes, mRNA degradation can either be exerted

by a 3’-5’ exonuclease in the endosome after deadenylation (Chen et al., 2001; Hilleren

et al., 2001; Wang and Kiledjian, 2001; Tourrière et al., 2002)or by a 5’-3’ exonuclease

XRN1P/LSM1P after deadenylation and decapping by DCP1/DCP2 (Muhlrad et al.,

1995; Parker and Song, 2004).

The aforementioned mRNA destabilization components have been found enriched (Re-

hwinkel et al., 2005; Bagga et al., 2005) together with microRNAs, AGO proteins and

target messengers in cytoplasmic foci, called P-bodies, known as sites of catabolism

and/or storage of non-translated mRNAs (Liu et al., 2005a; Sen and Blau, 2005; Liu et

al., 2005b; Jakymiw et al., 2005). Despite the fact that P-body integrity was shown to be

non-essential for microRNA function (ying Chu and Rana, 2006), P-body components do

play an important role in microRNA-mediated silencing and their formation was shown

to be a consequence rather than the cause of RNA-mediated silencing (Eulalio et al.,

2007).

MicroRNA mediated mRNA decay requires AGO proteins, the P-body component

GW182, the CAF1-CCR4-NOT deadenylaze complex, the decapping enzyme DCP2 and

decapping activators like DCP1, Ge-1, EDC3 and RCK/p54. GW182 recruits the CAF1-

CCR4-NOT complex and induces deadenylation of the target mRNA which subsequently

gets decapped by DCP1-DCP2 complex and degraded by the 5’-3’ exonuclease XRN1

(Behm-Ansmant et al., 2006; Eulalio et al., 2007). Recently, it has been shown that

GW182 additionally interacts with the poly(A)-binding protein (PABP) which is a co-

activator of deadenylation (Fabian et al., 2009). The P-body component GW182 (which

acts downstream of microRNA processing and loading to AGO) appears to be of primary

importance in this silencing mechanism not only for recruiting the mRNA destabilization

machinery but primarily for associating with AGO proteins at the target mRNA’s 3’UTR

(Behm-Ansmant et al., 2006; Till et al., 2007).

The latest state of the art on deadenylation and degradation as a microRNA-mediated

silencing mechanism indicates that although deadenylation is not crucial for silencing, it

does contribute by enhancing the inhibitory effect of microRNAs which primarily repress

translation (Eulalio et al., 2009; Zdanowicz et al., 2009; Fabian et al., 2009).
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1.3.3 Translational repression

The mechanisms by which miRISC exerts translational repression are still an ongoing

subject of debate. Many independent experiments suggest that microRNAs block trans-

lation at the initiation step. However, some evidence is pointing towards post-initiation

steps. It is still not clear whether the lack of consensus is a product of “artefactual noise”

due to the different experimental systems used. Below, I shall present the proposed

models:

1.3.3.1 Inhibition of ribosomal subunit joining or cap recognition

The observation that mRNAs with a non-functional cap or an IRES cannot effectively

be repressed by microRNAs indicated that repression possibly happens at the initiation

step of translation and might involve the recognition of the m7GpppN cap (Pillai et al.,

2005; Humphreys et al., 2005; Thermann and Hentze, 2007; Mathonnet et al., 2007).

Several studies on cell free extracts reason that microRNAs repress translation during

initiation by inhibiting association of target mRNA with the small ribosomal subunit 40S

of Drosophila (Thermann and Hentze, 2007), the 80S initiation complex of mouse (Math-

onnet et al., 2007) but also the 60S ribosomal subunit (Chendrimada et al., 2007; Wang

et al., 2008). Relief of translational repression after addition of purified initiation factor

eIF4F (which includes eIF4E cap-binding subunit) highlighted and further supported

the importance of the m7GpppN cap recognition process in miRNA-mediated repres-

sion (Mathonnet et al., 2007). Very recent work by Zdanowicz et al. (2009) confirmed

the importance of the m7GpppN cap, which was shown to be the primary target of miR-

2/RISC as its substitution with chemically modified structural analogs (which were more

accessible for RISC and translational inhibitor 4E-BP binding) increased susceptipility

to microRNA-mediated repression.

At the level of whole organism study, work in C. elegans studying the repressive effect

of let-7 and lin-4 on several endogenous targets reported their decreased association

with polysomes consistent with the model of repression at the initiation step (Ding and

Grosshans, 2009). Taken together, a model emerges whereby a microRNA induced barrier

prevents the essential for translation synergy between the 5’ cap and the 3’ poly(A) tail

and can exert repression of translation at the initiation step.

1.3.3.2 Cotranslational degradation of nascent protein

Translational repression via recruitment of proteases to polysomes was the suggested

mechanism of microRNA silencing after failing to immunoprecipitate the repressed mRNA

25



1 Introduction

with antibodies against the reporter growing polypeptide (Nottrott et al., 2006). Aside

from basing conclusions on negative instead of positive evidence, this model came in

contradiction with earlier findings that silencing is not affected after inhibition of the

proteasome or targeting the protein to the Endoplasmic Reticulum (Pillai et al., 2005).

These observations argue against a mechanism that would involve degradation of the

nascent polypeptide.

1.3.3.3 Premature termination of translation

Investigation of translational repression using a microRNA mimic (a synthetic microRNA

reporter with a 3’ UTR which bares six identical partially complementary binding sites

for cotransfected siRNA), showed association of the reporter to polysomes in addition

to premature termination of translation (Petersen et al., 2006). These findings led the

authors to the conclusion that microRNAs cause premature ribosome drop-off to actively

translated mRNAs. However, earlier work had already shown that microRNA-repressed

mRNAs do not co-sediment with polysomes (Pillai et al., 2005) and these complexes

were later shown to be “pseudo-polysomes” which formed even after ribosome complex

formation or elongation of translation were inhibited (Thermann and Hentze, 2007).

1.4 Target recognition by microRNAs

1.4.1 Target binding rules

As increasing numbers of microRNA targets were validated it became apparent that

the 5’ end of microRNAs, particularly nucleotides 2-8, conferred the most important

functional role in target recognition (Lai, 2002). This core functional element binds to

the 3’ Untranslated Region (UTR) of mRNAs, repressing their expression either post-

transcriptionally or at the level of translation. This particular region was termed the

“seed” sequence (Lewis et al., 2003) in view of the later finding that this portion of the

microRNA sequence is the most conserved across metazoan microRNAs (Lim et al., 2003).

A number of single-nucleotide mutation studies monitoring the effect of repression of

known microRNA targets confirmed the biological importance of the seed region (Doench

and Sharp, 2004; Kiriakidou et al., 2004; Kloosterman et al., 2004; Brennecke et al., 2005).

The first rule of microRNA target recognition was therefore established: as little as seven

base-pairs of complementarity between the 3’ UTR of mRNA targets and the 5’ end of

targeting microRNAs is sufficient to exert a repressive effect.

This observation raises the question as to why the first nucleotide of a microRNA’s 5’
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Figure 1.2: Different types of target sites and their impact on protein output. a-c, canonical 7 and

8mer target sites with vertical dashes indicating base pairing. d, marginal 6mer target site. e-f,

protein output repressive efficacy of each target site type matching miR-124 and averaged data

from matching miR-124, -1 and -181 respectively. Figure adapted by Baek et al. (2008)

end is not included in the seed -particularly when adenosines are common at position t1

(adjacent to microRNA seed matches) and most microRNA sequences contain a uracil at

position m1 (first position from 5’ end of microRNA). It has been shown that even when

base pairing occurs between t1 (A) and m1 (U), this feature alone does not contribute

to a repressive effect on the target (Nielsen et al., 2007). Interestingly, structural studies

of the AGO-siRNA complex demonstrated that the 5’ most nucleotide of the guide RNA

(equivalent to the m1 base of microRNAs) is not base-paired but instead bound by AGO

(Ma et al., 2005; Parker et al., 2005). Evolutionary conservation across components of

the siRNA and microRNA pathways may give insight into the lack of t1-m1 recognition

at the 5’ end of the seed region.

Sites with an adenine at t1 position are named “7mer-A1”. They lie at the bottom of

the targeting efficacy hierarchy (Figure 1.2), with “7mer-m8” sites out-performing them

and “8mer” sites demonstrating the strongest repressive effect (Grimson et al., 2007;

Nielsen et al., 2007; Baek et al., 2008). Many microRNA targets exhibit recognition sites

with predicted bulges or G:U matches (Ha et al., 1996; Reinhart et al., 2000; Brennecke

et al., 2003), but surprisingly these have been demonstrated not to inhibit the target

gene’s function in vitro (Doench and Sharp, 2004; Kiriakidou et al., 2004). The number

of bulges or G:U base pairs which can be tolerated in the seed region without precluding
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target binding has been a research topic of its own. In vivo experiments have shown that

more than one G:U base pair within the seed region could compromise the efficiency of

microRNA-mediated target repression, a finding recently confirmed by large-scale whole

proteome microRNA impact analyses (Brennecke et al., 2005; Selbach et al., 2008; Baek

et al., 2008).

Target sites having either a single-nucleotide bulge or mismatch within the seed,can

remain functional, given extensive binding complementary between the target and the

3’ end of the microRNA (Yekta, 2004; Brennecke et al., 2005). Such “3’-compensatory

sites” can supplement a 7mer seed match and additional target pairing to microRNA

nucleotides 13-16 was also shown to boost target site efficacy (Grimson et al., 2007;

Bartel, 2009). However, unlike the 7mer seed, 3’ compensatory or supplementary sites

do not appear to be under selection pressure (Brennecke et al., 2005; Lewis et al., 2005).

These findings establish the second rule of target binding: the quality and extent of

microRNA seed:target binding is directly linked to its repressive efficacy.

Of equal importance to the quality of sequence match between microRNA and target

is the overall accessibility of the target site (Kertesz et al., 2007). RNA-binding proteins

have been shown to interfere with microRNA-target interaction by occupying the target

recognition site (Kedde et al., 2007). Even in the absence of interfering bound complexes,

the secondary structure of the 3’UTR may be such that for microRNA binding to oc-

cur, unpairing of local secondary structures flanking the target site might be necessary

(Kertesz et al., 2007). Recent work by Iovino et al. (2009) further underscores the im-

portance of 3’UTR context by experimentally validating a predicted target with a (poor)

6mer site, not evolutionarily conserved (see below for details) but very accessible in terms

of flanking 3’ UTR secondary structure. This was computationally measured using the

PITA algorithm (see below for details). It therefore appears that as a complement to

purely sequence-based approaches, site accessibility should also be considered as a rule

for microRNA target prediction.

1.4.2 Computational prediction of microRNA targets

Employing an experimental approach to validate each target gene annotated in miRBase

would be a very laborious and time-consuming task. As an alternative, several target

prediction algorithms have been developed to apply the above criteria to search a set

of transcript sequences for potential target sites. A fundamental challenge in this field

has been to successfully predict the biologically functional targets while excluding false

predictions (Bartel, 2009).

To date, there are at least seven different target prediction tools publicly available, and
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each one is based on distinct criteria with varying false-positive rates. Some specialize on

a particular organism’s transcriptome sequences, while others include data from related

transcriptomes. These tools include: Targetscan (Lewis et al., 2005), EMBL (Stark et

al., 2005), PicTar (Krek et al., 2005), EIMMo (Gaidatzis et al., 2007), Miranda (Betel

et al., 2008), miRBase Targets (Griffiths-Jones et al., 2008) and PITA (Kertesz et al.,

2007).

The performance of the above algorithms has been continuously assessed with a grow-

ing number of target validation experiments (Baek et al., 2008; Selbach et al., 2008).

An additional prediction criterion appears to be target site evolutionary conservation,

which is detected through alignment of orthologous 3’ UTR sequences (Lewis et al.,

2003). This indicator has been further confirmed by single-nucleotide polymorphism

(SNP) genotyping in the human transcriptome, which reveals SNP density to be signifi-

cantly lower in conserved target sites (Chen and Rajewsky, 2006b). Whole-transcriptome

and -proteome analyses have reinforced the importance of target site evolutionary con-

servation by demonstrating a stronger down-regulation of the mRNAs having conserved

sites (Farh, 2005; Nielsen et al., 2007; Baek et al., 2008; Selbach et al., 2008).

Despite the observed conservation of target sites within vertebrates (which surprisingly

share high 3’UTR homology) very few target sites are conserved among drosophilid and

nematode lineages (Chen and Rajewsky, 2006a). A recent study focusing on the function

of miR-7 in Drosophila development identified only 9 orthologous targets of miR-7 shared

between Drosophila and human (as an intersection from 97 Drosophila and 581 human

predicted targets) (Li et al., 2009).

In addition to the evolutionary conservation filters widely used in target prediction,

some methods factor in predicted secondary structure accessibility (Kertesz et al., 2007).

In this approach, targets are scored by computing the difference (ΔΔG) resulting from the

subtraction of the free energy gained by forming the miRNA-mRNA duplex (ΔGduplex)

and the energetic cost of unpairing the target site in order to make it accessible for the

miRNA (ΔGopen). A recent work highlighted the very low value of ΔΔG (less than

-12) as the only link able to discriminate between favorable (8mer and evolutionarily

conserved) and unfavorable (6mer, non conserved and only predicted by one algorithm

out of several tested) sites (Iovino et al., 2009). It would therefore seem that target

prediction algorithms would benefit from the addition of filters designed to reduce the

false negative rate.

With predictions in the range of 300 evolutionarily conserved targets per mammalian

microRNA family, it appears that half of human protein-coding genes are potentially

under the control of microRNAs, with a strong selective pressure to maintain their con-

29



1 Introduction

served target sites in the 3’ UTRs (Friedman et al., 2009). Conversely, the depletion of

target sites in exceptionally short 3’ UTRs of “housekeeping” genes (Stark et al., 2005),

together with the observation that in cancer cells oncogene isoforms having shorter 3’

UTRs escape miRNA-mediated repression (Mayr and Bartel, 2009), reveals target avoid-

ance.

Based on target predictions it appears that microRNAs have the potential to modulate

the expression of nearly all the mammalian mRNAs (Bartel, 2009). To support this notion

with experimental evidence, target validation followed by functional analysis of a given

microRNA’s repressive effect is necessary.

1.4.3 Target validation

MicroRNA target prediction analysis eventually faces a bottleneck at the step of target

validation. Several validation methods have been employed, ranging from traditional

genetic studies (Lee et al., 1993; Reinhart et al., 2000; Brennecke and Cohen, 2003),

rescue assays (Brennecke and Cohen, 2003), reporter-gene constructs (Lewis et al., 2003;

Kiriakidou et al., 2004; O’Donnell et al., 2005; Johnson et al., 2005) and mutation stud-

ies (Doench and Sharp, 2004; Kiriakidou et al., 2004; Kloosterman et al., 2004; Bren-

necke et al., 2005). High-throughput approaches have also been developed, involving

over-expression of microRNAs in cell lines followed by microarray profiling to detect

down-regulated targets (Lim et al., 2005), as well as the reverse approach of depleting

microRNAs to identify up-regulated targets (Rehwinkel et al., 2006).

Each of the above methods offers both clear benefits and disadvantages. For exam-

ple, reporter construct assays provide high-resolution information about both mRNA

and protein repression but are very time consuming and laborious. Measuring the effect

of microRNA targeting on a whole transcriptome basis is of great value, but yields an

incomplete picture since microRNAs have been seen to act primarily by blocking trans-

lation without additional target mRNA degradation (Baek et al., 2008; Selbach et al.,

2008; Zdanowicz et al., 2009). This has been confirmed by studies in which immuno-

precipitations of Ago1 pulled down predicted targets that were marked unchanged in

the mRNA profiling experiments and thus considered false positive predictions while in

reality being true targets (Easow et al., 2007; Karginov et al., 2007).

A recent method combining quantitative-mass-spectrometry with stable isotope label-

ing of amino acids in cell culture (SILAC) allowed sensitive measurements of genome-wide

changes in protein output as a response to microRNA expression or depletion (Baek et

al., 2008; Selbach et al., 2008). These studies showed that a single microRNA can repress

production of hundreds of proteins by down-regulating mRNA levels or directly repress-
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ing translation of hundreds of target mRNAs. Of the total number of computationally

predicted targets, one-third were not detected in SILAC-based mass spectrometry data

(Baek et al., 2008). This observation supports earlier (and somewhat controversial) pre-

diction data identifying potentially numerous microRNA targets. Additionally, the false

positives identified through experimental analyses will be of excellent value in developing

more accurate prediction methods.

1.5 The role of microRNAs in animal development

What other role than the one of a genetic switch could have been attributed to lin-4 and

let-7, when the context of their discovery was a forward genetic screen? In their absence,

transition of their de-repressed targets protein levels from inconsequential to “toxic” gave

a mutant phenotype to be characterized. Had lin-4 and let-7 repressive efficacy not

been this strong against lin-14 and lin-28 target sites respectively, then neither of the

two microRNAs would have been discovered using such an approach.

With lin-4 and let-7 setting the initial paradigm of microRNA targeting interactions

as being on/off “switches” with a role in animal development, follow up studies were up

to surprises with most microRNA mutants exhibiting “moderate” defects. Still, these

moderate defects appear to have a significant biological role which will be described in

the following sub-sections.

1.5.1 The effect of global microRNA shut off

A straightforward experiment which gave insight into the role of microRNAs in early

animal development involved the global depletion of all mature microRNAs. Generation

of mutants for key enzymes of the microRNA bio genesis pathway such as Dicer or

Loquacious, gave a panoramic view over the role of microRNAs during early development

of both invertebrate and vertebrate model organisms.

In C. elegans, inactivity of both maternal and zygotic dicer-1 (dcr-1 ) caused embryonic

lethality (Grishok et al., 2001). Drosophila Loquacious mutants were viable but female

sterile (Forstemann et al., 2005). Zebrafish maternal-zygotic dicer1 mutants (Mzdicer)

exhibited late embryonic lethality without severe impairement in patterning, axis forma-

tion and differentiation. Nevertheless, zebrafish morphogenesis, somitogenesis, heart and

brain development were severely affected in the absence of microRNAs (Giraldez et al.,

2005). In mouse, Dicer1 mutants displayed severe defects as they lacked Oct4+ pluripo-

tent stem cells and their development arrested early in development, during gastrulation,

at stage E7.5 (Bernstein et al., 2003). Global microRNA depletion can therefore be em-
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bryonic lethal in C.elegans and mouse in contrast to zebrafish where phenotypes were

relatively mild. These studies demonstrated that the role of Dicer and microRNAs in

early embryonic developmental patterning as well as germline stem cells can vary among

different organisms. Further genetic studies on microRNA mutants came to shed some

more light over their functional role in animal development.

1.5.2 Functions inferred from genetic studies of microRNA mutants

Several studies on microRNA mutants have implicated microRNAs in a range of biological

processes such as developmental timing (Lee et al., 1993; Reinhart et al., 2000), signalling

pathways (Hornstein et al., 2005; Li and Carthew, 2005; Flynt et al., 2007), circadian

rythmicity (Cheng et al., 2007; Kadener et al., 2009a), myogenesis (Sokol and Ambros,

2005; Zhao et al., 2007; Chen et al., 2006), neurogenesis (Johnston et al., 2005; Schratt et

al., 2006; Li et al., 2006; Karres et al., 2007; Makeyev et al., 2007), hematopoesis (Chen

et al., 2004; Thai et al., 2007), energy homeostasis (Teleman et al., 2006), germline

development (Iovino et al., 2009), maternal mRNA clearance during transition from

maternal to zygotic transcription (Giraldez, 2006; Tang et al., 2007a; Bushati et al.,

2008) and cell proliferation and apoptosis (Brennecke et al., 2003).

Judging from the number of mRNAs a single microRNA can target, it would be dif-

ficult to find a biological process in which microRNAs do not play a role. As a result,

clustering microRNAs into groups based on the biological processes in which they are

involved shall only produce a long list of diverse systems where microRNAs are involved

without necessarily giving an insight into their mode of action as a regulatory class of

molecules. A more conclusive categorization of microRNAs could use as a basis the type

of interaction between microRNA and its target/s by considering the degree and conse-

quences of dampening the target’s protein levels as well as the extent of how often can

this happens in the organismal/biological context.

For example, a microRNA might have a predicted target which in vitro gets very

efficiently repressed but in reality, the two never “meet” as the microRNA is expressed

in one cell type and the target in another. In fact there are studies which compared the

expression sites of microRNAs and their predicted targets and could report a mutual

exclusion between the two (Stark et al., 2005; Visvanathan et al., 2007). Given that

microRNA and target never meet, the microRNA’s role in relation to this particular

target becomes equivalent to that of a fail-safe mechanism which protects the microRNA-

expressing cell from leaky target’s transcripts and the potential accumulation of target’s

protein up to consequential levels (left panels of Figure 1.3). In this type of interaction,

the microRNA functions to reduce target’s protein output down to inconsequential levels
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Figure 1.3: Types of microRNA regulatory interactions. a, a microRNA can act as a binary switch

or may fine tune target protein’s output at optimal levels in response to a developmental or envi-

ronmental cue (microRNA expression level in blue and protein levels in purple). b, pre-existing

microRNA expression in a cell/tissue may act to restrict target’s protein production to optimal

levels. Accumulation of target’s protein levels in the absence of the microRNA is consequential for

the cell in both switch and tuning type interactions (depicted by dashed purple line). For tuning

type interactions, excessive microRNA repression can be as critical as the absence of microRNA

because it bring the target’s protein levels down to consequential. Figure modified after Bartel

(2009).

(Bartel, 2009).

In the opposite scenario, where a microRNA and its predicted target are co-expressed

in the same cell/tissue-as reported by (Farh, 2005; Shkumatava et al., 2009), a “tuning”

role is suggested for the microRNA because a “binary off-switch” would render the target

gene functionless in the microRNA-expressing cell (right panels in Figure 1.3). In tuning

interactions, the microRNA functions to reduce protein levels to an optimal rather than

off (consequential for the particular cell type) state (Karres et al., 2007; Bartel, 2009).

By classifying studied microRNAs based on their apparent switch or tuning role I

will present a collection of key genetic studies which have contributed towards the bet-

ter understanding of microRNAs functions and have underlined their involvement in a

multitude of systems.

1.5.2.1 microRNAs with identified switch-type interactions

lin-4, a switch in developmental timing Induction of lin-4 and let-7 occurs in a step-

wise manner during C.elegans development and coincides with the time points when

their targets must be repressed in order to allow transition to the next larval stage of

development. More specifically, the early target of lin-4 is a transcription factor essential
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for the completion of the first larval stage L1 (Hristova et al., 2005). Worms deficient for

transcription factor lin-14 skip L1 and transit into L2, while gain of function mutants

lacking lin-14 3’ UTR go over L1 -specific lineages again (Ruvkun et al., 1989; Ambros

and Horvitz, 1987). In wild type flies, lin-4 becomes active during L2 transition and

subsequently turns off the expression of pre-existing lin-14 (Lee et al., 1993; Wightman

et al., 1993).

The second target of lin-4, lin-28 is yet again a heterochronic gene but important

for the L2 to L3 transition. Accordingly, lin-28 rescuing trangene with mutated lin-

4 binding sites causes developmental delays and specifically reiteration of L2 -specific

lineages (Moss et al., 1997).

For both lin-14 and lin-28, their interaction with their targeting microRNA lin-4 is a

paradigm of a switch interaction whereby the microRNA onset shuts down the expression

of a pre-existing target.

let-7, a switch in developmental timing let-7 induction occurs in the late larval stages

of C.elegans at the L4-adult transition when the TRIM protein levels encoded by lin-41

must be repressed to allow the developmental transition (Reinhart et al., 2000). The late

onset of let-7 seems to be conserved across bilaterian animals (Pasquinelli et al., 2000)

and recent experiments in Drosophila let-7 gene cluster, which additionally hosts miR-

100 and the lin-4 ortholog miR-125, revealed a conserved role in developmental timing

(Sokol et al., 2008; Caygill and Johnston, 2008).

In the wing imaginal disc of the fly, let-7 and miR-125 mediate cell-cycle exit just

like C.elegans let-7 promotes cell-cycle exit of hypodermal cells to allow transition into

adulthood. In let-7, mutant wing discs persist their cell divisions 24h after puparium

formation as opposed to ceased divisions in wild type. Thus the onset of let-7 expression

during puparium formation controls the period of wing disc cell divisions (Caygill and

Johnston, 2008).

A parallel study uncovered a second role for let-7 during Drosophila development which

induces the destruction of larval specific dorsal internal oblique muscles (Sokol et al.,

2008). During adult maturation these larval muscles get destroyed but in let-7 mutants

they persisted and neuromuscular junctions associated to adult-specific dorsal muscles

appeared immature (Sokol et al., 2008; Caygill and Johnston, 2008). Intriguingly, a closer

look in let-7 C.elegans mutants reveals equivalent “unfinished work” as the programmed

cell death of the “linker cell”, connector of the male reproductive system to the exterior,

meant to happen during the L4-adult transition is skipped (Abraham et al., 2007).

The Drosophila let-7 target is a transcription factor, Abrupt (Ab), whose protein levels
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drop in synchrony with the up-regulation of let-7. Partial loss of Ab function “mildens”

the retarded dorsal muscle and neuromuscular junction phenotype of let-7 mutants, in-

dicating a role for Ab in developmental timing by blocking adult fates until repressed by

let-7 (Caygill and Johnston, 2008). Interestingly, expression of Ab and the Drosophila

lin-41 ortholog, brat, gets induced by 20E, the active form of ecdysone hormone, which

peaks at the late third instar larvae and triggers puparium formation and adult differen-

tiation, in other words, metamorphosis (Beckstead et al., 2005).

Just like lin-4, the onset of let-7 is necessary for the down-regulation of pre-existing

lin-41 in C.elegans and the subsequent developmental transition this allows. The exciting

finding with let-7 is that this switch interaction reported for C.elegans is also identifiable

in Drosophila (see above). Despite the fact that the Drosophila target is not conserved

across evolution, the switch mode of action is the first example of a conserved target

interaction reported for a microRNA.

miR-9, a fail-safe switch in PNS development In Drosophila, during development of

the peripheral nervous system (PNS) of the young larva, sensory organ precursors (SOPs)

derive from epidermal cells in highly stereotypical numbers and positions. Expression of

miR-9 was detected in epithelial cells of the young embryo in a non-overlapping/mutually

exclusive manner to its predicted and validate target Senseless (sens) (Li et al., 2006).

The transcription factor sens is dynamically regulated within proneural clusters so as to

be highly expressed in SOP cells (where it up-regulates and maintains proneural gene

expression necessary for SOP specification) and kept at low levels in non-SOP adjacent

cells which makes sens a repressor of proneural genes transcription (Nolo et al., 2000;

Jafar-Nejad et al., 2003).

miR-9 mutants were viable and fertile indicating that the microRNA’s role is not

essential for survival, but the mutant flies displayed ectopic and more than average bristles

in their notum and the anterior wing margin. These extra bristles were linked to extra

emerging SOPs due to de-repression of miR-9 target sens (Li et al., 2006). As opposed to

the lin-4 and let-7 interactions with their targets which get temporally switched off, the

interaction between miR-9 and sens has a spatial basis. miR-9 expression in all epithelial

cells except SOP cells acts as a “fail-safe” mechanism whereby leaky sens originating from

stochastic cell-to-cell noise gets switched off down to inconsequential levels for non-SOP

cell fate (Cohen et al., 2006; Bartel, 2009).

The premise of a fail-safe switch interaction is therefore a mutually exclusive expression

of microRNA and its target (Bartel, 2009). Many such examples of fail-safe switch

interactions have been reported for Drosophila in a large in situ screen investigating the
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localisation of microRNAs and their predicted targets (Stark et al., 2005). However, it

is noteworthy that few of the target sites which show mutual exclusion to their targeting

microRNAs are evolutionarily conserved (Bartel, 2009).

miR-430, a temporal switch in maternal-to-zygote transition Temporal switch in-

teractions of microRNAs and their targets have also been described for vertebrates. In

zebrafish, a large family of microRNAs (miR-430-family) which is highly abundant in

the early fish zygote(Giraldez et al., 2005), accelerates the decay of a large set of mater-

nally deposited mRNAs during the activation of zygotic transcription (Giraldez, 2006).

MicroRNA-depleted fish embryos accumulate maternally deposited mRNAs which in wild

type decline after maternal-zygotic transition (MZT) exactly when miR-430 family starts

to accumulate and deadenylates its targets (Giraldez, 2006).

In this example of temporal mutual exclusion, miR-430-family facilitates the tempo-

rally sharp MZT by clearing pre-existing maternal transcripts. Similar temporal switch

interaction as that of miR-430-family in fish, has been reported to facilitate the MZT of

Drosophila, involving however another microRNA family (miR-309) which is not evolu-

tionarily conserved outside the insects lineage (Bushati et al., 2008).

1.5.2.2 microRNAs as fine tuners of developmental programs

miR-8, a fine tuner which prevents neurodegeneration Despite the extensive and

complex expression pattern miR-8 exhibits in Drosophila embryos and larvae, miR-8

mutants manage to complete larval development but show reduced survival rate in pupal

and early adult stages (Karres et al., 2007). The surviving mutants exhibit morphological

malformations and behavioral defects which were shown to be a consequence of extensive

CNS apoptosis stemming from elevated levels of the atrophin gene product. miR-8, was

shown to target atrophin with 4 binding sites at the mRNA’s 3’ UTR, two of which are

conserved from Drosophila to human as of the very few deep evolutionarily conserved

targets (Karres et al., 2007; Chen and Rajewsky, 2006a).

The co-expression of miR-8 with its widely expressed target atrophin in the CNS

suggested a tuning role for this microRNA which was experimentally challenged. Sur-

prisingly complete elimination of atrophin in miR-8+ cells (such that could mimic a

switch hypothetical role of miR-8), gave a phenotype identical to what was previously

described for clones of wing cells mutant for atrophin (Zhang et al., 2002; Erkner et al.,

2002). It was therefore clear that miR-8+ cells require atrophin function and thereby

the microRNA does not act like a switch (Karres et al., 2007). This work has set a clear

example whereby a microRNA can have a tuning role to maintain a given co-expressed
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target’s protein output at favorable levels because either excess or less than favorable

can compromise cell viability. Accordingly, the premise of this type of tuning interaction

between microRNA and target is their co-expression (Bartel, 2009).

miR-7, a tuner which stabilizes developmental programs against environmental per-

turbations Recent work has highlighted the involvement of miR-7 in Drosophila photo-

and proprioreceptor determination during the course of development (Li et al., 2009).

miR-7 participates in two coherent feedforward loops and targets YAN transcription re-

pressor within the network which controls photoreceptor determination (Li and Carthew,

2005; Li et al., 2009). In this network, the role of miR-7 is to stabilize the developmental

decision after EGF signalling which leads to YAN protein degradation by reinforcing Yan

down-regulation and ensuring a stable change of cell fate from progenitor to photorecep-

tor (Li and Carthew, 2005; Bushati and Cohen, 2007). In the network controlling SOP

determination, miR-7 participates by targeting Enhancer of Split (E(spl)) in an inco-

herent feedforward loop as Atonal (Ato) induces both miR-7 and E(spl) with the latter

repressing Ato (Li et al., 2009).

The exciting finding over the role of miR-7 in these two gene networks was only made

once each developmental process was challenged by environmental perturbations. Al-

though Ato expression appears normal in miR-7 mutants, a temperature perturbation

in the environment led to a strong decrease of Ato levels. A concominant reduction in

the number of SOPs was observed. In contrast, such environmental perturbation did not

affect Ato levels in wild type flies. Therefore in the absence of miR-7, E(spl) is no longer

suppressed and can then itself repress atonal uncontrollably (Li et al., 2009). A similar

picture emerged upon temperature perturbation of the photoreceptor gene network, with

Yan expression being abnormally high and irregular eyes forming in miR-7 mutants (Li

et al., 2009).

This pioneering work uncovered the biological importance of a fine-tuner microRNA

in a realistic experimental design which took into account the environmental context and

its effects on gene expression (which can get stochastic upon perturbations). Further

studies of this kind might discover more microRNAs which fine tune target levels to keep

developmental programs stable and robust in conditions of environmental influx.

miR-375 a fine tuner of insulin secretion in mice In mice, miR-375 expression is

restricted to MIN6, TC1 cells and the pancreatic islets and has been shown to control

insulin secretion independent from Ca2+ signalling or glucose metabolism (Poy et al.,

2004). Over-expression of miR-375 in MIN6 cells was shown to cause a 40% reduction of
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insulin secretion. The same effect was reported upon silencing of the miR-375 predicted

target, Myotrophin (Mtpn), which is co-expressed in MIN6 pancreatic cells. The reg-

ulation of Mtpn by miR-375 in pancreatic cells was validated and seems to be another

example of tuning interaction between microRNA and target whereby Mtpn levels are

kept constant by miR-375 for functional insulin secretion (Poy et al., 2004; Bartel, 2009).

1.5.3 Roles inferred from large-scale studies

Many important insights into microRNA target recognition and function come from

large-scale studies of microRNA regulation. Such studies involve computational analysis

of microRNA binding site conservation or depletion among predicted targets (Lewis et

al., 2005; Brennecke et al., 2005; Farh, 2005; Stark et al., 2005; Grimson et al., 2007;

Nielsen et al., 2007), followed by profiling of target mRNA expression to find out which

targets overlap in expression with their targeting microRNA (Stark et al., 2005; Farh,

2005; Sood et al., 2006; Shkumatava et al., 2009) or experimental identification of targets

which respond to changes in microRNA regulation either at the mRNA (Lim et al., 2005;

Giraldez, 2006; Easow et al., 2007; Karginov et al., 2007) or protein level(Selbach et al.,

2008; Baek et al., 2008). The advantage with large-scale studies is in that they offer a

panoramic view on a microRNA’s interaction with all its predicted targets.

The two first large-scale analyses compared the expression of microRNAs with that of

their predicted targets. A large in situ screen performed in Drosophila for the identifi-

cation of the spatial localisation of both microRNAs and their predicted targets during

development, showed that microRNAs tend to target mRNAs which are not expressed in

the same tissue (Stark et al., 2005). In the second study, microarray data from mammals

gave a similar picture with mutual exclusion between the expression of microRNAs and

their targets but only the targets with non-conserved binding sites (Farh, 2005). Mam-

malian targets with conserved binding sites were found co-expressed with their targeting

microRNA albeit at lower levels (Farh, 2005; Sood et al., 2006).

These conflicting results were attributed to the poor dynamic range of in situ data

for those who favored Farh (2005) and to poor cellular resolution of the arrays for those

who favored Stark et al. (2005). The latter study was rather influential in the microRNA

community and inspired the adaptation of the canalization theory(Waddington, 1942) to

suggest a role of animal microRNAs in the ‘canalization’ of development (Hornstein and

Shomron, 2006). It was therefore suggested that by clearing unwanted transcripts from

preexisting mRNAs during developmental transitions (Bushati and Cohen, 2007), or by

repressing ‘leaky’ transcripts that should be expressed in neighbouring tissues but not

in the cells where the microRNA is expressed(Stark et al., 2005), microRNAs provide

38



1.5 The role of microRNAs in animal development

a fail-safe mechanism, ensure accuracy and confer robustness to tissue differentiation

(Hornstein and Shomron, 2006).

However, latest studies which analyzed the molecular profile of microRNA-expressing

cells purified to cellular resolution support the observation from earlier arrays in that

expression of conserved targets tends to overlap with that of their targeting microRNA,

and expression of messages with nonconserved target sites is less prone to overlap (Shku-

matava et al., 2009). The confirmed observation for nonconserved target sites supports

the idea of anti-targeting. As 3’ UTRs accumulate mutations in their sequences dur-

ing the course of evolution, microRNA binding sites continuously “sample” matches to

co-expressed microRNAs. Depending on whether the resulting microRNA-mediated re-

pression is selectively favorable, neutral or “toxic” to the cell the newly emerged target

site will accordingly be conserved, neutral or selectively avoided (Bartel, 2009). In anti-

targeting, nonconserved target sites are lost during the course of evolution from mRNAs

highly expressed in cells expressing their targeting microRNA because they are toxic. On

the contrary, these sites can persist in mRNAs expressed in cells that do not express the

microRNA (Bartel, 2009).

Recent large-scale proteomic analyses studying the influence of microRNAs on the

protein output of their targets revealed that the repressive effect on individual proteins

was modest, with some exceptional proteins being repressed down to 50%-80% (Baek et

al., 2008; Selbach et al., 2008). Taking these latest results into account, a picture emerges

whereby most microRNA-target interactions appear to be of the tuning type, at least for

conserved and hence important target sites (Karres et al., 2007; Baek et al., 2008), and

switch type interactions (sometimes acting as extreme as fail-safe) are seen more often

for nonconserved target sites (Li et al., 2006; Giraldez, 2006; Bartel, 2009). Still, with

so many conserved targets for each microRNA and considering all the biological roles

they may be involved in, the proportions of tuning, switch or fail-safe interactions might

vary from one microRNA to another (Bartel, 2009). A combination of more large scale

studies followed up by single protein analyses will give a clearer impression on the role

of microRNAs in animal development.

1.5.4 MicroRNAs ensure precision of protein output

With the current state of the art, a role of microRNAs as stabilizers and “micromanagers”

of protein output can easily be inferred. Their involvement in rendering developmental

decisions and programs more robust has been demonstrated in a number of different

organisms. With special emphasis on latest reports which identified microRNAs buffering

complex gene regulatory networks (Li and Carthew, 2005; Li et al., 2009; Hammell et al.,
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2009), their role in conferring robustness to gene networks and developmental programs

can hardly be argued.

Considering the importance of gene networks in development and evolution (Davidson,

2006) together with the inherent noise of gene expression (Elowitz et al., 2002; Raser,

2005) raises an antithesis: How can the output of gene networks with intrinsic noise

exhibit minimal phenotypic consequences? Phylogenetically basal and statigraphically

“early” species show high variability in polymorphic traits (Webster, 2007; Hughes, 2007),

underlining the evolutionary implications of genetic noise.

Interestingly, a cross species comparison on the expression levels of mRNA orthologs

(between fly, mouse, chimpanzee and human) in a number of homologous tissues pointed

out a role for microRNAs in reducing noise. MicroRNA targets showed similar levels

of expression across species as opposed to mRNAs not targeted by microRNAs which

showed significant variations in their levels (Cui et al., 2007). Therefore, an effective

way to reduce genetic noise during the course of evolution is by introducing a post-

transcriptional layer of regulation like microRNAs. In light of recent proposals whereby

microRNAs are suggested to be instrumental for the evolution of metazoa (Peterson

et al., 2009), I shall dedicate the next chapter to present current hypotheses on how

microRNAs evolved, their phylogenetic distribution across metazoa and hypotheses that

stem from these data.

1.6 Evolution, diversification and phylogeny of animal

microRNAs

1.6.1 microRNA gene birth during the course of evolution

1.6.1.1 De novo microRNA gene emergence

Large scale analyses of genomic transcription have revealed that virtually the entire non-

repeat portion of animal genomes gets transcribed into RNA (Kapranov et al., 2007;

Affymetrix, 2009). Such broad transcription of the genome could assist the birth of novel

microRNA genes as computational approaches predict hundreds of thousands candidate

hairpins which could get processed by Drosha/Pasha (Liu et al., 2008). In Drosophila

genome, 100,000 candidate hairpins get predicted (Lu et al., 2008b) while in mammalian

genomes predictions reach 1,000,000 of such hairpins (Bentwich et al., 2005).

The above facts together with recent evidence that Drosha/Pasha microprocessor com-

plex does not strictly process stem loops from microRNA primary transcripts but also

from random transcripts (Kadener et al., 2009b) assigns big evolutionary implications in
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this large availability of hairpins that genomes offer. Across evolutionary time, the mi-

croprocessor complex could sample a wide range of such incidental hairpins which upon

maturity adopt a set of targets (Figure 1.4c). This is probably what happened with

miR-220 whose sequence encodes for a tubulin gene which was most likely competent for

Drosha/Pasha processing after antisense strand transcription and stem loop availability

(Shomron et al., 2009).

Depending on a microRNA’s beneficial or toxic effect on the newly acquired set of

targets, “new-born” microRNA genes can be positively selected and fixed in the genome

or not (Chen and Rajewsky, 2007; Lu et al., 2008a).

1.6.1.2 Transposon-assisted microRNA gene birth

Transposons and their no-longer functional remnants can be found widely interspersed in

eukaryotic genomes (Britten and Kohne, 1968). With the ability to translocate anywhere

in the genome, transposable elements (TE) can mutate genes by jumping into their open

reading frame (ORF) or by disrupting their cis-regulatory elements. Flanking regulatory

elements sequences carried by TEs can even alter the expression of the gene which newly

hosts them. Lastly, TEs can incorporate into host genes’ introns, exons and UTRs (Liu

et al., 2008).

TEs often carry inverted repeats and the extent of their palindromic sequence maybe

such that allows intramolecular folding into a hairpin loop (as seen with miniature

inverted-repeat transposable element -MITEs) eligible for processing by Drosha/Pasha

(Piriyapongsa and Jordan, 2007; Feschotte, 2008). Even TEs without inverted repeats

can lead to the formation of a hairpin as they often jump proximally to other TEs re-

sulting in repeat arrangements prone to secondary structure formation (Liu et al., 2008).

In mammals, the microRNAs which derive from LINE transposable elements or other

repetitive elements are not few (Smalheiser and Torvik, 2005), with at least 55 human

microRNAs predicted to derive from LINE, SINE elements or MITEs and 85 from novel

TE-derived candidates (Piriyapongsa et al., 2006).

A fascinating speculation about transposon-assisted microRNA birth concerns the po-

tential assembly of a microRNA network from one TE family. Given that a “newly born”

microRNA derives from the same TE family which has also been inserted in the 3’UTRs

of a number of genes, the newly born microRNA immediately encompasses a set of targets

with complementary TE sequences in their 3’ UTRs (Feschotte, 2008). Such a scenario

remains to be experimentally tested.
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1.6.2 microRNA diversification upon fixation

As opposed to protein coding genes which were in some cases lost extensively in different

(derived) evolutionary lineages (Raible et al., 2005), microRNAs rarely get lost from a

genome once they get fixed (Heimberg et al., 2008). During the course of evolution,

a microRNA’s sequence and transcriptional output may diversify in a number of ways

listed in the folowing sub-sections.

1.6.2.1 microRNA gene duplication and cluster formation

Just like protein coding genes (in which microRNAs are often hosted), microRNAs can

be subject to local (tandem) gene duplication (Ohno, 1999) or whole genome duplication

events (GDE) as reported in vertebrates (Hertel et al., 2006). Tandem duplications of

a microRNA gene followed by mutational accumulation (Zhang et al., 2007) can give

rise to clusters of paralogous microRNAs which form a microRNA family if mutational

accumulation does not alter the seed 7mer (Chen and Rajewsky, 2007; Shabalina and

Koonin, 2008).

Segment duplications of entire clusters by GDEs followed by species specific loss of

some microRNAs, gain of new microRNAs through subsequent tandem duplications

or/and enhanced substitution rates in some paralogs (Tanzer and Stadler, 2004; Her-

tel et al., 2006; Zhang et al., 2007), can give rise to paralogous clusters which further

subfunctionalize. Depending on the new paralogous cluster’s genomic position and regu-

latory elements which control its expression, microRNAs of the cluster can be deployed

in distinct biological systems (Zhang et al., 2009).

The importance of tandem and segment duplications in microRNA evolution is not

negligible. A large fraction of microRNA genes appear clustered, forming uninterrupted

arrays in intergenic regions of the genome with possible operon like organization (Lai

et al., 2003). A comparative study on four vertebrate species (Human, mouse, rat,

chicken), identified ~30% of microRNA genes clustered (Megraw et al., 2007) while in

Drosophila the fraction goes up to ~50% (Bartel, 2004). Clustered microRNAs often get

co-transcribed as long polycistronic transcripts (Lee et al., 2002; Mourelatos, 2002; Lai

et al., 2003) and have been found co-expressed with neighbouring genes (Baskerville and

Bartel, 2005; Wang et al., 2009).

For duplicated genes to be fixed over evolutionary time, distinct functions should

be acquired compared to their paralog, otherwise mutational accumulation can render

the paralog nonfunctional and subsequently a pseudogene (Lynch and Conery, 2000;

Prince and Pickett, 2002). In the following subsections I present the evolutionary modes
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Figure 1.4: Scenarios of microRNA evolution. a, subfunctionalization can occur when a miRNA* (orange)

acquires function following microRNA gene duplication or when the daughter copy becomes subject

to heterologous processing (while the other daughter copy does not). b, neofunctionalization can

happen when a daughter copy of the duplicated microRNA gene accumulates mutations which

confer novel functionality to the microRNA. c, incidental hairpins which occur in the genome are

subject to Drosha/Dicer processing and if their product is selectively maintained then de novo

microRNA genes may emerge. Adapted figure by Ruby et al. (2007).

through which paralogous microRNAs can “survive” by acquiring novel functions upon

their emergence in the genome.

1.6.2.2 Subfunctionalization

Subfunctionalization is a process that may follow gene duplication, whereby each daugh-

ter gene can specialize unique functions so as to complement each other and additively

reach the functional output of their ancestral gene (Lynch and Conery, 2000). Such

an evolutionary process would require the ancestral gene to have multiple functions and

several mechanisms of the microRNA pathway can assign multiple functions to an “ances-

tor” microRNA hairpin (Ruby et al., 2007). Upon duplication of a microRNA hairpin,

“division of labor” between the two arms among the two copies shall complement the

ancestral hairpin’s function (Figure 1.4a).
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Heterologous processing by Drosha or Dicer As mentioned earlier in introduction on

page 21, imprecise processing by Drosha and Dicer can occur (Ruby et al., 2007; Landgraf

et al., 2007). The biological implications of such an event are subject to natural selection

because a frameshift in the seed region of a microRNA immediately introduces a radical

new set of target interactions which could be beneficial or toxic for the cell.

Close examination of large microRNA sequencing datasets revealed that some seem-

ingly identical microRNA loci give rise to mature microRNAs with entirely distinct seeds

because of heterologous processing. For example, among the “K box” microRNAs which

constitute the largest family of microRNA paralogs in Drosophila with four genomic clus-

ters (Lai et al., 2003), the previously considered identical miR-2a-1 and miR-2a-2 were

found to have a 2nt offset in their 5’ ends and seeds (Ruby et al., 2007; Liu et al., 2008).

Thus, mutational accumulation is not necessarily the only way to subfunctionalize a

microRNA copy, as stochastic processing mechanisms alone can generate subfunctional

microRNA paralogs.

Bringing the microRNA* into service A readily available mechanism for microRNA

subfunctionalization relies on the bipartite nature of the microRNA stem loop. Although

at a generally less frequency, microRNA* species are loaded into miRISC and regulate

target sets of their own (Okamura et al., 2008). Some microRNA* species even show

evolutionary conservation across bilateria further underlining their functional importance

(see results Table 2.1 andWheeler et al., 2009).

Following a microRNA gene duplication, one daughter microRNA hairpin can maintain

the original function of the ancestor while the other daugther microRNA hairpin can

maintain the function of microRNA* (Ruby et al., 2007). In this way acquisition of

microRNA* functionality allows subfunctionalization.

1.6.2.3 Neofunctionalization

Neofunctionalization is a process that may follow gene duplication, whereby one of the

daughter genes mutates into a selectable function which was not present in the ancestral

gene (Rastogi and Liberles, 2005). Although mutational accumulation can be a driving

force towards neofunctionalization of microRNA genes, post-transcriptional RNA editing

poses a second mode of action.

Changes in microRNA sequence Alterations in a microRNA’s sequence certainly affect

its target recognition and binding capacity (Brennecke et al., 2005). Therefore, muta-

tional accumulation in newly emerged microRNA paralogs can directly alter their target
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groups, especially when mutations accumulate in the seed region (Figure 1.4b). If newly

emerged target interactions are neutral or beneficial for the microRNA expressing cell,

then the neofunctionalized microRNA can be fixed in the genome (Liu et al., 2008). This

is indeed what is commonly seen in many microRNA families, members of which are se-

quence related with some mismatches (Bentwich et al., 2005; Ruby et al., 2006; Berezikov

et al., 2006; Ruby et al., 2007). The sequence of founding genes of these families are often

evolutionarily conserved and each evolutionary lineage displays its own series of related

family members (Wheeler et al., 2009).

RNA editing As discussed earlier in introduction ( on page 20) RNA editing on primary-

microRNA transcripts can have a big impact on target recognition and binding (Ohman,

2007). A newly acquired set of targets, renders novel functions to the edited mature

microRNA, distinct from its ancestor’s, and can therefore be a driving force of neo-

functionalization. A simple comparison of the genomic and cloned microRNA sequences

can highlight potential editing events like for miR-376 which varies by one nucleotide

in the middle of the seed when compared to the genomic sequence. Indeed, human and

mouse miR-376 was experimentally shown to get postranscriptionally edited by adenosine

deaminases acting on RNA (ADARs) (Kawahara et al., 2007).

1.6.2.4 Transcriptional control over newly emerged microRNAs

Knowing that a single microRNA can repress the protein output of hundreds of targets

and having in mind several examples of antitargeting, a paradox emerges when consid-

ering microRNA evolution: How can a microRNA arise in a genome without seriously

impairing the fitness of the organism? Simply by chance, some of the target interactions

will have a deleterious effect (Chen and Rajewsky, 2007).

A proposed mechanism is through tight transcriptional control of newly emerging mi-

croRNAs (Chen and Rajewsky, 2007). An overall weak transcriptional output, spatial

restriction of transcription in a cell type or temporal restriction of transcription in a par-

ticular developmental stage could allow natural selection to eliminate deleterious target

sites over time (Chen and Rajewsky, 2007). This hypothetical scenario becomes more

plausible after comparing expression data between recently acquired human microRNAs

which are overall weakly expressed to strongly expressed ancient conserved microRNAs

(Baskerville and Bartel, 2005; Berezikov et al., 2006).

This hierarchical component in expression levels of a microRNA according to its “ac-

quisition age” is illustrated with the example of two microRNAs with a role in heart

development. miR-1, an ancient microRNA already present in Urbilateria (Wheeler et
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al., 2009) is strongly expressed in the heart (and overall musculature) together with miR-

208, a heart specific microRNA which arose in the vertebrate lineage (Heimberg et al.,

2008) and is therefore “younger”. Expression of miR-1 in the heart is not only stronger

than that of miR-208 but elimination of miR-1 gives a much more severe cardiac phe-

notype (Zhao et al., 2007) when compared to the mild miR-208 knockout phenotype

(van Rooij et al., 2007). Such examples support the notion that transcriptional con-

trol over newly emerged microRNAs can allow their gradual functional maturation over

evolutionary time.

1.6.3 The phylogenetic distribution of microRNAs across bilateria

MicroRNAs have been available to regulate gene expression since at least very early in an-

imal evolution (Grimson et al., 2008). Monosiga brevicollis, a unicellular choanoflagelate,

which poses the closest sister group to metazoa (King et al., 2008), lacks Drosha/Pasha

and accordingly microRNAs (Grimson et al., 2008). The earliest branching lineage of

metazoa in which microRNAs could be detected is that of sponges, with Amphimedon

queenslandica possessing at least 8 microRNAs (Figure 1.6;Grimson et al., 2008). As

closer relatives to bilateria, cnidaria were also surveyed in search for microRNAs and their

repertoire contained 40, a higher number than what was identified in simpler sponge, yet

smaller than what is known for the more complex bilateria (Grimson et al., 2008). It is

noteworthy that no sequence homology is shared between any of these “early” metazoan

microRNAs and bilaterian microRNAs with only one exception, miR-100, found in the

cnidarian Nematostella vectensis (Grimson et al., 2008).

1.6.3.1 Bilaterian microRNA repertoires and animal complexity

The above findings complemented a series of studies which had put forward the idea of

linking the size of microRNA repertoire to animal complexity (Hertel et al., 2006; Sempere

et al., 2006; Prochnik et al., 2007; Heimberg et al., 2008; Wheeler et al., 2009). While

the absolute number of transcription factors did not rise substantially during metazoan

evolution (Putnam et al., 2007), the number of microRNAs identified in animals that

are morphologically simple (such as sponges and cnidarians) appears considerably lower

than those reported for more complex animals, such as nematodes, insects or vertebrates

(Figure 1.5; Grimson et al., 2008; Heimberg et al., 2008).Very simple metazoans do not

possess microRNAs at all (Grimson et al., 2008; Wheeler et al., 2009).

Recent comparisons of microRNA inventories revealed that at least one microRNA,

miR-100, must have been present in the last common ancestor of bilaterians and cnidar-
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Figure 1.5: The size of microRNA repertoires grows together with animal complexity. While the

number of protein coding genes does not rise substantially in line with escalating morphological

complexity, microRNA number correlate with the organism’s total number of neurons. Adapted

after Technau (2008).

ians (plus an unknown number of non-conserved ones). This compares to 34 conserved

bilaterian microRNAs (Table 2.2;Wheeler et al., 2009) that necessarily existed in the

last common ancestor of protostomes and deuterostomes (which represent the two ma-

jor superphyla of the bilaterians including insects, nematodes, annelids and sea urchins,

vertebrates, respectively, among others). From that evolutionary node onwards the sizes

of microRNA repertoires increase proportionally to organismal complexity as illustrated

in Figure 1.5, 1.6.

1.6.3.2 The rate of microRNA acquisition: a second link to morphological

complexity

Aside from the stem line of Bilateria, other important lineages which subsequently

emerged within bilateria (such as the vertebrate and mammalian lineages; Figure 1.6)

were also accompanied by new acquisitions of microRNAs (Heimberg et al., 2008; Wheeler

et al., 2009). Of special interest concerning the acquisition of new microRNA families

at important evolutionary nodes of metazoan evolution, is the temporal context . It

appears that in all lineages which were accompanied by dramatic increases in morpho-
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logical complexity (such as the stem line of Bilateria, the vertebrate and mammalian

lineages), the rate (not only the number) of microRNA acquisition was anomalously high

(Heimberg et al., 2008; Peterson et al., 2009). Originally, the large microRNA family

expansions observed for vertebrates were associated to whole genome duplication events

(GDE) (Hertel et al., 2006). However, subsequent studies of the microRNA repertoire

of basal vertebrates which preceded GDE such as lamprey, identified verterbrate spe-

cific microRNAs occurring in single copies in laprey genome therefore supporting that

vertebrate microRNAs were acquired prior to vertebrate GDE (Heimberg et al., 2008).

In the time frame during which vertebrates acquired 40 new microRNAs, crustaceans,

annelids and echinoderms acquired no more than 10 novel microRNAs. Similarly, in

the time needed for primates to acquire 84 new microRNAs, rodents gained just 16 new

microRNAs (see Figure 1.6; Peterson et al., 2009). To comprehend the immense rate of

microRNA acquisition in primate evolutionary history, one just has to compare the total

repertoire of cephalochordate Amphioxus floridae (84 microRNAs) which comparable to

primates, took 10 times longer to reach its final number (Peterson et al., 2009).

1.6.3.3 microRNAs and cambrian explosion

Approximately 600 Mya, a spectacular escalation in animal complexity took place in the

stem line of the Bilateria, known as the “cambrian explosion”. Body plans which predated

those of the cambrian explosion are poorly documented in the precambrian fossil record

with very few “accepted” fossils of sponges (Love et al., 2009) and Kimberella, a mollusc-

like bilaterian fossilized organism from the late pre-cambrian (Fedonkin and Waggoner,

1997). This early sudden morphological disparity combined with the temporal asymmetry

of emerged complexity has posed two great mysteries for evolutionary biologists: first, on

what grounds was this complexity built upon? In other words how complex was the last

common ancestor of bilaterian animals? Second, which was the driving force towards the

vast morphological disparity seen in emerged phyla?

Intriguingly, the cambrian explosion coincides with a strong increase in microRNA

number (Figure 1.5, 1.6; Wheeler et al., 2009). To further explore the putative link

between the evolution of stem bilaterians and microRNAs, I set out to determine the

ancient sites of activity of conserved microRNA families in a comparative approach. Is

there a link between the birth of a given pan-bilaterian microRNA and specific cell types,

tissues or organs? And if yes, what do we learn about the evolution of the bilaterian

body plan?
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Figure 1.6: MicroRNA acquisition over geologic time for 24 metazoan taxa. Each evolutionary node

is labelled by the number of miRNAs acquired at the time of its emergence (losses not considered).

All eumetazoan lineages have acquired at least one novel microRNA but there are three instances

of very high rate of microRNA acquisition: at the base of the protostomes and deuterostomes,

at the base of the vertebrates, and at the base of primates (circled in red). Figure adapted after

Peterson et al. (2009).
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1.7 A comparative study to reveal the ancient site of

microRNA activity

Comparative approaches, together with the fossil record, have served a great deal in re-

constructing the historical course of animal evolution. By identifying homologous struc-

tures across metazoa, comparative studies can decipher common origin from a precursor

structure which emerged once and persisted, to different extent, in distinct evolutionary

lineages (Arendt, 2005).

1.7.1 Comparing cell types molecular fingerprints in search for homology

The level of homology which is chosen for a comparative study, can greatly affect the

end result in terms of how exhaustive it allows the search to be. For example, classical

neuroanatomists have deciphered homology for major brain subdivisions such as prosen-

cephalon, mesencephalon and rhombencephalon within vertebrates but the complexity of

these brain parts makes any comparison to invertebrate brains hardly possible (Arendt

and Nubler-Jung, 1999; Nielsen, 2001; Lacalli, 2003; Reichert and Simeone, 2001; Velasco

et al., 2004). Limitations of this kind are overcome with the growing use of cellular char-

acteristics and their molecular profiles as a reference of homology in comparative studies

(Arendt, 2008).

A cell’s unique combination of genes contributing to its differentiation as well as the reg-

ulatory genes which turn on the latter, make up a cell type specific signature (composed

of the differentiation and regulatory signatures) equivalent to a molecular fingerprint

(Arendt, 2005, 2008). By comparing cell types using their unique molecular fingerprints,

homology can be identified even when comparing lineages across long evolutionary dis-

tances (Arendt et al., 2004; Tessmar-Raible et al., 2007; Denes et al., 2007).

Just like genes, microRNAs also form part of cell types molecular fingerprints and

more specifically they are part of the regulatory signature of cell types (Arendt, 2008).

Therefore, specific localisation of a microRNA in a cell type shared between protostomes

and deuterostomes should likely reflect the ancient specificity of that microRNA in their

last common ancestor (Arendt, 2005). For example, shared restricted expression of miR-

1 and miR- 124 in musculature and central nervous system, respectively, in fly and

vertebrate reflects conserved roles in the differentiation of these tissues (Aboobaker et

al., 2005; Bushati and Cohen, 2007; Kapsimali et al., 2007).
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1.7.2 MicroRNA expression studies in bilateria

From the early days of microRNA discovery, upon the realization that some microRNA

families are conserved across bilateria, the detection of their site of expression during an-

imal development became top priority. Resolution on microRNAs temporal and spatial

localisation gradually increased through the contribution of multiple groups, with expres-

sion profiles being originally based on cloning and northern blotting (Lagos-Quintana et

al., 2001; Lau et al., 2001; Lee and Ambros, 2001; Aravin et al., 2003; Sempere et al.,

2004; Landgraf et al., 2007), microRNA array profiling (Miska et al., 2004; Farh, 2005;

Sood et al., 2006; Tang et al., 2007b; Bak et al., 2008), and eventually with the revolu-

tionary application of locked nucleic acid (LNA) oligo probes (Valoczi et al., 2004) whole

mount in situ hybridization (Aboobaker et al., 2005; Stark et al., 2005; Wienholds et al.,

2005; Ason et al., 2006; Gonzalez-Estevez et al., 2009) as well as in situ hybridization on

tissue sections (Deo et al., 2006; Kapsimali et al., 2007; Sacheli et al., 2009; Pena et al.,

2009).

A vast and very detailed dataset is by now available based on high throughput pro-

filing, revealing the localisation of microRNAs in many vertebrate tissues and cell types

(Sempere et al., 2004; Berezikov et al., 2006; Landgraf et al., 2007). However, the degree

of detail in vertebrate tissue annotation is often too elaborate to directly compare these

data to expression profiles generated from invertebrates, where annotation is based on

simpler invertebrate anatomy. This “loss in translation” renders the wealth of profiling

data comparatively incompetent to decipher the ancient site of microRNA expression.

In addition, expression comparison between protostomes and deuterostomes has so

far been hampered by the fact that in the fast-evolving protostome species Drosophila

and Caenorhabditis microRNAs have acquired distinct localisation patterns concomitant

with functional diversification (Liu et al., 2008). This makes it difficult or even impossible

to infer ancient sites of microRNA activity from the comparison of expression patterns

for most of the conserved bilaterian microRNAs. A similar tendency is apparent in the

vertebrates where timing and location of microRNA expression may differ between fish,

chicken and mouse (Ason et al., 2006).

What was missing, was a cornerstone dataset which could bridge the information avail-

able from protostomes and deuterostomes. For this comparative study, I investigated mi-

croRNA expression in the developing marine annelid Platynereis dumerilii. In contrast to

Drosophila, Caenorhabditis, or the recently investigated planarian Schmidtea (Gonzalez-

Estevez et al., 2009), Platynereis represents a slow-evolving protostome (Raible et al.,

2005) of special value for comparative studies (Denes et al., 2007; Tessmar-Raible et al.,

2007), more likely to retain ancient microRNA localisation patterns. In the following
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chapter, I shall explain in more detail the advantages of using Platynereis as a model

organism.

1.7.3 Using Platynereis as a model system

1.7.3.1 Phylogenetic position

The polychaete worm Platynereis dumerilii is a marine annelid. Its phylogenetic position

in the tree of bilateria lies in the tree’s third biggest branch, that of lophotrochozoa

(Figure 1.7). Except from annelids (Tessmar-Raible and Arendt, 2003), this branch

comprises many other marine invertebrate animals such molluscs, and planaria which

have only recently been introduced as model systems in molecular studies. Together

with the branch of ecdysozoa which comprises all insects, crustaceans and nematodes

(Aguinaldo et al., 1997), they comprise the phylum of protostomes (Philippe et al., 2005).

In the phylum of deuterostomes, both invertebrates such as echinoderms or tunicates and

vertebrates such as fish, reptiles, birds or mammals can be found.

Compared to other bilateria, polychaetes have not changed their habitat since cam-

brian explosion and therefore did not have to adapt to new ecological niches and change

(Weistheide and Rieger, 1996). Almost all characters shared within polychaetes are not

polychaete-specific and can be found in other phyla too. Thanks to their “shallow” level of

specialization, they still exhibit many ancestral characteristics. Platynereis for instance,

exhibits developmental characteristics, such as amphistomous gastrulation and primary

ciliated larva, which are considered ancestral (Nielsen, 2001). It additionally possesses

ancestral morphological features (Prud’homme et al., 2003; Tessmar-Raible and Arendt,

2003), an ancestral type gene inventory (Raible et al., 2005) and ancestral cell types

(Arendt et al., 2004; Tessmar-Raible et al., 2007; Denes et al., 2007; Arendt, 2008). For

these reasons, Platynereis was ideally suited to complement previous microRNA expres-

sion data from protostomes which have been limited by technical challenges and derive

from studies on fast-evolving species (Aboobaker et al., 2005; Gonzalez-Estevez et al.,

2009).

1.7.3.2 Life cycle

Figure 1.8 illustrates the life cycle of Platynereis dumerilii. Following fertilization of

the egg, a cortical reaction releases a jelly coat which cushiones zygotes from potential

mechanical damage and helps them float. A series of spiral cleavages generate small

micromeres apically and larger macromeres posteriorly. The developing embryo under-

goes gastrulation and starts to differentiate into a trochophore larva which hatches after
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Figure 1.7: A simplified phylogenetic tree of metazoa. Sponges are basally positioned as they have no

nervous system and very few cell types. Cnidaria, which have a difuse nervous system and only

two germ layers pose the closest sister outgroup to bilateria (animals with bilateral symmetry).

Bilaterian animals which in the vast majority have a central nervous system and three germ layers

are divided in three major phyla; protostomes (yellow) which further split into ecdysozoa (red) and

Lophotrochozoa (green) and deuterostomes . The last common ancestor of all bilaterian animals

lived approximately 600mya and is refered to as “Urbilateria”.
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~18 hours post fertilization (hpf). At 48hpf, the swimming larva has an apical tuft, a

prototroch ciliary belt (used for phototactic swimming) at the level of the stomodaeum

and a telotroch at the posterior end (Fischer and Dorresteijn, 2004). The 48hpf brain

of Platynereis consists of approximately 2000 cells which include a considerable number

of differentiated neurons (Tessmar-Raible et al., 2007). As the larva further develops,

segmentation begins with metameric chaetal sacs appearing progressively at 52hpf and

from where chaeta and future parapodial appendages will project. By 72hpf, the larva is

elongated into a neochaeta which continues to swim and only settles to the benthic floor

after 5dpf when the foregut and gut have fully developed and the young worm is ready to

start feeding as a scavenger. Upon settlement, new segments bud off the posterior growth

zone of the worm until sexual maturation is reached 3-4 months post fertilization. The

sexually mature Platynereis worms synchronously seek out for partners (following lunar

periodicity) by abandoning their benthic tube and swimming in the open sea where they

meet and spawn by releasing sperm and eggs which get externally fertilized. Life cycle

summary from Fischer and Dorresteijn (2004).

The resulting large batches of fertilized, transparent eggs, combined with a very syn-

chronous and stereotypical development render Platynereis a very good model for de-

velopmental studies. By now, a number of established molecular techniques including

whole mount in situ hybridization, immunohistochemistry, micro-injections facilitate ex-

perimentation on Platynereis. EST and BAC libraries as well as very recent transcriptome

data are available resources. Finally, culturing Platynereis in the lab is easy under an

artifical lunar cycle and this is how cultures have been grown in the past 60 years.

1.7.3.3 Other model organisms

For selected microRNAs I also investigated microRNA expression in another annelid,

Capitella species I (spI ), in a slow-evolving deuterostome, the sea urchin Strongylocen-

trotus purpuratus, and in the sea anemone Nematostella vectensis.

Capitella spI is a polychaete marine annelid (Figure 1.7) whose development, like

Platynereis, goes through swimming planktonic larval stages to mature into benthic adult

worms (Hill and Boyer, 2003). Still, Capitella’s is phylogenetically distanct to Platynereis,

showing many differences in development. This made it an excellent reference model to

validate conservation of microRNA expression patterns across annelids.

Strongylocentrotus was chosen because it represents a slow evolving basal deuterostome

species in the clade of echinoderms (Figure 1.7; Raible et al., 2005) which also goes

through swimming planktonic larval development and shares comparable structures with

Platynereis larvae (such as ciliary bands; Burke, 1978).
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1.7 A comparative study to reveal the ancient site of microRNA activity

Figure 1.8: The Platynereis dumerilii life cycle. Upon fertilization, the zygote undergoes spiral cleavages

to form a trochophora larva which swims as part of the plankton (in a phototactic manner) for

few days. During development, the larva elongates to form a three segmented nectochaete which

continues to swim until it is able to start feeding when it takes the decision to settle down in the

benthic environment. From then on, the worms grow by adding more segments and in 3-4 months

they sexually mature and seek out for partners (following lunar periodicity). The panels on the

right give scanning electron microscopy (SEM) pictures of trochophore and nectochate stages. A

white light picture depicts a growing worm prior to its sexual maturation. Life cycle figure by G.

Balavoine, SEMs by H. Hausen and N. Dray and worm picture by K. Tessmar-Raible.
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1 Introduction

Finally, the cnidarian Nematostella represents an outgroup to the bilaterians (Fig-

ure 1.7) which is of special value because without an outgroup we cannot distinguish

between loss, conservation or innovation between different lineages of protostomes and

deuterostomes (Sullivan et al., 2006).

1.8 Aim of the thesis

Mounting evidence supports an emerging link between the evolution of microRNAs and

the evolution of the complex bilaterian body plans (Peterson et al., 2009). Independent

studies agree in that a set of microRNAs have been available to regulate gene expression

since early in evolution (Hertel et al., 2006; Prochnik et al., 2007; Wheeler et al., 2009).

However, to date, few data have been available to indicate what was the role and site of

action of these microRNAs when they first evolved?

Large part of this thesis addressed this question through a comparative approach

which aimed to unravel the ancestral sites of microRNA expression. I explored the mi-

croRNA expression of the slow evolving marine annelid worm studied in our laboratory,

Platynereis dumerilii, which has been shown to be of special value in comparative stud-

ies (Denes et al., 2007; Tessmar-Raible et al., 2007). To make the comparative data

more credible, I studied microRNA expression in other slow evolving protostome and

deuterostome model organisms such as the marine annelid Capitella and the sea urchin

Strongylocentrotus respectively. The comparative expression data show that in these

animals, other than in the fast-evolving fly Drosophila and nematode Caenorhabditis,

microRNAs largely retain their ancient expression sites.

A second question I set out to address was how did the step-wise acquisition of mi-

croRNA families contribute to bilaterian complexity. For this, I again used Platynereis

as a model to localize the expression of some microRNAs specific to the protostome, the

lophotrochozoan, the annelid and the Platynereis lineage. This gave a first insight into

the site of action of lineage specific microRNAs which appear to reinforce the regulatory

role of ancient microRNAs by joining them in the same expression sites.

Finally, the ultimate aim of this thesis was to bridge “evolutionary developmental

biology” (evo–devo) and the microRNA field which had until recently very little overlap.
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2 Results

2.1 The Platynereis microRNA repertoire

Mature microRNAs present in Platynereis were identified by high-throughput sequencing

of complementary DNA libraries generated from 19–24- nucleotide RNAs, isolated from

various developmental stages. 1.3 million reads matched annotated microRNA sequences

in miRBase (Table 2.1; Griffiths-Jones et al., 2007), distributing to 66 microRNA families

of which 36 exist in protostomes and deuterostomes (Table 2.2) and 30 in protostomes

only, in accordance with recent studies (Sempere et al. 2006; Wheeler et al. 2009).

Deep sequencing revealed sequence variants for most Platynereis microRNAs. Typ-

ically, for each microRNA one sequence was highly abundant and therefore considered

representative/canonical (analysis done by F. Raible). Remaining sequence variants oc-

curred in lower numbers and exhibited point mutations and differential lengths (Figure

2.1).

2.1.1 microRNA phylogenetic distribution

2.1.1.1 Ancient Bilaterian microRNAs

36 Platynereis microRNAs (miR-1, -7, -8, -8*, -9, -9*, -10, -22, -29, -31, -33, -34, -71,

-92, -100, -124, -125, -133, -137, -153, -183, -184, -190, -210, -216, -219, -242, -252, -

263, -278, -281, -283, -315, -375, -2001 and let-7) were shared between protostomes and

deuterostomes (which represent the two major superphyla of the bilaterians including

insects, nematodes, annelids and sea urchins, vertebrates, respectively, among others)

and should have therefore been present in the last common ancestor of bilateria. One

of them, miR-100, is conserved in the sister group of cnidaria (Grimson et al., 2008)

and therefore must have been present in the last common ancestor of bilaterians and

cnidarians.
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2 Results

Table 2.1: The Platynereis microRNA repertoire. (vars, sequence variants for a given microRNA; overall,

total number of related solexa reads; representative sequence, solexa read with highest occurrence

for a group or related sequences; reads, occurrence of the representative sequence; reads per library,

occurrence of representative sequence in each solexa library; source, initials of species with orthologos

microRNA sequence- see Appendix).
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2.1 The Platynereis microRNA repertoire

Table 2.2: Ancient bilaterian microRNAs

(a) miR-9 variants identified in the dataset. Variants

include 3’-variants (colored in blue), insertions (yellow)

and a 5’ variant predicted to shift the seed region of the

miRNA. Only variants with at least 5 representatives in

the dataset are shown. Frequencies reflect the relative

abundance of each variant among the displayed set.

(b) miR-22/-745 variants identified in the dataset.

Variants fall into two categories of 5’-variants (colored

in blue and yellow, respectively) that correlate with

the two aligned miRNA paralogs identified in Capitella.

Only variants with at least 50 representatives in the

dataset are shown.

Figure 2.1: Examples of 3’/5’ variability within our analyzed sequence dataset
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2.1.1.2 Protostome specific microRNAs

Deep sequencing for small RNAs has only been materialized for few lophotrochozoan

species (Friedländer et al. 2009; Lu et al. 2009; Wheeler et al. 2009). As a result the

lophotrochozoan microRNA list is still incomplete in miRBase and matching reads only

represent a fraction of protostome microRNAs:

30 Platynereis microRNAs were found only in the protostome lineage. Of these, 14

were shared between ecdysozoa and lophotrochozoa (bantam, miR-2, -12, -67, -87, -277,

-279, -305, -317, -318, -981, -989, -993/10*, -996) while the remaining 16 appeared to

be lophotrochozoan specific microRNAs (miR-36, -96, -133*, -746, -750, -1175, -1175*,

-1986, -1989, -1992, -1993, -1994, -1996, -1997, -1998, -L49) most of which have also been

cloned and sequenced by (Wheeler et al., 2009).

Reads that did not match any annotated microRNA sequence of miRBase were mapped

to sequenced lophotrochozoan genomes by F. Raible in search for candidate microRNA

loci which fulfilled structural stability criteria (Lu et al. 2008b; Hofacker et al. 1994)

and could give rise to precursor microRNA characteristic folds (hairpin structures). A

list of 27 candidate lophotrochozoan microRNAs was assembled upon identification of a

candidate microRNA locus in any of the following lophotrochozoan genomes: Capitella

spI, Helobdella robusta, Lottia gigantea (see table in appendix).

To systematically confirm lophotrochozoan microRNA candidates, I adapted an in vivo

method used to validate Drosophila predicted microRNA candidates (Sandmann et al.,

2007). By cloning genomic loci which host candidate microRNAs of interest in the closely

related annelid Capitella spI and over-expressing them in S2 cell lines, I could verify by

Northern blot analysis if these candidate primary transcripts get processed by the cells’

microRNA biogenesis machinery into mature 21- to 23-mers. Using this technique, I could

rule out the validity of 8 out of the 27 lophotrochozoan specific microRNA candidates,

3 of which had been cloned (but not validated in Wheeler et al., 2009) and deposited on

miRbase as: miR-1987, -1995 and -2000. There are still 19 candidates remaining to be

validated (see appendix) aside from the now annotated (Wheeler et al., 2009) but earlier

just validated by me: miR-242, -1986, -1996, -1998, and L49 (See appendix for northern

blots).

2.1.1.3 Platynereis specific microRNAs

As we lack information about the complete Platynereis genome, all remaining sequences

which could not map in other genomes were treated as candidate Platynereis specific mi-

croRNAs (solexa reads with hits in rRNA or tRNA databases had been removed already).
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2.1 The Platynereis microRNA repertoire

Table 2.3: Conservation of miRNA clusters across bilateria. List of conserved microRNA clusters com-

monly identified in different bilaterian genomes. Pdu - Platynereis dumerilii; Lgi- Lottia gigantea;

Dpu - Daphnia pulex ; Dme- Drosophila melanogaster; Cel- Caenorhabditis elegans; Bfl - Bran-

chiostoma floridae; Dre- Danio rerio; Cin- Ciona intestinalis; Mmu - Mus musculus; Hsa - Homo

sapiens.Highlighted clusters have been shown to give rise to polycistronic transcripts in Pdu (ver-

ified by cDNA amplification-see materials and methods for genbank accession numbers), in Dme

(verified by Sokol et al. 2008), in Dre (predicted and verified by Thatcher et al. 2008 ) and in Mmu

(verified by Xu et al. 2007). Table assembly based on a number of different sources: all cluster

predictions for Cel , Dme , Dre , Mmu and Hsa were retrieved from miRGen database (Megraw

et al., 2007). Cin clusters reported by (Legendre et al., 2005). Lgi clusters discussed in (Sokol et

al. 2008; Prochnik et al. 2007). Bfl microRNA clusters predicted by Luo and Zhang 2009. Dpu

clusters retrieved from Daphnia Genomics Consortium. † miR-304 is the Dme ortholog of miR-216.

‡ In Pdu , Lgi , Cin , miR-79 is actually 9* (belongs to pre-miR-9). In Dme miR-79 is a distinct

miRNA gene found in the same cluster as miR-9 but further downstream.

These sum to at least 32 microRNA candidates and of them 2 have been experimentally

validated by WMISH were named miR-C and miR-K (Table 2.1, Figure 2.24 on page 96

and 2.22 on page 94).

2.1.2 Conservation of microRNA genomic clusters across bilateria

Many microRNAs appear in clusters on a single polycistronic transcript (Lee et al., 2002;

Mourelatos, 2002; Lai et al., 2003). Certain microRNA clusters are commonly identified

in different bilaterian genomes. They exhibit conservation in microRNA content, synteny

and for some it has been experimentally verified that they get processed from one single

polycistronic transcript (Table 2.3).

In Platynereis the presence of three conserved microRNA clusters (miR-100/let7; miR-

263/183 and miR-12/216 every single one of which was detected as one polycistronic

transcript) was confirmed experimentally through RT-PCR. The identified Platynereis

cluster members do not share any sequence similarity except from the miR-263/183

cluster where one of the two microRNAs arose after gene duplication of its paralog

followed by mutational accumulation.

Consistent with their organization in the genome, Platynereis cluster members showed

a similar expression pattern during development (Table 2.2, Figure 2.26 and Figure 2.27).
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2 Results

Figure 2.2: miRNA expression onset is coupled to differentiation. Northern blots were used to detect

the expression onset of selected miRNAs. a, miRNAs whose expression demarcates specific tissues

are detectable only when b, the corresponding tissues start to differentiate.

2.2 Tissue specific activity of Platynereis microRNAs

To investigate the temporal and spatial localisation profile of conserved bilaterian microR-

NAs, whole-mount in situ hybridizations (WMISH) were conducted using Locked Nucleic

Acids as probes (Valoczi et al., 2004). In all cases, localisation of mature Platynereis mi-

croRNAs was spatially restricted and, as revealed by comparison to marker gene analysis,

almost exclusively occurred in differentiating tissues. Table 2.2 summarizes the tissue

affinity of all conserved bilaterian microRNAs. WMISH comparison with differentiation

markers and Northern Blots for selected microRNAs at six consecutive developmental

stages revealed that regardless of tissue identity, microRNA expression started with the

onset of differentiation (Fig 2.2) and became more widespread concomitant with the

increase in number of differentiated cells.

Specific sets of microRNAs showed very similar, spatially restricted expression (Table
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2.2 Tissue specific activity of Platynereis microRNAs

2.2). In many cases, co-expressed microRNAs originate from the same hairpin (miR-

9/-9*), from the same transcript (pri-miR-183-263), or from duplicated genes; in other

cases, however, they proved entirely unrelated (Table 2.1).

Whenever ancient bilaterian microRNAs had been reported to genomically cluster

in any of the sequenced bilaterian genomes, or originated from the same transcript in

Platynereis or in any other bilaterian model (Table 2.3), these microRNAs proved to be

specifically co-expressed in Platynereis (black brackets in Table 2.2).

Two distinct evolutionary scenarios can explain the similar, highly restricted expres-

sion of seemingly unrelated, ancient bilaterian microRNAs in Platynereis. Either, these

microRNAs were initially expressed elsewhere and have converged secondarily on the

very same tissue. Or, they have been expressed in this tissue ever since they evolved.

This latter scenario would imply that the tissues were in place before the respective

microRNAs evolved, i.e. existed already in the protostome-deuterostome ancestor. To

distinguish between these possibilities, I compared microRNA expression in Platynereis

with that in other slow-evolving metazoans.

2.2.1 The localisation of ancient bilaterian microRNAs

2.2.1.1 miR-100, -125, let-7 and the ancient mouth

The most ancient, conserved microRNA, miR-100, shared by cnidaria and bilateria

(Grimson et al. 2008; Wheeler et al. 2009), highly specifically localised to two small

groups of cells in the larval foregut (Figure 2.3a, f). Let-7, which plays a conserved role

in developmental timing in fly and nematode (Pasquinelli et al. 2000Reinhart et al. 2000;

Caygill and Johnston 2008; Sokol et al. 2008), was also detected in these cells, from 5

days post fertilization (5dpf) onwards (Figure 2.3b,g). As in fly (Sokol et al. 2008Fein-

baum and Ambros, 1999), Platynereis miR-100 and let-7 are processed from a single

polycistronic transcript; yet, the similar highly restricted localisation of the mature mi-

croRNAs must be due to post-transcriptional co-regulation (Heo et al., 2008; Lehrbach

et al., 2009) given that the precursor transcript was detected more broadly in the larval

foregut and in part of the brain (Figure 2.3d). miR-125, another conserved microRNA

derived from the same transcript and similarly exerting a conserved role in the control of

developmental timing (Sokol et al. 2008; Olsen and Ambros 1999) was also detected in

the Platynereis foregut but in a less restricted pattern (Figure 2.3c). These cells also ex-

pressed miR-375 (Fig 2.3e), known to be highly specifically expressed in foregut-related,

neurosecretory/endocrine cell populations of the vertebrate pituitary and pancreas (Poy

et al., 2004).
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2 Results

Figure 2.3: Foregut-related expression of conserved microRNAs. a, ventral view of 72 hours post

fertilization (hpf) Platynereis with miR-100 expression restricted to a small group of cells in the

foregut. b, dorsal view of 5dpf Platynereis with foregut let-7 expression. c, ventral view of 5dpf

Platynereis showing miR-125 expression in the foregut. d, ventral view of 72h Platynereis larva

with strong expression of pri-miR-100-let-7 in the brain, foregut and gut. e, dorsal view of 5dpf

Platynereis with foregut miR-375 expression. f, 3D reconstruction of the 5 days post fertilization

(dpf) Platynereis foregut (acTub green, miR-100 expression red). g, 3D reconstruction of the 5

dpf foregut (acTub green, let-7 expression red). h, oral view of the Nematostella planula larva

expressing miR-100 in cells around the pharynx. i, lateral view of the Nematostella planula larva

expressing miR-100 j, scheme of Nematostella planula with pharynx demarcated by brachyury

(Scholz and Technau, 2003) expression in red, foxa (Martindale, 2004) expression in yellow and

miR-100 positive cells in blue (phx, pharynx; end, endoderm; ect, ectoderm). k, ventral view of

72hpf Platynereis larva expressing foxa2 (forkhead). l, dorsal view of 5dpf Platynereis with foregut

and midgut brachyury expression. m, scheme of 72hpf Platynereis with foregut expressing foxa

(yellow), brachyury(Arendt et al., 2001) (red) and miR-100 (blue). n, ventral view of Capitella

stage 4 larva expressing miR-100 in few cells on each side of the foregut and in the brain. o,

lateral view of Strongylocentrotus with miR-100 expression in the sphincter region interconnecting

esophagus and stomach. p-q, dorsal view of 4 week old sea urchin pluteus larvae expressing let-7

and miR-125 in the sphincter region interconnecting esophagus and stomach. r, ventral view of

72hpf Platynereis expressing miR-10 in cells along the mouth and at the posterior ventral nervous

system. s, ventral view of 72hpf larva with restricted expression of miR-278 in tissue along the

mouth. t, dorsal view of 4 week old sea urchin pluteus larvae expressing miR-100 in the sphincter

region interconnecting esophagus and stomach.
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2.2 Tissue specific activity of Platynereis microRNAs

Since miR-100, -125 and let-7 are expressed much more broadly in fly (Sokol et al.,

2008), and vertebrate (Table 2.4 on page 89), I investigated the expression of miR-100 in a

cnidarian, the sea anemone Nematostella to test if the highly specific Platynereis pattern

is conserved. miR-100 was exclusively detected in single cells located around the pharynx

anlage (Figure 2.3h-i), demarcated by brachyury(Scholz and Technau, 2003) and foxa

(Martindale, 2004) expression (blue, red and yellow in Figure 2.3j scheme). Intriguingly,

miR-100, brachyury(Arendt et al., 2001) and foxa2 also specifically co-localise in the

Platynereis foregut (Figure 2.3k-m scheme). Together, these findings indicate that early

in animal evolution miR-100 was active in a small population of cells located around a

digestive opening.

To further test evolutionary conservation of the foregut as ancestral expression site of

miR-100, -125 and let-7, I investigated their expression in the annelid Capitella (Fig-

ure 2.3n) and in the sea urchin Strongylocentrotus (Figure 2.3o-q, t). In both species

localisation was similarly restricted to foregut tissue.

Expression analysis of another conserved bilaterian microRNA, miR-10, lent further

support to an ancient activity of miR-100, -125 and let-7 in the foregut. The miR-10

gene is a miR-100 duplicate that jumped into the Hox cluster (Aboobaker et al., 2005),

thus acquiring a hox4- like expression pattern (Kulakova et al., 2007) also in Platynereis

(posterior staining in Figure 2.3r).

miR-10 was additionally detected in a prominent V-shaped domain enclosing the mouth

opening (Figure 2.3r), adjacent to but not overlapping the miR- 100/ let-7+ cells. This,

combined with the shared proximity to the mouth, indicates a common evolutionary

origin of the miR-10 and miR-100 expression domains from an ancient mouth-related

pattern. The V-shaped domain is further linked to miR-100+ / let-7+ cells through a

shared marker between the two cell types’ molecular fingerprints; miR-278. The latter

microRNA is known to play a role in hormonal control of energy homeostasis in the fly

(Teleman et al., 2006) and was localised in both tissues (Figure 2.3s) which are distinctly

expressing miR-10 and miR-100/let-7 (Table 2.5 on page 108).

Insights into Platynereis pharynx anatomy and characterization of miR-100/ let-7+

cells To characterize the nature of the miR-100+, let-7+ foregut cells in Platynereis it

was necessary to investigate the anatomy of the entire foregut to better understand the

arrangement of these cells in relation to the stomatograstric nervous system and all other

cell types that comprise the foregut. Since very little was known about the Platynereis

foregut, both structural (through white light and confocal microscopy) and molecular

(using gene markers and antibody markers already available in the lab) characterization
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of the organ was undertaken.

At 5dpf, the foregut is a well visible oval shaped structure under white light microscopy.

Its length occupies large part of the young worm’s body as it spans from the mouth

opening (mid-head region) down to the end of the first body segment where the midgut

begins (Figure 2.4a). In width, the foregut almost occupies the entire body volume (from

ventral to dorsal) as it is positioned right behind the ventral nerve cord and extends to

the dorsal epidermis.

Three foregut structures (pointed with black arrows in Figure 2.4a) are easily recog-

nizable under white light microscopy: 1) the digestive tract which runs vertically from

anterior to posterior and divides the foregut in two halves 2) a pair of small oval shaped

compact structures, positioned right in the middle of the foregut, adjacent to the diges-

tive tract and 3) a sphincter-like structure at the very posterior end of the foregut which

connects it to the midgut.

A more detailed study on foregut cells’ nuclei arrangement (stained by DAPI), revealed

a number of distinct cellular populations which vary in position, density and arrange-

ment/orientation. The foregut is divided into four quadrants, characteristic for their

very dense cell population. The two anterior quadrants are smaller than the two poste-

rior ones and get divided by another group of cells, which appear less dense than their

neighbours (circled in Figure 2.4b), positioned right in the middle of the foregut. These

“sandwiched” cells’ position is reminiscent of the two oval shaped structures which are

visible under white light (Figure 2.4a). An elaborate arrangement of longitudinal and

dorso-ventral axons “wraps” all the aforementioned cell clusters to enervate them (Figure

2.4c-d). A distinct line of cells (note vertical arrangement of nuclei pointed by red ar-

row Figure 2.4b) runs along the lateral most part of the foregut encapsulating both the

stomatograstric nervous system and all the cells that it enervates in foregut.

Investigation of the foregut at the molecular level by marker gene analysis allowed the

annotation of all these distinct cell clusters and structures in greater detail. The highly

specific localisation of miR-100 and the foregut expression of let-7 and miR-375 proved

to coincide in position with the small oval structures in the middle of the foregut (Figure

2.4b, Figure 2.4e). Under white light, the latter are best visible from a dorsal view.

Similarly, miR-375 detection was recorded predominantly in the dorsal most stacks of the

confocal scan and after reconstruction of the structure and rotation of the stomatograstric

nervous system to a lateral view, it became apparent that the cells’ coordinates are dorso-

medial (Fig 2.4j).

Co-expression of synaptotagmin, a neuronal differentiation marker (Denes et al., 2007)

and of prohormone convertase 2 (Tessmar-Raible et al., 2007) (Figure 2.4i), responsible
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2.2 Tissue specific activity of Platynereis microRNAs

Figure 2.4: Characterization of foregut cell types. a, dorsal view of living 5 days post fertilization

(dpf) Platynereis worm head region plus first segment. b, 2 micron thick virtual cross section

of Platynereis 5dpf foregut stained with DAPI to label the cells’ nuclei (in red circles are the

nuclei of miR-100+ cells). c, z-projection of Platynereis 5dpf foregut with immunostaining against

acetylated tubulin to visualize the axonal scaffold. d, z-projection of Platynereis 5dpf foregut

with combined DAPI (blue) and acTub (green) stainings e, 2 micron thick virtual cross section

of Platynereis 5dpf foregut with medial stomodeal miR-100 staining (acTub green, DAPI blue,

miR-100 expression red) f, 2 micron thick virtual cross section of Platynereis 5dpf foregut with

miR-124 staining in foregut’s anterior and posterior quadrants (miR-124 expression red) g, 2

micron thick virtual cross section of Platynereis 5dpf foregut with digestive tract epidermal miR-9

staining (red) h, 2 micron thick virtual cross section of Platynereis 5dpf foregut with beta-3-tubulin

immunostaining in differentiated muscle cells (beta-3-tubulin red) i, horizontal virtual sections of

different foreguts showing the expression of miR-100, miR-375, synaptotagmin (syt)(Denes et al.,

2007), prohormone convertase 2 (phc2 ) (Tessmar-Raible et al., 2007), miR-9 and beta-3-tubulin

(Leiss et al., 1988) (ventral is up and dorsal is down). j, clockwise rotation of the 3D reconstruction

of 5dpf Platynereis foregut (acTub green, miR-375 red, in lateral view left is dorsal and right is

ventral). k, 3D reconstruction of 5dpf Platynereis foregut (beta-3-tubulin red)
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for the maturation of neuropeptides in the vertebrate endocrine system (Seidah and Chré-

tien, 1999) indicated that these cells are differentiated secretory neurons. Synaptotagmin

and prohormone convertase 2 showed a more extensive expression which additionally

included all four quadrants of the foregut. However, microRNA marker analysis offered a

higher resolution in the molecular dissection of the foregut as microRNAs either showed

specific expression in the four quadrants (miR-124 Figure 2.4f) or in the miR-100+, let-

7+ cells (never in both cell types). Taking into account the conserved roles of let-7 and

miR-125 in developmental timing control in nematode and fly(Pasquinelli et al., 2000;

Caygill and Johnston, 2008; Sokol et al., 2008), it is tempting to speculate that the an-

nelid let-7+/miR-125+ cells are neurosecretory cells involved in the control of annelid

metamorphosis (see discussion).

Two additional cell types of the foregut were characterized after relating the marker

gene expression analysis back to morphological data. The expression pattern of a sensory-

associative specific miR-9 (see results on page 78) demarcated very superficial cells right

at the digestive tract lining (Figure 2.4g). These epidermal cells are likely to have a

sensory identity given their direct contact with ingested food. Immuno-staining for a

muscle specific marker, beta-3-tubulin, uncovered the identity of the outer-most vertically

positioned cells which seem to encapsulate the foregut (Figure 2.4h). Cross section view

(Figure 2.4i) as well as reconstruction (Figure 2.4k) of the foregut counter stained with

beta-3-tubulin (Leiss et al., 1988) demonstrate how the muscle layer encapsulates all

fore mentioned cell types together and probably facilitates contractions of the foregut

structure.

2.2.1.2 MicroRNAs expressed in locomotor ciliated cells

Locomotor ciliated cells represent a defining character of primary larva in various marine

invertebrate groups in both protostomes and deuterostomes (Nielsen, 2001). Used for

larval swimming and/or larval feeding (Nielsen, 2001), they are typically arranged uni-

formly in the epidermis or in bands which line key larval body parts in order to create the

appropriate water current that will allow locomotion or food uptake. At post-larval/post-

metamorphic stages locomotor ciliated cells disappear (Mcdougall et al., 2006).

A subset of conserved bilaterian microRNAs, miR-92, -34 and -29, demarcated the

ciliary bands of the Platynereis trochophora larva, composed of locomotor ciliated cells,

from early larval stages onward (Figure 2.5a-c). The large ciliated prototroch cells are

the first cells to differentiate during Platynereis development, already at 12hpf to form

a ciliary belt around the larva (A. Fischer unpublished data, Figure 2.5d). Expression

of miR-92 and miR-29 was likewise detected through northern blot analysis as early as
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12hpf (Figure 2.2).

In addition to their ciliary band expression, miR-92, -34 and -29 were also detected in

motile ciliated cells of the apical organ (Fig 2.5e), projecting from the crescent cell (Figure

2.5f and position of the apical organ at 48hpf larva in Figure 2.5g). While expression

was similar for all ‘ciliary’ microRNAs during early larval stages, partly complementary

patterns were observed after 48hpf and in the developing young worm (Figure 2.5h-j). In

the trunk, all three microRNAs marked trunk ciliated cells (arrows in Figure h-k) just

like “ciliary” marker alpha-tubulin. However, in the head region, aside from demarcating

the crescent cell, miR-92 and -29, exhibited a superficial and lateral expression pattern

which is typical for sensory brain region-markers (Figure 2.5l, n and see Figure 2.28 on

page 102). Only miR-34 showed a closer resemblance in expression pattern to alpha-

tubulin with overlap in ciliary band and crescent cell expression (Figure 2.5m, o).

Aside to ciliary bands and the crescent cell, two of the ancient bilaterian “ciliary”

microRNAs uniquely stained at least one additional structure during the course of de-

velopment. miR-92 transiently localised in the midline from 48h-72h (Figure2.5h and

Figure 2.6a) and at 5dpf it specifically localised in the miR-100+ cells of the foregut and

in few cells of the midgut and hindgut (arrows in Figure 2.6e) while its “ciliary” affinity

persisted by marking the prototroch (Figure 2.6f). miR-34 retained a very “clean” lo-

calisation specific to ciliary bands (with notably strong expression in the prototroch-not

observed for miR-92 and -29) throughout development (Figure 2.6 b, h). It was therefore

the only of the ciliary microRNAs which showed exclusive expression in ciliary bands

throughout development. At 72h, miR-29 showed fainter (yet real) expression in the

midline cells compared to miR-92 which on the contrary faintly marked the thinner cil-

iary bands abutting the stomodeal opening (Figure 2.6c) in which miR-29 was strongly

expressed. After 5dpf, miR-29 was localised in the miR-100+ cells of the foregut with

stronger expression than miR-92 but restricted to the foregut as no gut expression was

detectable (arrows in Figure 2.6g). Ciliated cells in the pharynx have also been reported

in the pelagosphera larva of the lophotrochozoan Phascolosoma agassizii (Tzetlin and

Purschke, 2006).

A similar localisation to ciliary bands (Hill and Boyer, 2003) was observed in one more

annelid, Capitella spI, for all three “ciliary” conserved bilaterian microRNAs (Figure 2.7a-

c). In line with the Platynereis results, miR-92 and -29 were also localised in the Capitella

stomodaeum (arrows in Figure 2.7b, c). I also investigated the same microRNAs in the

sea urchin pluteus larva and indeed found miR-92 expressed in the ciliary bands lining the

2 week old pluteus arms and foregut (Figure 2.7d, e; Burke, 1978; Nakajima, 1986) . miR-

34 was also localised in ciliated cells lining the 3 week old foregut and stomach (Figure
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Figure 2.5: microRNAs expressed in ciliated cells. a-c, ventral-anterior views of 24hpf Platynereis

trochophora larvae with microRNA expression in prototroch cells and apical organ (arrowheads)

(blue: DAPI; green: acTub; red: microRNA). d, scanning electron micrograph of the Platynereis

prototroch cilia at 48hpf. e, scanning electron micrograph of the 48hpf Platynereis apical organ.

f, 3micron slice of the apical organ at 48hpf with expression of miR-29 in the crescent cell (red:

microRNA; green: acTub; blue: DAPI). g, scanning electron micrograph of a 48hpf Platynereis

trochophora larva (dorsal view). h, ventral view of 48hpf Platynereis with miR-92 expression

in locomotor ciliated cells of the trunk (arrows) and midline (blue: DAPI; green: acTub; red:

microRNA). i, ventral views of 48hpf Platynereis with miR-34 expression in locomotor ciliated

cells (including prototroch) and midline (blue: DAPI; green: acTub; red: microRNA). j, ventral

view of 48hpf Platynereis with miR-92 expression in locomotor ciliated cells of the trunk (arrows)

and midline (blue: DAPI; green: acTub; red: microRNA). k, scanning electron micrograph of

a 48hpf Platynereis depicting the ciliary bands’ arrangement on the ventral side of the larva. l,

apical view of 48hpf Platynereis larval brain with miR-92 staining in crescent cell and lateral brain

but also a small group of dorsally positioned cells. m, apical view of 48hpf Platynereis larval brain

with miR-34 staining in crescent cell and prototroch cells. n, apical view of 48hpf Platynereis larval

brain with miR-29 staining in crescent cell and lateral brain. o, apical view of 48hpf Platynereis

larval brain with alpha-tubulin staining in all differentiated ciliated cells of the head. Scanning

electron micrograph pictures were taken by H. Hausen (e, g) and N. Dray (d, k) .
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Figure 2.6: Ciliary microRNA expression later in Platynereis development. a, ventral view of 72hpf

Platynereis with miR-92 expression in locomotor ciliated cells of the trunk and midline (arrow)

(blue: DAPI; green: acTub; red: miR-92). b, ventral view of 72hpf Platynereis showing miR-

34 expression in locomotor ciliated cells of the trunk and in the prototroch (arrow). c, ventral

view of 72hpf Platynereis with expression of miR-29 in locomotor ciliated cells of the trunk. d,

Transmission electromicrograph of the 72hpf Platynereis depicting the arrangement of ciliary bands

along the head and trunk. e, z-projection of a 24micron slice on the dorsal side of the 5dpf

Platynereis worm with white arrows pointing at miR-92 expression in the miR-100 positive cells

of the foregut and cells in the gut. f, 2micron slice on the ventral side of the 5dpf Platynereis

worm with miR-92 expression in prototroch cells. g, dorsal view of 5dpf Platynereis with miR-29

expression in ciliated cells of the head, trunk and in the miR-100 positive cells of the foregut. h,

ventral view of 5dpf Platynereis with miR-34 expression in ciliated cells of the head and trunk.

The scanning electron micrograph pictures was taken by N.Dray.
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Figure 2.7: Ciliary microRNA expression in Capitella spI. and Strongylocentrotus purpuratus. a,

lateral view of stage 6 larva with miR-34 expression in ciliary bands. b-c, lateral view of stage

6 larva with miR-92 and miR-29 expression in ciliary bands and stomodaeum (black arrows). d,

ventral-lateral view of Strongylocentrotus pluteus larva with miR-92 expression in ciliated cells

lining the foregut and the pluteus arms. e, dorsal view of 2 week old Strongylocentrotus pluteus

larva expressing miR-92 in ciliated cells along the lining of the arms and in mouth and gut. f,

dorsal view of 3 week old Strongylocentrotus pluteus larva expressing miR-34 in ciliated cells of the

gut and the arms. g, close up of the ciliated pre-oral arms in a living 1 week old Strongylocentrotus

pluteus larva (by E. Arboleda). h, close up of the 1 week old Strongylocentrotus ciliated gut (by

E. Arboleda).

2.7f). Expression of miR-29 and of control, muscle specific miR-1, was not detected at

any of these stages (data not shown).

To ensure that the identity of the sea urchin ciliated cells is indeed locomotory, living

sea urchin plutei larvae were observed and documented under white light microscopy

with the help of E. Arboleda (Figure 2.7g, h, coloured asterisks indicate the equivalent

structures in fixed material of panels e, f). The 2 weeks old pluteus larva epidermis

is covered in single motile cilia. However, there is a clear distinction between these

and the condensed patches of multiciliated cells arranged in locomotor bands which

can steer swimming (Wada et al., 1997) and control feeding behaviour (Strathmann,

1971). All microRNA-expressing ciliated cells belonged to such condensed ciliary patches.

The similar specific affiliation of these microRNAs to locomotor ciliated cells in both

protostome and deuterostome larvae strongly suggests that this is an ancient bilaterian

trait that existed already in the protostome/deuterostome ancestor.
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2.2.1.3 Demarcating ancient brain centres

Two sets of conserved bilaterian microRNAs showed localised expression in defined parts

of the brain; the neurosecretory and the sensory-associative brain centres.

The neurosecretory brain centre Previous work done by K. Tessmar-Raible, who thor-

oughly studied the neurosecretory brain part of Platynereis, linked the annelid’s medial

brain to the vertebrate hypothalamus (Tessmar-Raible et al., 2007). The overall ar-

rangement of the developing neurosecretory centres of zebrafish and Platynereis share

similarities with respect to their “molecular topography” and their early axonal scaffolds.

As already reported for several vertebrates (Corbin et al., 2003; Murakami et al., 2001),

subdivision of the forebrain by transcription factors nk2.1 and pax6 into medial and

lateral respectively is also observed in Platynereis (Fig 2.8 scheme a). In vertebrates

the nk2.1+ region gives rise to the preoptic region and the hypothalamus (Varga et al.,

1999)and K. Tessmar-Raible identified the fraction of nk2.1+ cells with neurosecretory

identity. In both zebrafish and Platynereis, these cells additionally express transcription

factors; rx, a marker of the developing zebrafish forebrain (Chuang et al., 1999), and otp,

necessary for the terminal differentiation of a subset of neuropeptidergic hypothalamic

neurons in the mouse brain (Acampora et al., 1999).

The nk2.1/rx/otp + medial region of zebrafish and Platynereis brains (Figure 2.8b)

hosts, among other differentiating neurosecretory cells, light sensitive vasotocinergic neu-

rons. In Platynereis, at 48hpf, vasotocinergic cells are positioned medially, deep in the

brain (Figure 2.8c red outlines), adjacent to the ciliary photoreceptors (extraocular pho-

toreceptors of the larva; Arendt et al. 2004). More anteriorly, in a nk2.1/otp+ but rx-

region, chemosensory FMRFamidergic cells are situated medially but more superficially

in the brain. FMRFamidergic cells bear dendrites with sensory cilia that reach the surface

of the subcuticular extracellular space (Fig 2.8d EM reconstruction).

A stronger molecular link between vasotocinergic and FMRFamidergic cells was estab-

lished after I investigated the localisation of conserved bilaterian miR-7, already known

for its highly specific expression in the medial forebrain of zebrafish (Kapsimali et al.,

2007; Wienholds et al., 2005) and medaka (Ason et al., 2006). Platynereis miR-7 expres-

sion was restricted to differentiating neurosecretory tissue (Figure 2.8e and Figure 2.9

on page 76b), demarcated by marker gene phc-2 (Figure 2.9 on page 76a), and com-

prised both vasotocinergic (yellow arrows pointing the ciliary photoreceptors adjacent to

vasotocinergic cells in Figure 2.8f, h) and FMRFamidergic cells (white arrows in Figure

2.8g, i). I localized the expression of miR-7 in zebrafish and K. Tessmar-Raible spatially

correlated their restricted population to the axonal scaffold of the 37hpf forebrain con-
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Figure 2.8: Conserved neurosecretory cell types in Platynereis and zebrafish forebrain. a,

schematic view of pax6 (blue), rx (green) and nk2.1 (red) expression patterns in the zebrafish

and Platynereis forebrain. b, schematic representation of the intersection (white) between the

expression patterns of pdu-rx (blue), pdu-nk2.1 (green) and pdu-otp (red) where the medial vtn+

cells are found in the Platynereis 48hpf brain (outlined in red in panel c). c, apical view of 48hpf

Platynereis larva immunostained for acetylated tubulin with dashed red circles highlighting the

location of the studied vasotocinergic cells in comparison to the axonal scaffold. d, reconstruction

of the 48hpf FMRFamidergic cellular arrangement from transmission electromicrographs depicting

their superficial position related to the apical organ and their apical dendrites’ cilia which protrude

in the subcuticular extracellular space. e, apical view of 48hpf Platynereis larva with miR-7 ex-

pression in dorso-medial brain. f, apical view of 48hpf larva with miR-7 expression (red) in relation

to the axonal scaffold (green: acTub) in the deep brain region where ciliary photoreceptors reside

(yellow arrows). g, apical view of the 48hpf Platynereis larva with miR-7 expression (red, FMR-

Famidergic cells pointed by white arrow) in relation to the axonal scaffold and cilia (green: acTub)

of the apical organ at the anterior most level of the larval brain (cilia of crescent cell underlined by

white dashed line). h, apical view of the 48hpf Platynereis larval brain with the axonal scaffold

(green: acTub) of the neurosecretory region around ciliary photoreceptors (yellow arrows) and pdu-

vasotocin (pdu-vtn) expression in red. i, apical view of 48hpf Platynereis larva immunostained for

FMRF amide (blue: FMRFamidergic cells, pointed by white arrow) and acetylated tubulin (acTub:

red) depicting the position of FMRFamidergic cells in relation to the axonal scaffold and cilia (un-

derlined by white dashed line) of the apical organ’s crescent cell. j, lateral view of 3dpf zebrafish

head with miR-7 expression in the forebrain. k, lateral view of the 37hpf zebrafish brain with

miR-7 expression (red) in relation to the axonal scaffold (green: acTub). l-m ventral view of 37hpf

zebrafish brain with miR-7 ,and dr-vasotocin (vtn) expression respectively (red) in relation to the

axonal scaffold (green: acTub). n, ventral view of the 37hpf zebrafish brain immunostained for

FMRFamide (blue) and acetylated tubulin (red). AC, anterior commissure; POC/OC, post-optic

commissure/ optic chiasm. All miR-7 WMISH were done by me and all pictures except Platynereis

miR-7 were taken by K. Tessmar-Raible.
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firming our findings in Platynereis (all fish confocal scans taken by K. Tessmar-Raible

in Figure 2.8k-l). Zebrafish vasotocinergic neurons co-expressed miR-7 (compare dashed

outlines between Figure 2.8l and m) and the miR-7 forebrain expression also comprised

FMRFamidergic neurons (compare dashed outlines between Figure 2.8l and n). Through

this comparative analysis of the miR-7 expression, the molecular fingerprint of these

two types of neurosecretory cells was enriched by an additional marker and the evidence

pointing towards a conserved molecular anatomy in the region which gives rise to impor-

tant neurosecretory forebrain centres was strengthened. In the history of comparative

studies, it was in the publication of Tessmar-Raible et al. (2007) where for the first time

a microRNA was used as a marker to uncover conserved cell types between distantly

related species such as annelid and fish.

Aside from miR-7, the Pdu-phc-2+ neurosecretory tissue (Figure 2.9a) co-expressed

another two additional microRNAs; miR-137 and -153. The latter, which are not re-

lated by sequence, showed very similar restricted expression in the dorso-medial 48hpf

Platynereis brain just like miR-7 (Figure 2.9b-d). All three microRNAs were expressed

in differentiated vasotocinergic and FMRFamidergic (Figure 2.8f-i and Tessmar-Raible

et al., 2007) as well as serotonergic neurons (Figure 2.9e, i). As opposed to other pa-

neural microRNA markers (see miR-71 in Figure 2.13 on page 80), the localisation of

miR-137, -153 and -7 remained restricted to a subset of the brain even at later develop-

mental stages. At 5dpf, neurosecretory cells of the dorsal brain, the nuchal organ and

the adult eyes co-expressed all three microRNAs (Figure 2.9f-h). Mushroom bodies and

palpae additionally expressed miR-7 which showed a more expanded pattern in the 5dpf

brain (white arrows in Figure 2.9h). miR-137 was also localised in serotonergic neurons

of the trunk nervous system (Figure 2.9i) and few cells in the miR-124+ region of the

foregut (white arrows in Figure 2.9j and see Figure 2.4 on page 67f). miR-7 and -153

were exclusively expressed in the brain (Figure 2.9k-l).

miR-7, -137 and -153 also showed brain-restricted expression in Capitella (Figure 2.10a-

c) and have already been reported to show spatially localised expression in the zebrafish

brain, including neurosecretory brain parts of the hypothalamus (Kapsimali et al., 2007

and Table 2.4 on page 89). These comparative data thus indicate that all three microR-

NAs co-evolved in neurosecretory tissue in an ancient bilaterian brain.

The sensory-associative brain centre A conserved pair of complementary microRNAs,

miR-9 and miR-9*/miR-131 (Deo et al., 2006), also showed highly restricted expression

in the annelid brain, in two bilaterally symmetrical, ventro-lateral sets of differentiated

neurons (Figure 2.11a-c). In mouse, miR-9 and miR-9*/miR-131 are detected broadly
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Figure 2.9: Expression of neurosecretory tissue specific microRNAs. a-d, apical view of 48hpf

Platynereis larval brain with prohormone convertase (phc2 ), miR-137, miR-153 and miR-7 ex-

pression in dorso-medial brain (green; acTub, red;gene or microRNA). e, apical view of 72hpf

Platynereis brain section showing co- localisation of miR-137 with serotonin (blue: DAPI, green:

acTub, red: miR-137, cyan: serotonin). f-g, apical view of 5dpf Platynereis worm brain with

miR-137 and miR-153 expression in neurosecretory tissue, adult eyes and nuchal organ. h, miR-

7 expression in the 5dpf worm brain comprising neurosecretory tissue, adult eyes, nuchal organ,

mushroom bodies and palpae. i, ventral view of the 5dpf Platynereis trunk axonal scaffold depict-

ing the co- localisation of miR-137 with serotonin (blue: serotonin, green: acTub, red: miR-137).

j, dorsal view of 5dpf Platynereis worm with miR-137 expression in dorsal brain and few cells in

the foregut. k-l, dorsal view of 5dpf Platynereis worm with miR-153 and miR-7 expression in

dorsal brain.

Figure 2.10: Expression of neurosecretory tissue specific microRNAs in Capitella spI . a-c, lateral

view of stage 6 Capitella swimming larva with miR-7, miR-137 and miR-153 expression restricted

in the brain.
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in neuronal precursors but among differentiated neurons they are expressed only in the

telencephalon (Deo et al., 2006), the olfactory brain centre.

In Platynereis, the most apical cells expressing mature miR-9 and miR-9* were lo-

cated at the base of the antennae (Figure 2.11d), a pair of head appendages considered

chemosensory sense organs (p.58 in Purschke, 2005). Expression was not only localised

superficially in the brain but extended deeper to reach few cells of the developing mush-

room bodies of the 5dpf brain (shaded red structures in Figure 2.11 on the next pagec

identified and characterized by R. Tomer). Addional head expression was detected in the

nuchal organ (arrows in Figure 2.11e-g), a dorsally positioned ciliated epithelial thicken-

ing with bipolar sensory cells (Purschke et al., 1997), which shows structural analogies to

arthropod olfactory sensory organs (Schlotzer-Schrehardt, 1986). Lastly, miR-9 and -9*

showed expression in sensory cells (p.58 inPurschke, 2005) of the pharyngeal epithelium

(Figure 2.11e-f and Figure2.4g). In closely related Capitella, miR-9* was detected in a

subset of the brain and in single sensory cells of the epidermis (Figure 2.11h).

The above findings indicate that miR-9 and -9* may play a conserved role in defin-

ing neurons involved in some sort of olfactory/chemosensory information processing. As

in vertebrates, both miR-9 and miR-9* are detected in relatively high abundance in

Platynereis (see Table 2.1) and thus represent a pair of complementary microRNAs con-

served in bilaterians (Wheeler et al., 2009).

2.2.1.4 Defining four core organ systems

A large fraction of the conserved bilaterian core microRNAs was expressed more broadly

in one of four major organ systems, representing the central nervous system (Figure

2.12a-d), peripheral sensory tissue (Figure 2.12e-h), musculature (Figure 2.12i-m) or gut

(Figure 2.12n-q). For each of these four groups, expression of individual microRNAs was

largely overlapping, but at the same time complementary to those belonging to other

groups.

Central Nervous System miR-124 (Figure 4a), known to maintain neuronal identity in

the vertebrates (Farh, 2005; Kapsimali et al., 2007) and expressed in developing CNS in

fly (Aboobaker et al., 2005) and planarian (Gonzalez-Estevez et al., 2009), was found in

differentiating neurons in the brain and ventral nerve cord in Platynereis, as evidenced

by synaptotagmin co-expression (Figure 2.12c). miR-71, lost in vertebrates and insects

(Wheeler et al., 2009) and restricted to CNS and parenchyma in planarians (Gonzalez-

Estevez et al., 2009), also proved nervous system-specific in Platynereis (Figure 2.12b;

Fig, 2.13b). While both microRNAs were expressed in differentiating neurons, a clear
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Figure 2.11: Expression of microRNAs in sensory-associative brain centres. a-b, apical views of

5dpf Platynereis brain showing the expression of miR-9 and miR-9* (green: acTub, blue: DAPI,

red: miRNA). c, 3D reconstruction of 5dpf apical brain with superficial miR-9 expression at the

base of the antennae and deeper brain expression in mushroom bodies. d, apical view of 5dpf

Platynereis anterior brain section (6 micron thick) depicting the very superficial miR-9*+ cells

and their antennal projections. e-f, dorsal views of 5dpf Platynereis expressing miR-9 and -9*

in brain, nuchal organs (white arrows) and pharyngeal epidermis in foregut. g, Transmission

electromicrograph of the 72hpf Platynereis dorsal view with red arrows pointing at nuchal organs

(by N.Dray). h, lateral view of stage 6 Capitella swimming larva with miR-9* expression in the

brain and single cells of epidermis (black arrow).
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Figure 2.12: microRNAs demarcating organ systems. a-b, ventral views of 5dpf worms with restricted

expression of miR-124 and -71 in the CNS (blue: DAPI, green: acTub, red: microRNA). c,

synaptotagmin (syt) expression at 5dpf ventral view. d, virtual section of 5dpf Platynereis brain

exemplifying the basal expression of CNS-specific microRNAs. e-g, ventral views of 5dpf worms

with restricted expression of miR-8, -183 and -71 in the PNS (blue: DAPI, green: acTub, red: mi-

croRNA). h, section of 5dpf Platynereis brain exemplifying the apical expression of PNS-specific

microRNAs. i-m, ventral views of 72hpf Platynereis expressing miR-1, -22, -133 and tropomyosin

1 (tpm1 ) in differentiated musculature. n-q, dorsal views of 5dpf Platynereis expressing miR-216,

-283, -12 and a gut marker, adenosine kinase 2 (adk2 ) in the differentiating midgut.
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Figure 2.13: Paneural microRNAs. a-c, apical view of 5 day old brains with miR-124 restricted expression

versus miR-71 and synaptotagmin (syt) whole brain expression (green; acTub, red; miRNA). d-e,

ventral view of 5dpf Platynereis worm with miR-124 expression restricted to the trunk nervous

system and miR-71 additional expression in cells of the parapodia pointed by white arrows. f-g,

ventral view of 5dpf worm with differential expression of miR-124 and miR-71 in the pygidial

lobe. h-i, lateral view of stage 6 Capitella swimming larva with miR-124 and -71 expression in

the brain and ventral nerve cord.

distinction could be made between miR-124 and miR-71 in that the latter was expressed

more broadly in all types of neurons (including those of the peripheral nervous system)

just like synaptotagmin. In the head, miR-71 was additionally expressed in the nuchal

organs, a dorsally positioned group of sensory cells and in palpae therefore attributing

a broader pattern (Figure 2.13b). In the trunk, miR-71 was expressed in sensory cells

of the parapodial epidermis and the pygidial lobe again resulting in a broader pattern

to that of miR-124 which was solely expressed in neurons of the CNS (Figure 2.13f-g).

In Capitella both microRNAs demarcated the brain and the ventral nerve cord albeit

miR-71 showed additional expression in the stomodaeum (Figure 2.13h-i).

Spatially restricted localisation in the Platynereis CNS (in a subset of differentiating

neurons of the brain and the trunk) was observed for miR-184 which in chicken and

mouse is expressed in the brain and in corneal epidermis (Darnell et al., 2007; Nomura

et al., 2008; Ryan et al., 2006). miR-190, also found to be expressed in the zebrafish eye

(Kloosterman, 2006) resembled a lot the miR-184 expression pattern (Figure 2.14b-c).

In Platynereis both microRNAs’ expression largely coincided with glutamatergic neurons
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as revealed by glutamate transporter 1 (glt1) expression (Figure 2.14a-c and e-g). In the

5dpf brain, glutamatergic neurons are positioned very deeply at the anterior end of the

brain axonal scaffold (Figure 2.14i). miR-184 brain expression included some additional

neurons of the ventral brain (Figure 2.14f) aside from the glutamatergic neurons (Figure

2.14j). On the contrary, miR-190 was detected in additional neurons of the dorsal brain

(Figure 2.14g) aside from the glutamatergic cells.

miR-219, a brain specific microRNA in both zebrafish and mouse (Kapsimali et al.,

2007; Wienholds et al., 2005; Cheng et al., 2007), showed in Platynereis the most re-

stricted localisation compared to any other CNS “subset” marking microRNA. It proved

specific for two unknown neurons at the end of the 5dpf nerve cord and another two

neurons positioned in the ventral brain (Figure 2.14d, h). The identity of miR-219+

cells was revealed through FVRI-amide immunostainings which among other cells also

highlighted the restricted miR-219 expression pattern both in the trunk (Figure 2.14k)

and the brain (Figure 2.14l).

Sensory organs At 5dpf, differentiating sensory organs of the young Platynereis worm

include the eyes (red pigmented cells in Figure 2.15a), the cirri and pygidial lobe (white

and red arrows respectively in Figure 2.15b), the antennae and palpae (red and black

arrows respectively in Figure 2.15c and stained structures in d-e), sensory superficially po-

sitioned cells of the ventral nerve cord and parapodia (Figure 2.15f) and dorsal superficial

sensory cells of the head and the trunk (Figure 2.15g). Most of the aforementioned sen-

sory structures express the gene marker distaless (pdu-dlx) (Figure 2.15h). In Platynereis

the distaless expression pattern harbors single cells positive for sensory markers atonal

(pdu-ath) and TRP-family cation channel (trpv) (Denes et al., 2007) like already reported

in fly and vertebrates (Boekhoff-Falk, 2005).

miR-8 proved to be an excellent marker for sensory organs as it demarcated the anten-

nae, palpae, cirri, sensory cells of trunk and parapodia, the pygidial lobe, covering both

neural and non-neural tissue (Figure 2.12e and Figure 2.15d-e). Aside from marking pe-

ripheral sensory organs, miR-8 showed additional strong expression in the nuchal organ

and the foregut where its expression overlapped completely with miR-100, miR-9 and

only partially with miR-124. LNA probes also detected miR-8*, albeit more weakly, in a

similar head pattern (Figure 2.15i). A sensory tissue affiliation is likely to be evolution-

arily ancient for these microRNAs since the related miR-200a, miR-200b and miR-141

likewise show restricted expression in sensory organs such as nose and lateral line in the

vertebrates (Table 2.4 on page 89 and Wienholds et al., 2005). The sensory tissue affinity

of miR-8 was confirmed in another lophotrochozoan, Capitella SpI, where expression was
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Figure 2.14: microRNAs expressed in subset of CNS. a-c, miR-184, miR-190 and glutamate transporter

1 (glt1 ) show shared expression sites in subsets of the ventral nerve cord including glutamatergic

neurons (blue; DAPI, green; acTub, red; miRNA). d, ventral view of 5dpf Platynereis with highly

specific miR-219 expression in few cells of the CNS. e-g, apical view of 5dpf brains with miR-

184, miR-190 and glt1 sharing parts of their expression domains. h, apical view of 5dpf brain

with exclusive expression in very few cells of the ventral brain. i-j, virtual vertical sections of

5dpf Platynereis brains exemplifying the basal expression of glutamate transporter 1 (glt1 ) and

the largely overlapping miR-184. k, 2micron vertical slice of the 5dpf posterior segment with

expression of miR-219 in two FVRI-amidergic cells of the ventral nerve cord (red: microRNA;

blue: αFVRI; green: acTub). l, 2micron horizontal slice of the 5dpf brain with expression of

miR-219 in few FVRIamidergic cells of the ventral brain (red: microRNA; blue: αFVRI; green:

acTub).
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Figure 2.15: microRNAs expressed in sensory organs of Platynereis. a, dorsal view of 5dpf head

with focal plane on red pigmented eyes. b, ventral view of 5dpf worm stained with DAPI to

label the cells’ nuclei (white arrows: cirri; red arrows: pygidial lobe). c, ventral view of 5dpf

head with antennae at the anterior (red arrows) and palpae projecting structures ventrally (black

arrows). d, apical view of 5dpf Platynereis anterior brain section (2 micron thick) depicting the

very superficial miR-8+ cells and their antennal projections (green: acTub, blue: DAPI, red:

miR-8). e, apical view of 5dpf deep head cross section at the level of palpae (demarcated in red

by miR-8 expression; green: acTub, blue: DAPI). f, ventral view of 5dpf trunk superficial slice

(10micron thick) depicting single sensory cells of the nerve plate an parapodia (green: acTub,

blue: DAPI, red: miR-263). g, dorsal view of 5d worm with miR-183+ sensory cells of the head

(dorsal sensory organ) and trunk (green: acTub, blue: DAPI, red: miR-183). h, ventral view of

5dpf worm with distaless expression in the PNS (green: acTub, blue: DAPI, red: pdu-dlx). i,

ventral view of 5dpf worm with miR-8* expression in palpae and antennae. j-k, ventral view of

stage 6 Capitella larvae with miR-8 and miR-263 in single cells of epidermis (green: acTub, red:

miRNA).
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Figure 2.16: Other ancient bilaterian microRNAs with similar sensory expression. a, ventral view

of 5dpf Platynereis with miR-252 expression in antennae, palpae, sensory cells of parapodia,

pygidial lobe and gut. b, ventral view of 5dpf worm with miR-2001 expression in antennae,

palpae, sensory cells of parapodia, few neurons on the ventral nerve cord and gut. c, ventral

view of 5dpf worm with miR-315 expressed in antennae, palpae, head epidermis and midline of

the ventral nerve cord (green: acTub, blue: DAPI, red: microRNA).

localised in very superficially positioned single cells of the epidermis (Figure 2.15).

miR-183 and miR-263, clustered in the Lottia genome and processed from the same

transcript in Platynereis (Table 2.3) also showed a conserved affiliation with sensory

organs differentiation (Figure 2.12f-h and Figure 2.15f-g). This has been as previously

reported for various other bilaterians (Kapsimali et al., 2007; Aboobaker et al., 2005).

Compared to miR-8, the two sequence related microRNAs exhibited a more restricted

expression solely in superficial/peripheral sensory cells and organs (i.e. no expression

in foregut- compare Figure 2.12e to f-g). Notably, the expression of the sensory tissue-

specific miR-183 and of the CNS-specific miR-124 was mutually exclusive (compare Fig-

ure 2.12d and h).

Very similar “sensory” patterns were detected for two additional ancient microRNAs

which were lost in the vertebrate lineage (Wheeler et al., 2009). miR-252 and -2001 also

localized in the antennae, palpae and sensory cells of the parapodia (Figure 2.16a-b).

Besides their affinity for sensory organs, both microRNAs were additionally expressed in

the gut. Unlike miR-252, miR-2001 showed no expression in the pygidial lobe but was

additionally expressed in very few cells of the foregut and several superficially positioned

cells of the ventral plate. Up to date, no comparative expression data are available for

neither miR-2001 nor miR-252. Only one study indirectly suggests a “neural” affinity

for miR-252 which was computationally identified in genetic loci required for synaptic

structure and function in Caenorhabditis (Sun et al., 2006).

miR-315, also lost in the vertebrate lineage (Heimberg et al., 2008; Wheeler et al.,

2009), showed a very unique pattern in Platynereis making it hard to group it together

with other microRNAs. Like all the above mentioned sensory organ microRNA markers,

miR-315 was expressed in the antennae, the dorsal sensory organ of the head, the palpae
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Figure 2.17: microRNAs expressed in musculature. a, lateral view of 48hpf Platynereis larva with miR-

1 expression in longitudinal (vertical) and dorso-ventral (horizontal, black arrow) muscles. b,

ventral view of 48hpf larva with miR-1 expression in differentiating muscles and their arrangement

compared to the axonal scaffold (green: acTub, blue: DAPI, red: miR-1). c, ventral view of 48hpf

larva with miR-22 expression in musculature and ciliated cells of the head. d, apical cross section

of the 48hpf brain with miR-22 expression in ciliated cells of the apical organ. e, ventral view

of 5dpf worms with miR-1 expression in longitudinal and dorsoventral muscles of the trunk. f,

ventral view of 5dpf worm with miR-22 expression in musculature and ciliated cells of the trunk

and head. g, 5micron slice of 5dpf ventral view with miR-22 expression in ciliated cells of the

trunk. h, ventral view of stage 6 Capitella larva with miR-1 expression in differentiated muscle.

but it was not expressed in other sensory structures such as the cirri, the pygidial lobe

or sensory cells of the trunk and parapodia. In the head, miR-315 was additionally

expressed in nuchal organ, the adult eyes and in head epidermis. In the trunk, expression

was exclusive for midline neurons (Figure 2.16c). In Drosophila miR-315 is similarly

expressed in the brain and a subset of the ventral nerve cord (Aboobaker et al., 2005).

Musculature miR-1 and miR-133, genomically clustered in vertebrates and in mollusks

yet not sequence related (Table 2.3) showed almost identical expression in the differen-

tiating musculature (Figure 2.12i, l). The expression pattern of miR-1, one of the most

abundant microRNAs in Platynereis (Table2.1), was detectable in longitudinal as well as

dorsoventral muscles from the larval stage of 48hpf onwards (Figure 2.17a-b, e). miR-1

showed a similar restricted expression in larval musculature of closely related annelid

Capitella spI (Figure 2.17h). Less abundant miR-133 (Table 2.1), was not detectable in

larval stages but was likewise expressed in the differentiated longitudinal and dorsoven-

tral muscles of the 72hpf worm (Figure 2.12l). In vertebrates, these microRNAs are

robustly induced upon myotube differentiation concomitant with reduced expression of

their target messengers (Farh, 2005; Rao et al., 2006; Sood et al., 2006).
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Figure 2.18: miR-281 is expressed in a subset of musculature. a, ventral view of 5dpf Platynereis worm

with miR-281 expression in ring structure below the mouth and in nuchal organ (green: acTub,

blue: DAPI, red: miR-281). b, 1micron thick apical view of the 5dpf Platynereis worm stained

with DAPI to label the cells’ nuclei (miR-281+ cells highlighted by red dashed lined ring). c, 3D

reconstruction of 5dpf stomatogastric nervous system (green: acTub) with apically stemed mouth

axons innervating vertically the circularly arranged miR-281+cells (red). d, apical view of 5dpf

worm with miR-281 expression in innervated cells which form a ring between the mouth opening

and the foregut (green: acTub, blue: DAPI, red: miR-281). e, apical view of 5dpf worm with

beta-3-tubulin expression in innervated cells which form a ring between the mouth opening and

the foregut (green: acTub, blue: DAPI, red: miR-281). f, ventro-lateral view of 5dpf Platynereis

worm highlighting the mouth ring muscle which is visible under white light.

Similar musculature-specific expression was observed for miR-22 (Figure 2.12k) that

together with miR-1 and -133 has been reported to have myoD and myogenin upstream

binding sites in the vertebrates (Rao et al., 2006). miR-22 showed an equally early

expression as miR-1 and in like manner demarcated both dorsoventral and longitudinal

larval muscles (Figure 2.17c). However, together with differentiating musculature, miR-

22 was also detected in a small group of cells in the anterior brain (Figure 2.17c). Careful

examination revealed the identity of these cells which bared motile cilia (Figure 2.17d).

This affinity for two tissues was further confirmed in later developmental stages where

miR-22 was expressed in musculature and ciliated cells of the trunk and the head (Figure

2.17f-g).

miR-281, another ancient bilaterian microRNA which was lost in the vertebrate lineage

and for which no expression data were available, showed a very restricted ring-shaped

expression in the mouth region and the nuchal organ (Figure 2.18a). Expression of the

microRNA was only detectable after 72hpf in conjunction with a similar observation

in Drosophila (Xiong et al., 2009). Detailed characterisation of these uknown to date
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circularly arranged miR-281+ cells (Figure 2.18b) was necessary in order to classify this

microRNA as a muscle marker. The position of this ring was right below the mouth

opening and above the foregut, setting a clear border between the two organs. Axons

stemming from the mouth opening innervated the miR-281+ cells (Figure 2.18c). Marker

gene analysis (done by A. Fischer) identified a number of different muscle markers, such

as beta-3-tubulin, expressed in the same cells as miR-281 among other differentiated

muscle cells (Figure 2.18d-e). Their identity was therefore resolved and by re-examining

the expression patterns of all above muscle specific microRNAs at 5dpf, I could identify

these cells within their general muscle demarcation. The mouth muscle ring was in fact

identifiable even under white light microscopy (arrow in Figure 2.18g) but never observed

before so it was thanks to the miR-281 expression pattern that a subset of musculature

with a possible role in feeding was discovered in Platynereis.

Gut Finally, miR-12, -216 and -283 showed identical expression in the differentiating

midgut at 5dpf (Figure 2.12n-p). miR-12 clusters with miR-216 in Platynereis (Table

2.3) and in Lottia (Prochnik et al., 2007) and with miR-283 in Drosophila (Aboobaker

et al., 2005) (Table 2.3) indicating that these three microRNAs evolved from the same

precursor gene. In the vertebrates, expression of miR-216 is characteristic of pancreatic

tissue (Szafranska et al., 2007) and targets of miR-216 are expressed at lower levels in

pancreatic than in other tissue (Sood et al., 2006), indicating that the ancient site of

activity of the miR-12/-216/- 283 precursor had indeed been the gut.

2.2.2 Comparative analysis of microRNA expression between annelid and

vertebrates

Integrating all information available in the literature on expression of microRNAs in fish

and mouse was of special value for the comparative approach I followed. In many cases,

expression comparison revealed homologous tissues/cell types conserved between annelid

and vertebrates (highlighted in bold for fish in Table 2.4 on page 89a and colour coded

with dots for mouse in pie chart 2.4 on page 89b and Table 2.4 on page 89a).

Of particular interest were the microRNAs for which no expression data were available

or had exhibited a ubiquitous/broad expression pattern in vertebrates, in contrast to a

highly restricted tissue specific pattern documented in Platynereis (ie. let-7, miR-100,

-125, -10, -31, -29, -190, -22, -210). Earlier studies of the same microRNAs in other

invertebrates had yielded very limited information about the localisation of the mature

microRNA form and the Platynereis dataset came to fill in the gaps and reveal their

tissue affinity.
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Lastly, the microRNA expression analysis I performed in Platynereis generated a

wealth of information for a number of ancient bilaterian microRNAs which have been lost

in the vertebrate lineage and have been poorly or not at all studied in other invertebrates

(ie. miR-278, -71, -252, -2001, -315, -281).

2.3 The localisation of microRNAs specific to the

protostome lineage

2.3.1 Conserved protostome specific microRNAs

A whole mount in situ hybridization screen, using LNAs, was carried out for the most

abundant protostome specific microRNAs according to Table 2.1. The resulting dataset,

comprised of specific patterns, could be classified into groups of microRNAs sharing

affinity for certain tissues/cell types just like what was done for the ancient bilaterian

microRNAs.

2.3.1.1 Protostome specific microRNAs expressed in locomotor ciliated cells

miR-277 and -317, two protostome-specific microRNAs (Wheeler et al., 2009) that clus-

ter with miR-34 in Anopheles and in Drosophila and thus likely to emerge from a poly-

cistronic transcript (Table 2.3; Winter et al., 2007) were likewise detected in the ciliary

bands of Platynereis swimming larva (Figure 2.19, Figure 2.5). miR-317 showed an iden-

tical expression pattern to miR-34 as it stained all locomotor cilia of the head and the

trunk, plus the nuchal organ at 48hpf up until 5dpf (Figure 2.19a-c, h, white arrows

point at nuchal organ). miR-277 showed higher specificity to a subset of locomotor cil-

iated cells of the trunk, as it was not detectable in the prototroch at neither 48hpf nor

72hpf (Figure 2.19d-g). At 72hpf the trunk expression of miR-277 was exclusive to the

metatroch (arrow in Figure 2.19g) and at 5dpf the microRNA was no longer detectable

concominant with a drop in solexa reads in young worm libraries (Table 2.1 6th column).

2.3.1.2 Protostome specific microRNAs expressed in the CNS

Three protostome specific microRNAs were found localised in the CNS of the developing

Platynereis worm; miR-2, miR-87 and bantam.

miR-2, the expression of which in Planaria and Caenorhabditis was localised in head

and body neurons (Gonzalez-Estevez et al., 2009; Martinez et al., 2008), was likewise

expressed in the ventral nerve cord, the foregut and the brain of Platynereis throughout
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(a) Comparison of microRNA expression between zebrafish and Platynereis

(b) Comparison of microRNA expression between mouse and Platynereis (based on Sempere et al

2004)

Table 2.4: Comparison of microRNA expression in Platynereis, zebrafish and mouse.
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Figure 2.19: Protostome specific microRNAs expressed in locomotor ciliated cells. a, apical view

of 48hpf Platynereis larva with miR-317 expression in ciliated cells of the head, the nuchal organ

(white arrow) and prototroch (blue: DAPI; green: acTub; red: miR-317). b, ventral view of the

48hpf larva with miR-317 expression the prototroch and ciliated cells of the trunk. c, apical view

of 72hpf larva with miR-317 expression in head ciliated patches, the nuchal organ (white arrow)

and prototroch. d, apical view of 48hpf larva with miR-277 expression in ciliated cells of the head,

and the nuchal organ. e, ventral view of 48hpf larva with miR-277 expression in ciliated cells

of the trunk. f, apical view of 72hpf larva with miR-277 expression in head ciliated patches. g,

ventral view of 72hpf larva expressing miR-277 exclusively in metatroch (white arrow). h, ventral

view of 72hpf embryo expressing miR-317 in prototroch, metatroch, paratroch and telotroch.
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development (Figure 2.20a). Its paneural pattern was very similar to that of miR-71 and

synaptotagmin (Figure 2.12b-c). In closely related annelid Capitella, miR-2 was expressed

identically to Platynereis; in the ventral nerve cord, the stomodaeum and the brain of the

swimming larva (Figure 2.20b) confirming the paneural affinity the microRNA exhibited

in Platynereis. Another protostome specific microRNA with paneural expression was

miR-87 (Figure 2.20c), as it was localised in differentiating neurons of the trunk and

the brain. Affinity for neural tissue has already been reported for miR-87 in Planaria

(Gonzalez-Estevez et al., 2009).

bantam, which in Drosophila stimulates cell proliferation during wing-disc and eye

development by inhibiting the translation of pro-apoptotic gene hid (Brennecke et al.,

2003) and plays a role in circadian rythhmicity (Kadener et al., 2009a), has been detected

by in situ hybridisation in brain neurons of both Planarian and Caenorhabditis (Gonzalez-

Estevez et al., 2009; Martinez et al., 2008). In Platynereis, bantam was localised in a

subset of the CNS giving a very unique pattern compared to any other neural microRNA.

Throughout development, the trunk expression of bantam was restricted to a handful of

glutamatergic neurons (Figure 2.20d-e compare to 2.14a) of the ventral nerve cord. At

72hpf brain bantam expression was restricted to few glutamatergic neurons and the

adult eyes (Figure 2.20f, white arrows pointing at adult eyes). Later in development,

brain expression included the antennae, palpae and cells of the mouth opening (white

arrow in Figure 2.20g) with glutamatergic neurons of the midbrain exhibiting a notably

stronger expression.

2.3.1.3 miR-279 demarcates the epidermis and PNS

The affinity of miR-279 for sensory organs has already been reported for both early

developing as well as metamorphosing stages of Drosophila (Stark et al., 2005; Cayirlioglu

et al., 2008). In Platynereis, miR-279 covered the entire epidermis of both head and trunk

(Figure 2.21a) from 48hpf onwards. Later in development, aside from epidermis, the

microRNA demarcated differentiating sensory organs of the PNS such as the antennae

(Figure 2.21b), palpae (Figure 2.21c white arrows), mouth opening (white arrow in Figure

2.21d), pygidial lobe and sensory cells of the parapodia.

2.3.2 Lophotrochozoan specific microRNAs

Despite the early identification of certain lophotrochozoan specific microRNAs (Palakodeti,

2006) which was recently enriched by (Wheeler et al., 2009), no expression information

was generated until recently in adult Planaria (Gonzalez-Estevez et al., 2009). Still, the
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Figure 2.20: Protostome specific microRNAs of the CNS. a, lateral view of 72hpf Platynereis larva

with miR-2 expression in the brain, stomodaeum and ventral nerve cord. b, lateral view of

stage 6 Capitella swimming larva with miR-2 expression in the brain, stomodaeum and ventral

nerve cord. c, ventral view of 72hpf Platynereis with miR-87 expression in the brain and ventral

nerve cord (blue: DAPI; green: acTub; red: miR-87). d, 5micron thick ventral view of 72hpf

Platynereis larva with bantam expression in glutamatergic neurons of the ventral nerve cord. e,

10micron thick ventral view of 5dpf Platynereis worm with bantam expression in glutamatergic

neurons of the ventral nerve cord. f, apical view of 72hpf brain with bantam expression in adult

eyes (white arrows) and glutamatergic neurons of the midbrain. g, apical view of 5dpf brain

with bantam expression in glutamatergic neurons of the midbrain, in palpae and mouth opening

(white arrow).
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Figure 2.21: Protostome specific miR-279 expression in PNS and epidermis. a, 2micron thick section

of 72hpf Platynereis ventral view with miR-279 expression in trunk epidermis (blue: DAPI; green:

acTub; red: miR-279). b, 5micron thick slice of 5dpf brain apical view with miR-279 expression

in antennae and head epidermis. c, apical view of 5dpf deeper slice of the brain with peripheral

miR-279 expression in head epidermis and demarcation of palpae (white arrows) and mouth

opening. d, 13micron thick slice of 5dpf worm ventral view with miR-279 expression in palpae,

mouth opening, sensory cells of the parapodia and the pygidial lobe.

site of action and inferred role for lineage specific microRNAs during lophotrochozoan

development remains uknown. The in situ hybridization screen I performed for a small

set of abundantly expressed lophotrochozoan specific microRNAs in Platynereis (Table

2.1), revealed their sites of action to be in locomotor cilia, the CNS, PNS and gut.

2.3.2.1 Lophotrochozoan microRNAs expressed in locomotor ciliated cells

miR-1998 showed strong expression in locomotor ciliated cells from as early as 24hpf.

Expression in the 48hpf swimming larva was restricted to the developing nuchal organ,

locomotor ciliated cells of the head, the prototroch ring and ciliated cells of the trunk

(Figure 2.22a). The locomotor ciliated cell-specific pattern persisted throughout devel-

opment with head ciliary patches, nuchal organ, prototroch, metatroch, paratroch and

telotroch expressing miR-1998 (Figure 2.22b-c).

Another microRNA, cloned from Platynereis small RNA libraries but without any

orthologous sequence identified so far and therefore a potential Platynereis specific mi-

croRNA candidate, was also expressed in locomotor ciliated cells. miR-K showed an

equally strong expression pattern as miR-1998 and its expression persisted in ciliated

cells in all stages investigated (Figure 2.22d-f).
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Figure 2.22: Lophotrochozoan specific microRNAs expressed in motile cilia. a-b, apical view of

48hpf and 72hpf Platynereis brain respectively with miR-1998 expression in the prototroch and

motile ciliated cells of the head (blue: DAPI; green: acTub; red: miR-1998). c, ventral view of

72hpf larva with miR-1998 expression in ciliary bands of the trunk. d, apical view of 48hpf brain

with Platynereis specific microRNA candidate miR-K expressed in the prototroch and motile

ciliated cells of the head. e, apical view of 72hpf brain with miR-K expression in ciliary patches

of the head and the nuchal organ. f, ventral view of 72hpf larva with miR-K expression in ciliary

bands of the trunk and ciliated patches of the head.

2.3.2.2 Lophotrochozoan microRNAs expressed in the CNS

Three of the tested lophotrochozoan microRNAs were localised in the CNS; miR-36, -1996

and -1997. In all cases, expression was paneural, demarcating differentiating neurons of

the trunk, foregut and of the head. For miR-36, the Platynereis paneural expression

(Figure 2.23a) was confirmed in annelid Capitella (Figure 2.23b). miR-1996 and -1997

were likewise localised in neural tissue in a similar pattern as that of synaptotagmin

(Figure 2.23c-d).

2.3.2.3 Lophotrochozoan microRNAs expressed in sensory organs

miR-1992, gave a highly restricted pattern in the 48h and 72h brain where it specifi-

cally demarcated all photoreceptor cells (Figure 2.24a). Previous expression studies of

photoreceptor cells in Platynereis have identified two distinct photoreceptor cell types;

a) rhabdomeric photoreceptors, which express differentiation marker rhabdomeric opsin

(r-opsin) and can be found in the developing larval and adult eyes of the swimming larva

(Arendt et al., 2002) and b) ciliary photoreceptors, which express ciliary opsin (c-opsin)

and are positioned in the medial brain from where they project axonal connections into

the neurosecretory plexus of the larval mid-brain (Arendt et al., 2004; Tessmar-Raible et

al., 2007). Both rhabdomeric (adult and larval eyes pointed by white arrows in Figure
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Figure 2.23: Lophotrochozoan microRNAs expressed in the CNS. a-b, lateral view of 72hpf

Platynereis and stage 6 Capitella swimming larva respectively with miR-36 expression in brain,

stomodaeum and the ventral nerve cord. c, lateral view of 72hpf Platynereis with miR-1997 ex-

pression in the brain, stomodaeum and ventral nerve cord. d, ventral view of 72hpd Platynereis

with miR-1996 expression in the brain and ventral nerve cord.

2.24a, c) and ciliary photoreceptors (yellow arrow in Figure 2.24a and close up for cil-

iary photoreceptors in Fig 2.24b) strongly expressed miR-1992 throughout larval brain

development. Before the discovery of miR-1992, no other marker gene able to highlight

the molecular link between two distinct photoreceptor cell types of Platynereis was avail-

able. The high specificity of miR-1992 made it an excellent marker of photoreceptor cell

studies.

At 5dpf, head expression of miR-1992 persisted in photoreceptor cells (adult eyes

pointed by white arrows and ciliary photoreceptors by yellow arrow in Figure 2.24d-e)

but was additionally detected in the palpae (Figure 2.24d, f). Trunk expression for miR-

1992 was only detectable after 72hpf in few cells of the ventral plate (data not shown).

However, at 5dpf miR-1992 expanded its trunk expression and demarcated sensory organs

such as the cirri, sensory cells of the parapodia and the pygidial lobe (Figure 2.24f).

The second tested Platynereis specific microRNA candidate (with no orthologous se-

quence yet identified in other lophotrochozoan small RNA libraries), named miR-C, was

localised in very few superficially positioned cells of the larval brain from 48hpf onwards

(Figure 2.24g-j). The identity of these cells could not be deciphered by other gene marker

analysis since no marker was ever exclusively detected in a similar pattern as miR-C dur-

ing early development. At 5dpf, miR-C exhibited a very superficial/epidermal expression

in the brain (Figure 2.24k-l) while the trunk expression was identical to any of the pre-

viously presented sensory organ specific microRNAs with miR-C+ cells found in palpae,

cirri, sensory cells of the trunk and parapodia and in the pygidial lobe (Figure 2.24m).

The microRNA therefore exhibited an epidermal/sensory organ affinity throughout de-

velopment.
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Figure 2.24: Lophotrochozoan microRNAs expressed in sensory organs. a, apical view of 48hpf

Platynereis brain with miR-1992 expression in rhabdomeric (white arrows pointing at larval and

adult eyes) and ciliary (yellow arrow) photoreceptor cells (green: acTub; red: miR-1992). b,

10micron slice of 48hpf brain apical view with miR-1992 expression in ciliary photoreceptors. c,

apical view of 72hpf brain with miR-1992 expression in rhabdomeric (white arrows) and ciliary

(yellow arrow) photoreceptor cells. d, apical view of 5dpf brain with miR-1992 expression in

adult eyes (white arrow), ciliary photoreceptors (yellow arrow) of the dorsal brain and palpae. e,

dorsal view of 5dpf Platynereis worm depicting the position of adult eyes (white arrow) and ciliary

photoreceptors which are positive for miR-1992 along cells of the apical brain and neurons of the

foregut. f, ventral view the 5dpf worm with miR-1992 expression in palpae, cirri, sensory cells of

the parapodia, few neurons of the ventral nerve cord and the pygidial lobe. g-h, z-projection and

15micron slice of the 48hpf brain apical view respectively with Platynereis specific microRNA

candidate miR-C expression in superficially positioned cells of the brain. i-j, z-projection and

20micron slice of the 72hpf brain apical view respectively depicting the superficial expression

of miR-C. k-l, 20micron slice of the 5dpf apical brain and 30micron slice of the deeper brain

respectively to highlight the epidermal and peripheral staining of miR-C additionally to expression

in antennae and palpae. m, ventral view of 5dpf worm with miR-1992 expression in antennae,

palpae, cirri, sensory cells of the trunk and parapodia and the pygidial lobe.
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2.3.2.4 Lophotrochozoan microRNAs expressed in the gut

Four lophotrochozoan specific microRNAs showed expression restricted to the 5dpf gut;

miR-750, -1175, -1175* and -1989.

miR-750 expression was detectable in cells of the differentiating midgut from 72hpf

(Figure 2.25a). At 5dpf, expression of miR-750 had spread to demarcate the entire

midgut (Figure 2.25b). miR-1175 showed a very unique expression pattern at 72hpf

where it labelled few cells of the developing gut (Figure 2.25c), as well as single cells in

the periphery of the stomodaeum (arrows in Figure 2.25c). Later in development, unlike

other gut marker microRNAs, miR-1175 was not only expressed in the differentiating

mid-gut but also in cells lining the exterior side of the pharyngeal muscle sheath (arrows

in Figure 2.25d). This additional expression domain was encountered for the first time to

point out a an interesting set of cells with uknown identity. Its reverse complement, miR-

1175* was predominantly expressed in the stomodaeum at 72hpf with faint expression

in the developing mid-gut region (Figure 2.25e). Later in development miR-1175* was

localised in the 5dpf differentiating mid-gut (Figure 2.25f). Lastly, miR-1989 showed

a very intriguing transition in its expression pattern from differentiating musculature

between 48h-72hpf (Figure 2.25g) to restricted expression in the 5dpf mid-gut (Figure

2.25h).

2.4 Post- transcriptional regulation of Platynereis primary

microRNA transcripts

Differences in expression levels (Thomson et al., 2006) and localisation (Obernosterer,

2006) between primary transcripts (pri-miRNA) of microRNA genes and their confined

microRNAs which need to be processed in order to reach maturity/active form, have been

reported for a number of microRNAs in mammals (Thomson et al., 2006). The underlying

post- transcriptional regulation in biogenesis steps has recently been uncovered for specific

microRNAs (Winter et al., 2009). In mammalian cell lines, let-7 biogenesis inhibition by

target Lin28 has been proposed to happen at both important processing steps which lead

to microRNA maturation; the Drosha (Newman et al., 2008; Viswanathan et al., 2008)

and Dicer (Rybak et al., 2008; Heo et al., 2008) step. However, more recent results from

an in vivo study carried out in C. elegans favor biogenesis regulation to be exerted in

the cytoplasm, at the Dicer step (Lehrbach et al., 2009).

In Platynereis, sequence information about pri-miRs was originally not available. With-

out a sequenced genome, it was impossible to map the generated solexa reads to reference
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Figure 2.25: Lophotrochozoan microRNAs expressed in gut. a-b, dorsal view of 72hpf and 5dpf

Platynereis worm respectively with miR-750 expression in the differentiating gut. c, dorsal view

of 72hpf larva with miR-1175 expression in single cells of the stomodeal periphery (black arrows)

and in the developing gut. d, dorsal view of 5dpf worm with miR-1175 expression in the gut.

e, dorsal view of 72hpf larva with stomodeal expression of miR-1175*. f, dorsal view of 5dpf

worm with miR-1175* expression in gut. g, dorsal view of 72hpf larva with miR-1989 expression

restricted to a subset of trunk musculature. h, dorsal view of 5dpf with miR-1989 expression in

the gut.
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sequences and extract information about every cloned mature microRNA’s genomic lo-

cus and its corresponding pri-miRNA sequence. However, after deducing that some

microRNA clusters show conserved synteny across bilateria (Table 2.3), I generated clus-

ter enriched cDNA libraries using the 3’ most microRNA of each conserved cluster as a

gene specific primer. In this manner, I could successfully clone through RT-PCR three

distinct clusters; pri-miR-100-let-7, pri-miR-183-263 and pri-miR-12-216 and make ri-

boprobes for each of them in order to visualise their expression patterns. M. Tosches

independently cloned pri-miR-1992 for which she also generated a riboprobe and per-

formed a WMISH. Out of the four tested pri-miRs, three exhibited a broader (and in

one case developmentally earlier onset of) expression compared to that of their confined

mature microRNAs.

Pri-miR-100-let-7, was detectable from 48hpf with broad expression in the lateral re-

gion of the larval brain (like miR-8 expression in Figure 2.28e and Appendix microRNA

expression atlas), the stomodaeum and neurons of the ventral nerve cord. At 72hpf,

lateral brain and stomodeal expression persisted and additional expression was observed

in the developing gut (Figure 2.26a-b). Later in development, brain expression was re-

stricted to the ventral side specifically labelling the antennae and palpae (Figure 2.26c).

In the trunk, pri-miR-100-let-7, was additionally detected in cells of the foregut and

midgut of the 5dpf worm (Appendix microRNA expression atlas). On the contrary,

mature miR-100 was never detected in the brain (Figure 2.26d, f) and was exclusively

expressed in few cells of the foregut (Figure 2.26e and appendix for 5dpf). The processing

of miR-100 out of its primary transcript therefore seems to be regulated in Platynereis

too, both temporally and spatially.

The expression of pri-miR-183-263 was likewise broader (Figure 2.27a) compared to the

highly restricted localisation of either miR-183 or miR-263 in antennae, palpae, cirri and

the pygidial lobe (Figure 2.27b-c). At 5dpf, pri-miR-183-263 showed additional strong

expression in the parapodial epidermis and the trunk epidermis of the first and second

segments (compare Figure 2.27a to b-c). This result revealed a second example of possible

post- transcriptional regulation in yet another Platynereis pri-miRNA which exhibited

differential localisation to its mature counterparts. A similar finding was reported for pri-

miR-1992 by M. Tosches who documented it’s broader expression compared to mature

miR-1992 (data not shown and Figure 2.24a-d). Lastly, pri-miR-12-216 showed identical

expression to its mature microRNAs (Appendix expression atlas and Figure 2.12m, o).
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Figure 2.26: Post- transcriptional regulation of pri-miR-100-let-7. a, apical view of 72hpf brain with

pri-miR-100-let-7 expression in lateral and dorsal brain (green: acTub; red: pri-miR-100-let-7).

b, ventral view of 72hpf larva with pri-miR-100-let-7 expression in developing palpae (ventral

brain), stomodaeum and developing gut. c, apical view of 5dpf brain with pri-miR-100-let-7

expression in the antennae and palpae. d, apical view of 72hpf brain showing no detectable miR-

100 expression (green: acTub). e, dorsal view of 72hpf larva with miR-100 expression restricted

to few cells of the stomodaeum (chaetal sacs staining is probe trapping). f, apical view of 5dpf

brain with no expression of miR-100 detectable.

Figure 2.27: Post- transcriptional regulation of pri-miR-183-263. a, dorsal view of 5dpf Platynereis

worm with pri-miR-183-263 expression in antennae, palpae, cirri, epidermis of the parapodia and

two of the three trunk segments and pygidial lobe. b-c, ventral view of 5dpf Platynereis worms

with miR-183 and miR-263 expression respectively in antennae, palpae, cirri and pygidial lobe.
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2.5 miRNA localisation in the 48h larval brain

Apace with my microRNA in situ screen, R. Tomer in the laboratory developed a pro-

tocol for Whole Mount In Silico Expression Profiling (WMISEP). This protocol utilizes

the highly stereotypical features of Platynereis larval development to generate a common

reference average axonal scaffold image of the 48h brain (derived from 36 distinct larval

brain images), upon which other 3D images can be aligned. In this manner, expression

information documented for any gene of interest can be brought into the same coor-

dinate system, thus allowing high- throughput gene co-expression comparisons in silico

(R. Tomer PhD thesis 2008). To ensure reliability over the expression pattern of the

genes brought into the system, R. Tomer computed an averaged expression pattern for

every gene of interest by averaging 3-5 distinct confocal brain scans coming from different

larvae.

A minimum of 3 brain scans per microRNA were used to produce the average mi-

croRNA expression patterns which were then aligned to the common reference brain.

Only microRNAs with strong enough (and therefore detectable under the confocal micro-

scope) expression pattern in the 48h brain were incorporated into the WMISEP database

resulting in a total set of 19 aligned averaged expression patterns of mature microRNAs

(Figure 2.28). Aligning all microRNA patterns to a common reference nervous system,

made it especially easy to group those with related spatial localisation together. The four

resulting groups demarcated distinct regions of the 48h developing brain such as; neu-

rosecretory tissue (Figure 2.28a-d), differentiating sensory and epidermal tissue (Figure

2.28e-h), the cerebral ganglia (Figure 2.28i-l) and motile ciliated cells (Figure 2.28m-r).

A molecular dissection of the 48h brain topology into medial and lateral (blue and pink

in Figure 2.28t scheme) became possible after considering the expression pattern of pa-

neural microRNAs (medially) versus that of sensory microRNAs (laterally) (see scheme

in Figure 2.28t).

In-silico co-expression comparisons among the set of averaged microRNA expressions

provided a unique visualisation of the very strict tissue demarcation microRNAs exert in

the 48h brain. While microRNAs which belonged in the same groups showed extensive

overlap (depicted in white Figure 2.29a-e), the opposite was observed from different

classes of microRNAs whose expressions never “met” (Figure 2.29f-y).

Positive cells for any of the sensory or epidermal microRNAs never co-expressed a

microRNA which could also be found in either neurosecretory tissue, in neurons of the

cerebral ganglia or in motile ciliated cells (Figure 2.29f-o). Likewise, “ciliary” microRNA

markers never “met” in expression with any other tissue’s microRNA marker (Figure
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Figure 2.28: Average expression patterns in the 48h larval brain for all microRNAs aligned using

WMISEP. 48hpf brain expression of microRNAs in: a-d, neurosecretory tissue. e-h, differ-

entiating sensory and epidermal tissue. i-l, the cerebral ganglia. m-r, motile ciliated cells. s,

uknown cells of the the apical brain and epidermis. t, scheme of the 48hpf brain depicting the

molecular dissection of the 48h brain topology into medial/neural (light blue) and lateral/sensory

(pink) domains.

102



2.6 microRNA target analysis

2.29o-x). Finally, neurosecretory and paneural microRNAs did show some overlap in the

medio-dorsal brain (depicted in white in Figure 2.29y).

Such mutual exclusion between microRNAs with different tissue affinity has already

been reported for Drosophila during neuroectoderm development (Stark et al., 2005) and

seems to have a role in brain development of Platynereis too.

2.6 microRNA target analysis

The strict tissue demarcation by different sets of microRNAs which I observed in Platynereis

raised a number of questions concerning the biological significance of this phenomenon.

Do the targets of all these microRNAs actively avoid them by being expressed in a com-

plementary, non overlapping manner (adjacent tissues) as reported for Drosophila (Stark

et al., 2005) or can they be found co-expressed in the same cells/tissues as shown in

mammals by array experiments (Farh, 2005)?

To relate expression of the conserved bilaterian microRNAs to that of their predicted

targets, I performed WMISH for 92 different genes and annotated the expression of

their transcripts’ differential expression (Figure 2.30, Figure 2.31 and Figure 2.5 ) with

a total of 433 predicted target sites (predictions done by K. Trachana). The large set

of riboprobes I used for the WMISH had already been generated by H. Snyman and R.

Tomer.

Aside from experimental validation (which was impossible in the limited timed frame

I had for this analysis), target prediction quality can be scored in a number of ways

(Bartel, 2009). TargetScan algorithm can distinguish between evolutionarily conserved

and non-conserved target sites (Lewis et al., 2005), however, this option could not be

applied for Platynereis. Unfortunately, at the level of 3’ UTRs sequence similarity of

orthologs between lophotrochozoa or even between closely related annelids like Capitella

was too small to allow their alignment (which is essential for TargetScan to identify

conserved binding sites).

To overcome this problem O. Simakov in the laboratory followed an alternative ap-

proach, by taking advantage of Platynereis highly polymorphic transcriptome (which he

assembled based on solexa reads) and investigating the rate of SNPs found in target

sites versus those found in the remaining 3’ UTR. Predicted microRNA binding sites

exhibited reduced SNP frequencies (1/60 bp for predicted target sites versus 1/45 bp for

general 3’UTRs) indicating an overall positive selection on these sites. Still, the overall

SNP frequency was too low in order to distinguish between conserved and non-conserved

microRNA binding sites for the entire set of predicted targets. Because of the above
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Figure 2.29: In-silico co-expression comparisons among the set of averaged microRNAs. White

regions depict co-expression between microRNAs.
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mentioned limitations, the only means of increasing prediction stringency was by using

a second prediction algorithm (PITA) and only consider shared predictions between the

two.

Statistical analysis done by O. Simakov who used the detailed annotation atlas I gen-

erated after documenting the expression patterns of 92 genes and 34 microRNAs at

5dpf (Table 2.5), revealed a subset of tissues in which microRNAs were less frequently

co-expressed with their predicted targets than expected to occur by chance (Table 2.6;

co-expression before or after 5dpf was not examined). This may, at least in part, be

due to selective avoidance of target sites in co-expressed messengers (Shkumatava et al.,

2009). Other tissues showed the opposite trend (Table 2.6), indicating different modes

of involvement of the conserved bilaterian microRNAs in regulating the establishment

and/or maintenance of tissue identity (Shkumatava et al., 2009). When we increased

prediction stringency by combining TargetScan and PITA algorithms, this led to a gen-

eral increase of bootstrap support values for co-expression of microRNAs and predicted

targets (compare Table 2.6 to 2.7), indicating that the (unknown) set of ‘real’ targets

may be further enriched for co-expression events. Statistically, we found that a similar

trend is highly improbable for any random subset of similar size.
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Figure 2.30: Expression patterns of 50 target messengers in 5dpf worms. CNS expression is docu-

mented from lateral view, peripheral sensory nervous system expression from ventral view, foregut,

gut, musculature and brain expression from dorsal view and cilia from either lateral or ventral

view. Detailed anatomical annotations for their expression patterns are provided in Table 2.5.

Targets are named after the RNA probe IDs used for the in situ screen. Their genebank accession

numbers are available in Appendix.
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Figure 2.31: Expression patterns of 28 target messengers in 5dpf worms. CNS expression is docu-

mented from lateral view, peripheral sensory nervous system expression from ventral view, foregut,

gut, musculature and brain expression from dorsal view and cilia from either lateral or ventral

view. Detailed anatomical annotations for their expression patterns are provided in Table 2.5.

Targets are named after the RNA probe IDs used for the in situ screen. Their genebank accession

numbers are available in Appendix.
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Table 2.5: Detailed annotation of miRNAs and target transcripts expression patterns for five

major body parts of the Platynereis 5 day worm. Presence or absence of microRNA or

target gene expression from a tissue/organ is scored with 1 or 0 respectively.
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2.6 microRNA target analysis

Table 2.6: Co-expression of miRNAs and target transcripts in different tissues using Targetscan

predictions only. The co-expression ratio is defined as the number of miRNA::target pairs which

show overlap in the given tissue divided by the total number of miRNA::target pairs. Iterative

randomization was done by reshuffling the predicted targets of miRNAs. Bootstrap for depletions

and enrichment shows total count of iterations when the observed co-expression ratio for a particular

tissue was below or above the randomly obtained value, respectively (see methods).
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Table 2.7: Co-expression of miRNAs and target transcripts in different tissues using the inter-

section between Targetscan and PITA predictions. The co-expression ratio is defined as the

number of miRNA::target pairs which show overlap in the given tissue divided by the total number

of miRNA::target pairs. Iterative randomization was done by reshuffling the predicted targets of

miRNAs. Bootstrap for depletions and enrichment shows total count of iterations when the ob-

served co-expression ratio for a particular tissue was below or above the randomly obtained value,

respectively (see methods).
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3 Discussion

3.1 Insights into microRNA phylogeny from the Platynereis

repertoire

Phylogenetic distribution of Platynereis microRNAs The wide conservation of 30

microRNAs across bilateria had already been reported (Prochnik et al., 2007) before the

deep sequencing of the Platynereis repertoire. With very few available deep-sequenced

repertoires at the time, this study had to rely on comparative microRNA gene predictions

which unavoidably missed some of the conserved ancient bilaterian microRNAs.

With time, the deep sequencing of more and more metazoan microRNA repertoires,

including Platynereis (Ruby et al., 2006; Stark et al., 2007; Grimson et al., 2008; Chen

et al., 2009; Wheeler et al., 2009; Shi et al., 2009), allowed cross phyla comparisons to

assemble a more accurate list of conserved microRNAs. Of particular value was the

release of basal deuterostomes microRNA repertoires (Heimberg et al., 2008; Wheeler et

al., 2009; Chen et al., 2009) for the identification of microRNAs which had been lost in

the vertebrate lineage.

For instance, Platynereis miR-278 and miR-71, miR-315 and miR-252, originally ap-

peared to be shared among protostomes only as they were non-identifiable in any verte-

brate (Table 2.1). When identified in sea urchin, lamprey and amphioxus respectively,

it became clear that they were present in the protostome-deuterostome ancestor (Ur-

bilateria). Similarly, until parts of the sea urchin and the cephalochordate Amphioxus

microRNA repertoires were published (Wheeler et al., 2009; Shi et al., 2009), miR-2001

and -242 which got secondarily lost in the ecdysozoan lineage (Wheeler et al., 2009) were

thought to be lophotrochozoan -specific microRNAs. However, it appears from their con-

servation between protostomes (including Platynereis) and basal deuterostomes (Table

2.1) that they are ancient.

Lastly, extensive sequencing of microRNA repertoires across bilateria revealed with

higher confidence that some microRNA* sequences appear to be conserved and unlike pre-

viously thought (Bushati and Cohen, 2007), functionally important. The deep-sequenced

Platynereis repertoire provided a high quality reference for phylogenetic comparisons
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through which I assembled the most up-to date and accurate list of conserved bilaterian

microRNAs which must have present in Urbilateria.

Thanks to the recent sequencing of other Lophotrochozoan microRNA repertoires

(Wheeler et al., 2009; Friedländer et al., 2009), I could assemble an additional list of

lophotrochozoan -specific microRNAs. Nevertheless, the 454 sequencing used by Wheeler

et al. (2009) does not provide as deep coverage as solexa does and the Platynereis se-

quencing data propose an additional 19 lophotrochozoan or annelid -specific microRNA

candidates (see appendix), which map to at least one lophotrochozoan genome in a locus

predicted to give rise to precursor microRNA according to known criteria (Hofacker et

al., 1994; Lu et al., 2008b).

The Platynereis microRNA repertoire has therefore contributed in assembling the list

of conserved microRNAs in two additional important evolutionary nodes in the tree

of bilateria, reflecting the repertoires of ecdysozoa-lophotrochozoa and that of Annelid-

Mollusc ancestors.

The size of the Platynereis repertoire The Platynereis microRNA repertoire com-

prised a total of at least 66 microRNAs (Table 2.1), the majority of which were experi-

mentally validated by whole mount in situ hybridization or northern blot analysis. This

number could increase up to 85 microRNAs if all remaining 19 lophotrochozoan -specific

microRNA candidates prove to be real upon experimental validation.

However, this number would still not reflect the true size of the Platynereis repertoire as

there are still at least 32 Platynereis -specific microRNA candidates remaining to be val-

idated. Judging from the number of Planarian Schmidtea mediterannea -specific microR-

NAs which sum to 45 (Friedländer et al., 2009), it would not be surprising if Platynereis

reached a total repertoire size of 100 microRNAs after including all Platynereis -specific

microRNAs. Only when the Platynereis genome gets sequenced will the size of its mi-

croRNA repertoire be really known, since mapping of microRNAs on their corresponding

genomic loci will be possible and will allow subsequent computational (Lu et al., 2008b;

Hofacker et al., 1994) and experimental validation.

Even with the current state of data, the Platynereis repertoire nicely fits in (together

with Planaria) the hierarchy of complexity which uses as a basis the microRNA reper-

toires of metazoa to rank them accordingly in a phylogenetic tree (Figure 3.1). The

Platynereis repertoire is certainly bigger than that of a simpler Cnidarian (exhaustively

searched by Grimson et al., 2008 through deep sequencing) and even if the total size of

the repertoire exceeds 100 it will never reach the 400 microRNAs found in, more complex,

zebrafish. Once both Platynereis repertoire is confidently assembled to a final number

112
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Figure 3.1: Animal microRNA repertoires and morphological complexity. Although the number of

protein -coding genes does not change much, microRNA numbers correlate well with the total

number of neurons found across metazoa. The Platynereis microRNA repertoire size fits in the

clade of lophotrochozoa, exhibiting a similar number to Planaria. Figure adapted from Technau

(2008)
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and those of more metazoa also get exhaustively searched, it will be interesting to com-

pare their sizes and see the link between repertoires and these animals’ morphological

complexities. So far such attempts look promising (Figure 3.1; Technau, 2008; Wheeler

et al., 2009; Peterson et al., 2009) but include very few animal microRNA repertoires

which have been exhaustively searched. In other words, the picture is still incomplete,

but a trend is apparent and the incomplete repertoire of Platynereis fits this trend.

Sequence families within Platynereis microRNAs Even after imposing the strictest

quality cutoff to Platynereis solexa sequencing data, some microRNAs have as many as

397 sequence variants (see “VARS” column in Table 2.1 on page 58). It is noteworthy

that “younger” lophotrochozoan -specific microRNAs do not have too many sequence

variants. This probably indicates that the microRNA genes from which they derive have

had less time to evolve compared to ancient bilaterian microRNA genes. Concominant

to this, evolutionarily “newly” acquired Platynereis -specific microRNAs do not show any

sequence variants at all. In the future, the possibility to map all Platynereis microRNAs

to a sequenced genome will give insight into the number of microRNA paralogs and their

evolutionary history.

A sequenced genome would also allow comparison between the sequences of microRNA

genomic loci and those of cloned microRNAs, in search for RNA editing events which

could also potentially account for some of these sequence variants. At the moment I

can only speculate on RNA editing being one additional reason, as it cannot be con-

firmed. Similarly, genome availability would allow to check for the possibility that mul-

tiple microRNA loci which belong to the same sequence family (as reported for miR-2

in Drosophila; Lai et al., 2003), give rise to a multitude of sequence related mature

microRNAs.

The extent of naturally occurring sequence variants maybe intensified from polymor-

phisms which characterize our worm culture. In Platynereis, SNPs are not rare to find

(1/45bp as calculated by O. Simakov) and part of this maybe due to mixed populations

of worms in the Heidelberg breeding culture which were originally captured in north and

Mediterranean sea and have since interbred for the past 60 years.

Finally, heterologous processing by Dicer and Drosha (Ruby et al., 2007; Landgraf et

al., 2007) is also likely to occur in Platynereis as sequence variants of many different

microRNAs had shortened 3’ ends (Table 1.2.5 on page 21). In fewer cases 5’ ends had

a 2nt offset (Table 1.2.5 on page 21), something which in principle frame shifts the seed

and functional target group of the microRNA (Wheeler et al., 2009).
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Enriched microRNA sequences in Platynereis zygotic libraries Although the majority

of Platynereis microRNAs were not detectable in zygotic libraries, miR-8, -22, -29, -2,

-277 and -279 were detected with more than 100 reads reaching as many as 1817 reads.

Since the freshly fertilized zygotes which were used for these libraries are transcriptionally

inactive (unpublished data A. Fischer), these microRNAs must be maternally deposited.

The functional role of microRNAs in early embryonic development has been underlined

by several independent studies in Drosophila, fish and mouse (Bushati et al., 2008; Gi-

raldez, 2006; Tang et al., 2007a) but so far nothing is known about the role of maternally

deposited microRNAs in animals like Platynereis, which exhibit spiral cleavage patterns

during zygotic development (Fischer and Dorresteijn, 2004). Depletion of these “early”

microRNAs by antagomiRs (complementary LNA oligos) or even a Dicer knockout should

reveal the importance of the role they may play in early zygotic development.

3.2 The site of microRNA activity in important evolutionary

nodes

Before involving Platynereis in microRNA expression comparative studies, the link be-

tween vertebrate and protostome microRNA expression patterns was only inferrable for

very few microRNAs (miR-1, -124). This was due to the limited number of available

whole mount in situ patterns first in Drosophila and later Planaria (Aboobaker et al.,

2005; Gonzalez-Estevez et al., 2009) and due to the difficulties in establishing the pro-

tocol to work in C.elegans. Moreover, the distinct localisation patterns microRNAs

have acquired in such fast evolving protostome species due to the concomitant functional

diversification of microRNAs (Liu et al., 2008) posed a problem for comparisons to verte-

brate data. Finally, comparisons between the localisation patterns of primary microRNA

transcripts (pri-miRNAs) and mature microRNAs maybe inaccurate and limiting. Re-

cent studies uncovered a mechanism which post-transcriptionally regulates microRNA

maturation (Heo et al., 2008; Lehrbach et al., 2009) and may explain how a broad pri-

mary microRNA transcript (pri-miRNA) expression does not necessarily entail an equally

broad expression of its mature microRNA (Obernosterer, 2006; Thomson et al., 2006).

The Platynereis mature microRNA expression dataset constitutes the only of this kind

among protostomes, since Drosophila and Planaria data focused on the expression of

pri-miRNAs (Aboobaker et al., 2005; Gonzalez-Estevez et al., 2009). Maybe this is an

additional reason why Platynereis could give a better insight into the site of expression

of conserved bilaterian microRNAs.
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3.2.1 Higher tissue specificity in Platynereis microRNA expression

In Platynereis, all expression patterns of ancient bilaterian microRNAs were highly spe-

cific to tissues or cell types. This high tissue specificity maybe explained by the fact

that Platynereis is a slow evolving marine annelid species (Raible et al., 2005) which has

not changed its habitat in millions of years and has therefore not accumulated too many

changes from having to adapt to new ecological niches (Weistheide and Rieger, 1996).

Thus, it is more likely for slow evolving species like Platynereis to retain the most “fun-

damental” expression site of a microRNA and for fast evolving species to functionally

diversify their microRNAs and express them in additional sites. From the vertebrate

data where microRNA expression patterns are broader and often ubiquitous (Wienholds

et al., 2005; Ason et al., 2006), it is clear that more specific roles have evolved for these

microRNAs depending on the functionality of these ancient urbilaterian tissues.

The comparisons to Platynereis whole mount in situ hybridization results, indicate

that all conserved bilaterian microRNAs evolved in a strictly tissue-specific context,

expressed in CNS, musculature, cilia, foregut or gut. Corroborating this, all brain- or

musculature- specific microRNAs in Platynereis show the same specificity in fish, human

and mouse expression profiling, with high confidence (Table 2.4 on page 89). Restricting

the comparison of expression sites between Platynereis and fish only, reveals even more

shared sites of microRNA expression (such as sensory organs and pancreas/gut; Table 2.4

on page 89). All the above, indicate that these highlighted tissue affinities were already

in place in the protostome-deuterostome ancestor.

3.2.2 Revealing the site of ancient bilaterian microRNAs activity

The identification of ancient expression sites for conserved bilaterian microRNAs sheds

new light on the evolution of animal body plans, because it implies that the following

microRNA-defined tissues were in place already in the last common ancestor of proto-

stomes and deuterostomes (Urbilateria):

miR-100 and the related miR-125 and let-7 (blue in Figure 3.2) may have acquired an

ancient role in developmental timing: The very late onset of let-7 expression at 5dpf in

Platynereis (before benthic settlement) is consistent with earlier observations in nema-

tode (Reinhart et al., 2000), fly (Caygill and Johnston, 2008; Sokol et al., 2008), mollusc,

zebrafish and in another annelid (Pasquinelli et al., 2000), indicative of a role in the

control of late developmental transitions (Pasquinelli et al., 2000; Reinhart et al., 2000;

Caygill and Johnston, 2008; Sokol et al., 2008). With time, the role of miR-100, -125

and let-7 in developmental timing may have spread to other tissues, such as target tissue
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Figure 3.2: Defining the identity of ancient tissues in the last common ancestor of protostomes

and deuterostomes. Schematised drawing of microRNA-defined tissues. CNS is drawn in yellow,

neurosecretory brain tissue in dark yellow, sensory-associative brain parts in orange, musculature

in red, PNS in brown, gut in green and the let-7-positive cells in blue. Sceme drawn by A. Fischer.

differentiating in the course of metamorphosis, as observed in fly (Caygill and Johnston,

2008; Sokol et al., 2008) and nematode (Pasquinelli et al., 2000; Reinhart et al., 2000).

In a similar manner, the affinity of miR-29, -34 and -92 to motile ciliated cells in both

protostome and deuterostome larvae may shed new light on the evolution of ventricular

neuron types expressing these microRNAs in the vertebrate CNS (Table 2.4 on page 89;

Kapsimali et al., 2007), some of which known to bear motile cilia (Vigh et al., 2004).

Prior to this finding, no link had ever been established by classical morphological studies

of the ciliated cerebrospinal fluid (CSF)-contacting neurons (Vigh et al., 1983, 2004) and

of motile ciliated cells of larval ciliary bands (Burke, 1978).

The comparative expression analysis using microRNAs also suggests that the Urbilate-

ria already possessed a miR-124+ central nervous tissue as opposed to miR-8/-183/-263+

peripheral sensory nervous tissue (Denes et al., 2007; Rusten et al., 2002; yellow and

brown in Figure 3.2), consistent with recent comparative developmental data suggest-

ing that nervous system centralization predated the protostome/deuterostome ancestor

(Arendt et al., 2008), see however (Holland, 2003). These ancestors possessed an ancient

brain comprising miR-7+, - 137+ and -153+ neurosecretory parts, as recently suggested

(Tessmar-Raible et al., 2007) and other miR-9/9*+ parts that may relate to sensory infor-

mation processing (light and dark orange in Figure 3.2). Deep evolutionary conservation

of “sensory” brain parts is currently unclear but the conserved activity of miR-9/-9*

is an entry point to readdress this issue. The protostome/deuterostome ancestors had

miR-1/-22/-133+ body musculature, in line with the proposed conservation of somatic

muscle cell types (Denes et al., 2007) and a miR-12/-216/-283+ gut, in accordance with

the view that the gut represents another conserved bilaterian trait, with (Arendt et al.,

2001) or without (Hejnol and Martindale, 2008) anus (red and green in Figure 3.2).

At the present state of analysis, without having studied the functional role of any of
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these ancient microRNAs in Platynereis, I can only speculate about the tissue-specific

ancient roles of these microRNAs, by extrapolating from observations in other animal

models. Still, if a microRNA remains highly specifically expressed in the same tissue

over 600 million years it is likely to play a role there (what role this was should be

subject to future functional analysis). The comparative expression data indicate that

these ancestors had a biphasic life-cycle (Arendt et al., 2001), with populations of miR-

100/-125/let-7/+ neurosecretory cells along the larval mouth controlling developmental

timing (blue in Figure 3.2). These cells were part of the conserved larval brachyury+

foregut tissue (Arendt et al., 2001). Swimming larva had otx+ ciliary bands (Harada et

al., 2000; Arendt et al., 2001) bearing miR-29, -34, -92+ locomotor cilia.

MicroRNAs have thereby been established as an important new tool for reconstruct-

ing ancient animal body plans at important evolutionary nodes, focusing here on the

protostome-deuterostome divergence and confirming from a different direction that Ur-

bilateria was indeed more complex than originally thought in line with previous studies

(Denes et al., 2007; Tessmar-Raible et al., 2007; Robertis, 2008). More complete in-

ventories of microRNAs and concomitant expression analysis will allow expanding this

approach to other key events of animal evolution.

3.2.2.1 The targets of ancient bilaterian microRNAs in Platynereis

Previous analyses which compared the expression of microRNAs with that of their targets

in Drosophila (Stark et al., 2005) and mammals (Sood et al., 2006; Farh, 2005) had come

to contradicting conclusions which until recently (Shkumatava et al., 2009) remained

unresolved (see introduction for details). Whole mount in situ data from Drosophila

indicated that microRNAs and their targets are expressed in a mutually exclusive manner

(Stark et al., 2005), while array data from mammals detected targets co-expressed in

the same tissues as the microRNAs which regulate them (Farh, 2005). More recent

work clarified that both mutual exclusion and co-expression might be observed between

microRNAs and targets in a given tissue and that mRNAs with evolutionarily conserved

target sites tend to be co-expressed with their targeting microRNAs (Shkumatava et al.,

2009).

Expression analysis on ancient microRNAs’ Platynereis targets confirmed findings of

Shkumatava et al. (2009) by revealing tissues in which mutual exclusion was observed

between the expression of microRNAs and of their targets (Stark et al., 2005) and tissues

that showed the opposite trend with microRNAs and targets found co-expressed (Farh,

2005; Sood et al., 2006; Shkumatava et al., 2009). However, the lack of sequenced closely

related species to Platynereis dumerilii with alignable 3’ UTRs obstructed the distinction
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between evolutionarily conserved versus non-conserved target sites. As a consequence,

the Platynereis dataset can so far not contribute to support or disprove the current

hypothesis put forward by Shkumatava et al. (2009), that microRNA-target interactions

are predominantly of the tuning type for conserved/important target sites (co-expressed)

and of switch or fail-safe type for non-conserved target sites (mutually exclusive).

However, a unique feature this analysis had to offer was the tissue based approach

allowed by the strict tissue/cell type signatures microRNAs exhibit in Platynereis. In-

triguingly, the tissues/cell types in which microRNAs show a clear tendency to target

mRNAs that are not co-expressed, such as secretory neurons of the foregut, the nuchal

organ and adult eyes (Table 2.6 on page 109), are already differentiated by 5dpf. On the

contrary, the gut, an actively differentiating tissue at 5dpf, was the only example where

microRNAs target co-expressed genes (Table 2.6 on page 109).

In an actively differentiating tissue, stoichiometry of various transcription factors and

signalling molecules is essential for patterning and therefore, tuning microRNA interac-

tions would be ideal to keep all targets at stable, optimal levels (Iovino et al., 2009). On

the other hand, in a differentiated tissue, left-over transcripts or leaky transcripts from

neighbouring developmental programs can disturb the adopted cell fate and in this case

microRNAs could have a fail-safe/switch role in tissue clearance of unwanted messengers

(Cohen et al., 2006; Hornstein and Shomron, 2006; Bushati and Cohen, 2007; Bartel,

2009). It is therefore tempting to speculate that aside from the evolutionary importance

of a target site, the differentiation state of a tissue could also adjust microRNA-target in-

teractions. It will be interesting to further elucidate the temporal dynamics of microRNA

targeting during animal development.

Inclusion of more developmental stages to check for co-expression events before or

after 5dpf could give a more dynamic range to this analysis. Future use of the WMISEP

protocol that R. Tomer developed in the laboratory, could give an insight into targeting

relationships within the 48h brain and trunk. With more than 100 genes already aligned

in WMISEP database, single cell-resolution co-expression analysis could be performed

for all aligned microRNAs and their predicted targets.

Finally, a comparison of targets in slow-evolving species should reveal the functional

evolution of conserved bilaterian microRNAs and shed light into why microRNAs were

co-opted by new tissues that did not express them before.

3.2.3 The site of lineage specific microRNAs activity

Conserved microRNAs among protostomes (bantam, miR-2, -12, -67, -87, -277, -279,

-305, -317, -318, -981, -989, -993, -996), the lineage of lophotrochozoans (miR-36, -96,
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-133*, -750, -1175, -1175*, -1986, -1989, -1992, -1993, -1994, -), the lineage of annelids

(miR-1996, -1997, -1998, -L49) and finally Platynereis specific microRNAs (miR-C, -K),

showed equally strict tissue/cell type specific localisation as ancient bilaterian microRNAs

did. Protostome specific microRNAs for which expression data were available in at least

one more protostome were always expressed in homologous cell types and tissues as

the Platynereis site of expression, highlighting the evolutionary conservation of these

expression sites (see miR-2, -87, -279, -36 and bantam in Figure 2.20 on page 92 and 2.23

on page 95). It therefore becomes apparent that strict tissue demarcation by microRNAs

was not only a feature of the protostome-deuterostome ancestor but also of the ecdysozoa-

lophotrochozoa ancestor as well as the annelids-moluscs ancestor.

The diversity of microRNA-demarcated tissues in the protostome-deuterostome and

the ecdysozoa-lophotrochozoa ancestors, does not appear to vary a lot. Most of the ex-

amined protostome specific microRNAs were expressed in motile ciliated cells, CNS, PNS

and gut with just a couple, bantam (Figure 2.20 on page 92) and miR-277 (Figure 2.22

on page 94), showing more restricted expression patterns in subset of CNS and ciliated

cells respectively. Similarly, lophotrochozoan specific microRNAs demarcated cilia, CNS,

PNS and gut with again, few exceptions like miR-1992 (Figure 2.24 on page 96), -1175

(Figure 2.25 on page 98) and -C (Figure 2.24 on page 96) showing more restricted affinity

to a subset of CNS, gut and PNS respectively.

All the above observations do not support the hypothesis put forward by Peterson

et al. (2009) whereby the newly acquired lineage specific microRNAs can contribute

towards speciation by regulating gene expression in novel cell types and tissues. Had

this hypothesis been true, I would expect to see a striking specialization in most lineage

specific microRNAs and find them localized in very specific cell types and tissues which

are characteristic of the lineage (such as a nerve ring underlying ciliated larval swimming

organs of lophotrochozoa; Wanninger, 2009). This microRNA specialization was only

visible for 2 out of the 7 examined protostome specific microRNAs and 3 out of the

11 lophotrochozoan specific microRNAs. However, it is important to bare in mind that

I only examined the localisation in 53% of protostome specific microRNAs and 56%

of lophotrochozoan microRNAs (without including the remaining 19 lophotrochozoan-

specific candidates which if all real would change the percentage to just 25%). Therefore,

the chance that I randomly chose to study the expression of the most broadly expressed

microRNAs remains to be elucidated for the lophotrochozoan set.
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3.3 Interesting cell types of Platynereis highlighted by

microRNAs

Some of the microRNA-expressing tissues and cell types of Platynereis were not noticed

or linked among themselves before this large microRNA in situ hybridization screen I

performed. The conserved tissue affinity of the ancient bilaterian microRNAs together

with any available bibliography on the function of tissue specific microRNAs in other

animals, gave a hints to speculate about a cell type’s/tissue identity and functional role

in Platynereis development and behavior.

Platynereis foregut and the miR-100/let-7+ cells Before the identification of miR-

100+ cells in Platynereis, no special focus had been attributed to the foregut. In an

attempt to characterize their position and molecular fingerprint, I unavoidably explored

the identity of all neighbouring cells to realize that the foregut is a complex organ,

populated by at least 4 distinct tissue types (secretory neurons, chemosensory neurons,

miR-100/let-7 positive cells and muscle cells) expressing different microRNA markers

in a non-overlapping fashion (Figure 2.4 on page 67) . This was a first insight into

Platynereis stomatogastric nervous system which was earlier under the shade of brain

(Tessmar-Raible et al., 2007) and ventral nerve cord (Denes et al., 2007).

The microRNA expression screen played a catalytic role in the discovery of miR-

100/let-7+ cells, which had not been identified histologically. Of special interest is these

cells’ molecular fingerprint, which in the current state of analysis relates most to the

pituitary (they are neurosecretory neurons co-expressing miR-375, a pituitary marker in

vertebrates Wienholds et al., 2005, and preliminary experiments have localized the ex-

pression of gonadotropin release hormone receptor- Gnrhr- in these same cells). However,

these cells position in Platynereis pharynx, together with their possible involvement in

developmental timing of settlement (discussed below), may also draw links to the thyroid

which plays a role in vertebrates metamorphosis (Buchholz and Hayes, 2005; Furlow and

Neff, 2006).

Intriguingly, miR-100/let-7+ cells appear late in development (after 3dpf) and start

expressing let-7 at 5dpf, which is when Platynereis young worm begin to feed on algae

and eventually decide to settle on the benthic floor and spend the rest of their lives

there (Fischer and Dorresteijn, 2004). By position, the cells are in direct contact to the

digestive tract (Figure 2.4 on page 67) and their co-expression of cilia specific microRNA

markers (Figure 2.6 on page 71) suggested they may bare ciliary protrusions pointing

towards the digestive lumen. Ciliated cells in the pharynx of other lophotrochozoa have
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already been reported (Tzetlin and Purschke, 2006) but i could not detect any stained

cilia (by looking for acetylated tubulin staining adjacent to these cells) in Platynereis

miR-100/let-7+ cells. Still, even in the absence of protruding cilia, these cells are in

direct contact with ingested food. Given the role let-7 plays in developmental timing of

other invertebrates (Reinhart et al., 2000; Caygill and Johnston, 2008; Sokol et al., 2008),

it is tempting to speculate that Platynereis miR-100/let-7+ cells may “sense” the first

food uptake of the young worm and generate a systemic response (through neuropeptide

secretion) which could contribute to their decision on settlement.

Functional characterization of these cells may shed more light upon this inferred link

to developmental timing of settlement. Since they are a visible organ pair in the 5dpf

foregut, laser ablations can be done to test their putative involvement in settlement.

Additionally, functional interference of miR-100 and let-7 should also give insight into

the role these microRNAs may play in Platynereis developmental timing.

Gland tissue demarcated by miR-10 and miR-278 The V-shaped expression domain of

these two microRNAs (Figure 2.3 on page 64), revealed a set of cells abutting the mouth

opening, which were completely uncharacterized before in Platynereis. With a very small

fraction of their molecular fingerprint assembled, it is clear these are secretory neurons

(expressing syt and phc2 ). Their proximal position to the mouth opening and to miR-

100/let-7+ cells, together with the reported functional role miR-278 has in Drosophila

hormonal control of energy homeostasis (Teleman et al., 2006) foster speculations that

their role in Platynereis might be equivalent to that of a gland tissue connecting to the

stomatogastric system.

A subset of FVRI-amidergic cells expressing miR-219 Among the many FVRI-amidergic

cells which can be found in the brain and trunk of 5dpf Platynereis, two previously un-

noticed cells additionally express miR-219 in the palpae and another two in the posterior

end of the trunk (Figure 2.14 on page 82). This microRNA plays a role in mammalian cir-

cadian rythmicity (Cheng et al., 2007) and is also involved in NMDA receptor signalling

(Kocerha et al., 2009) by targeting key genes of underlying pathways. Interestingly,

the expression of NMDA-receptors in the mollusk Lymnaea stagnalis is localised in the

buccal ganglia (Ha et al., 2006), where FVRI-amidergic neurons have been identified

with projections reaching and innervating buccal muscles (Filali et al., 2006). Although

no direct link exists between these FVRI-amidergic neurons of mollusks buccal ganglia

and miR-219, it would be interesting to localize the expression of Platynereis NMDA-

receptors and see if they are co-expressed with miR-219 in the palpae (the closest clump
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of neurons Platynereis has near the mouth).

Mouth ring muscle and nuchal organ expressing miR-281 The ring muscle of the

mouth opening has always been reported by morphologists as part of the general mus-

culature of other lophotrochozoa (Wanninger, 2009). However, no molecular marker had

previously revealed that it has a unique molecular fingerprint compared to remaining

differentiated muscles. Intriguingly, in Platynereis, miR-281 is not only expressed in the

ring muscle but also in the chemosensory, nuchal organ (Purschke et al., 1997). Prior to

this result, no general musculature gene marker has been additionally found expressed in

the nuchal organ (see Table 2.5 on page 108). It would therefore be interesting to explore

this putative link between the mouth and nuchal organ.

Of high interest is the gene in which Platynereis miR-281 maybe hosted, and whether

this gene’s transcription takes place in both cells of nuchal organ and ring muscle. From

studies in Drosophila, it is known that the biogenesis of this particular microRNA is

not related to the expression of its host gene ODA (Xiong et al., 2009). Functional

interference against miR-281 should give a very specific readout in either or both cell

types considering its highly restricted expression pattern as well as the easily recognizable

structures it demarcates (Figure 2.18 on page 86).

Glutamatergic neurons expressing bantam The recent assignment of a role to ban-

tam in circadian rythmicity of Drosophila (Kadener et al., 2009a), together with the

known involvement of Drosophila glutamatergic neurons in rhythmic metabotropic glu-

tamate signaling (Hamasaka et al., 2007), gave reasons to speculate over the specific

and suggestive bantam expression observed in Platynereis. Bantam, which in Platynereis

demarcates glutamatergic neurons of both brain and trunk as well as the adult eyes

and sensory neurons of the mouth (Figure 2.20 on page 92), may have a conserved role

contributing to the circadian rythmicity of Platynereis too. Although the full circadian

circuit of Platynereis is not yet entirely resolved (work in progress by M. Tosches in

the laboratory), the expression of some Drosophila circadian neurons’ marker genes in

the vicinity of Platynereis glutamatergic neurons suggests that the latter might also be

involved in the Platynereis circadian system (M. Tosches, unpublished data). Functional

interference against bantam should ultimately reveal if it is indeed involved in Platynereis

circadian rythmicity.

Uknown epidermal cells expressing Platynereis -specific miR-C This Platynereis spe-

cific microRNA poses an example of a newly acquired microRNA which exhibits a more
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specific and “novel” expression pattern when compared to ancient bilaterian microRNAs.

However, it is only during larval stages (at 48h: see Figure 2.24 on page 96) when miR-C

is highly specific and restricted to few unknown epidermal cells of the apical brain. Later

in development it adopts a general PNS expression pattern (Figure 2.24 on page 96).

Further marker gene analysis should elucidate the identity and molecular fingerprint of

these apical larval brain epidermis cells and subsequently their role in larval development.

Functional interference against such newly acquired and highly specific lineage specific

microRNAs is highly interesting to understand their importance in speciation (Peterson

et al., 2009).

Cells adjacent to the pharyngeal muscle sheath express miR-1175 Aside from its

gut expression, miR-1175 is also found localized in single cells lining the external side of

pharyngeal muscle (Figure 2.25 on page 98). These cells have not been characterized so

far and they identity remains to be elucidated by further marker gene analysis. miR-1175

is one of the newly acquired microRNAs which exhibit a more specific expression pattern

and it would interesting to interfere with its function and see if any lophotrochozoan

specific trait is affected.

Photoreceptor cells expressing miR-1992 Photoreceptor cells have been thoroughly

studied in Platynereis by current and previous members of our lab and many gene markers

have been found to specifically label rhabdomeric or ciliary photoreceptors (Arendt et

al., 2002, 2004; Tessmar-Raible et al., 2007). What makes miR-1992 a special marker

gene is that it is expressed in all photoreceptor cells regardless on whether they are

ciliary or rhabdomeric (Figure 2.24 on page 96). No other gene marker links these cells’

photoreceptor identity by taking part in different photoreceptors molecular fingerprints

except for miR-1992. It will be very interesting to see whether functional interference with

miR-1992 can potentially affect larval, adult eye and ciliary photoreceptors development.

3.4 Post-transcriptional microRNA regulation is a conserved

mechanism across bilateria

Out of the 4 localized primary microRNA transcripts (pri-miRNAs), it appears that

the biogenesis of 3 (pri-miR-100-let-7, pri-miR-183-263 and pri-miR-1992) seems to be

controlled at the post-transcriptional level (Figure 2.26 and 2.27 on page 100). Their

mature microRNA counterparts were found localized in much more restricted patterns

concominant with previous studies (Obernosterer, 2006; Thomson et al., 2006; Heo et
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al., 2008; Lehrbach et al., 2009). Recent work in C.elegans (Lehrbach et al., 2009)

and the above Platynereis expression data indicate that post-transcriptional control in

microRNA biogenesis is a conserved mechanism which can affect the expression of both

ancient bilaterian as well as younger lineage specific microRNAs. It therefore makes

litle sense to try and compare mature microRNA expression patterns (detected using

locked nucleic acids) to pri-miRNA expression patterns (detected using long riboprobes)

since the pri-miRNA expression pattern does not necessarily reflect that of its mature

microRNA.

So far, the underlying mechanism of microRNA post-transcriptional control has only

been described for let-7. The precursor of let-7 gets recognized and bound by target Lin-

28 which blocks its processing (Heo et al., 2008; Lehrbach et al., 2009). The extent of

this mechanism beyond let-7 and Lin28 is very interesting because a second evolutionary

mode of anti-targeting (besides target site depletion) could involve the ability of at least

some target proteins to bind their targeting pre-miRNAs and control their maturation.

3.5 A model for the role of microRNAs in the evolution of

tissue identity

Delegation of newly emerged microRNAs to specific tissues Many independent stud-

ies show that microRNAs are often found in genomic clusters (Altuvia et al., 2005;

Megraw et al., 2007) or introns of protein coding genes (Rodriguez et al., 2004; Baskerville

and Bartel, 2005), employing already available promoter-enhancer motifs for their expres-

sion (Ohler et al., 2004; Lee et al., 2007). Hence, the genomic locus of a microRNA is

instrumental on the role it shall play in the evolution of a given tissue’s identity, be-

cause the microRNA is likely to “follow” the potentially tissue -specific expression of its

host gene (if it is intronic) or one of the genes in the surroundings of its genomic locus

(Baskerville and Bartel, 2005; Wang et al., 2009).

Among vertebrates, the genomic architecture of microRNA loci is commonly conserved

(observation after searching ensemble depicted in Figure 3.3) and in many cases, at

least one functionally -related gene (when considering the tissue or cell type where the

microRNA is expressed) is within 50kb distance from the microRNA. A good example

is that of miR-375 (Figure 3.3), which in all vertebrate genomes lies within 10-20kb

distance from the gene crystallin beta A2 (cryba2 ), coding for a structural protein of

the vertebrate eye lens. Aside from lens, cryba2 is found enriched in the pancreas and

pituitary just like miR-375 (Hoffman et al., 2008; Poy et al., 2004; Wienholds et al.,

2005), suggesting a common transcriptional regulation.
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Figure 3.3: Conserved genomic architecture of miR-375 genomic locus across vertebrates. miR-375

is always found within 10-20kb distance from crystallin beta A2 (cryba2 ) gene. Scheme summarizes

a comparative survey i made using Ensemble.
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It therefore seems that newly evolved microRNAs “find themselves” in charge of newly

regulating several co-expressed transcripts in the tissue where their host gene or neigh-

bouring gene is specifically expressed. Their “passive” delegation to newly regulate a

tissue, becomes subject to natural selection which can “mold” the transcriptome so as to

deplete deleterious target sites (anti-targeting) and stabilize beneficial target-microRNA

interactions (Bartel, 2009; Shomron et al., 2009).

Tandem duplications of the same microRNA can lead to the creation of a microRNA

cluster in that same locus (Chen and Rajewsky, 2007; Shabalina and Koonin, 2008). In

this scenario, microRNA regulation of this tissue gets reinforced by the passive delegation

of additional microRNAs (Bentwich et al., 2005). In Platynereis, I observed co-expression

between microRNAs which do not appear to be clustered in the genome (miR-7, -137 and

-153). It therefore appears that these microRNAs independently emerged in three distinct

genomic loci in which transcriptional regulation drives expression to the neurosecretory

brain. All three independent layers of microRNA regulation must have been positively

selected to find them co-expressed across bilateria (Figure 2.9 and 2.10;Kapsimali et

al., 2007). It would be very interesting to test how many common targets these three

microRNAs share in order to assess whether they complement or enhance each other as

a functional role in defining neurosecretory brain identity (attempted but the number of

targets is too low to have a significant statistical result).

Speculations over the role of newly acquired microRNAs in the evolution of tissues

In Platynereis, acquisition of lineage specific microRNAs seems to impose additional

layers of regulation in the protein output of a handful of tissues (as most lineage spe-

cific microRNAs are expressed in CNS, PNS, gut, ciliated cells). A major evolutionary

implication of controlling protein output within a tissue in such a multilayer manner is

robustness. The more microRNAs are recruited to buffer/stabilize the output of different

developmental programs which take place in a tissue, the higher the programs’ precision

can be. In this manner, the tissue’s phenotypic variation is stabilized within a popula-

tion, thus increasing its heritability and “evolvability” by natural selection (Peterson et

al., 2009).

Since newly acquired microRNAs appear to join the expression of ancient ones in

the same tissues they demarcate, it is fair to speculate that tissues are already formed

by the time microRNAs come into play. If this is true, then hypotheses which involve

microRNAs in the morphological innovations of lineages (Peterson et al., 2009) may be

misleading, because the microRNAs do not seem to induce but rather stabilize the pre-

existing tissues and cell types. Therefore, the role of cis regulatory control over spatial
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gene expression is what assembles gene networks in tissues (Davidson, 2006) and then

microRNAs are secondarily, “passively”, recruited by the same cis elements, to control

the stability of these networks output and enhance their evolvability.

It still remains to be seen to what extent, additional layers of regulation by new

microRNA acquisitions target co-expressed mRNAs of the tissue in an additive, com-

plementary or both manners. Studying the targets of co-expressed microRNAs in their

tissue context may shed new light in the role of microRNAs may play in tissue evolution.

3.6 Open questions and future outlook

To better understand the role of microRNAs in the evolution of animal tissues and cell

types, an exhaustive and comparative target analysis will be necessary at least for mi-

croRNAs expressed in a particular homologous organ/tissue across bilateria. Despite

the wide conservation of protein coding genes across metazoa (Putnam et al., 2007),

their 3’UTRs (where microRNAs predominantly target) are not conserved between dif-

ferent phyla, resulting to very few conserved targeting interactions across bilaterian phyla

(Chen and Rajewsky, 2006a; Karres et al., 2007; Li et al., 2009). In theory, independent

acquisition of the same microRNA by two distinct evolutionary lineages could have a

different effect in defining the identity of the same tissue (given that in both lineages the

microRNA is expressed in the same tissue) because it may target different transcripts

and affect the output of different proteins. An insight in the evolution of target interac-

tions in conserved tissue contexts will therefore be very informative and my work has set

the basis by revealing the ancient bilateria tissues which have been under the control of

microRNAs.

Concominant studies over the functional role of newly acquired, lineage specific, mi-

croRNAs may also crystallize speculations over their role in evolution of lineage spe-

cific morphological traits (Peterson et al., 2009). As a first step, further localisation of

lophotrochozoan and Platynereis specific microRNAs may shed some light by revealing

their conserved site of action. In cases of highly restricted expression, interference against

the microRNA regulation should reveal how important it is for the development of this

specific cell type/tissue it demarcates and possibly suggest a role in speciation.

Once the genome of Platynereis gets published, mapping all Platynereis microRNAs

to their genomic loci should give a wealth of information over their transcriptional con-

trol. It will be interesting to see to what extent they get co-transcribed with their host

genes or genes in the local vicinity, by performing a large in situ screen which includes

both microRNAs and co-transcribed genes. This should also reveal the extent of post-
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transcriptional regulation of microRNAs and give insights into its evolutionary implica-

tions. As a start, such a screen could be done using the closely related annelid Capitella

spI which our laboratory grows in culture and for which the genome is available.
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4.1 microRNA cloning and sequencing

Small RNA cloning was performed separately for three different developmental stages

of Platynereis: 20 minutes post fertilization, swimming larvae (15hpf-51hpf) and young

worms (72hpf-11dpf). For each stage 4 batches were pooled. RNA extraction and cloning

of the small RNA fraction (19-24 nucleotides) was performed as described in(Pfeffer et

al., 2005). The resulting small RNA libraries were sequenced using the Illumina platform.

4.2 Sequence processing and analysis

Sequence processing and analysis For each of the three libraries, raw Illumina reads were

processed as follows: first, adaptor sequences (5’-CTGTAGGCACCATCAAT-3’) were

clipped off by searching for the motif CTGTAGGC (allowing one degenerate position).

Subsequently, sequences were selected for length (16 <= x <= 29) and quality (base

scores >=35 out of a maximum of 40). Sequences of the individual libraries were then

pooled into one non-redundant data set. Finally, around 4% of these sequences were

excluded, as database searches revealed significant similarity to known mitochondrial or

ribosomal sequences.

The resulting non-redundant sequence dataset comprised 111,575 sequences, repre-

senting 1,259,482 individual sequence reads. Known miRNA sequences were identified

from this set by sequence searches with sequences retrieved from the miRBase repository

v10.18. ). Comparisons required 80% overall identity of the query with the target and 7

out of 8 nucleotides in the 5’end. Work done by F. Raible.

4.2.1 Sequence variants

3,735 sequences of the dataset represent ~89% (1,114,984) of all the reads, whereas the

remaining reads occur less than 10 times. This general disproportion in distribution re-

flects a combination of (a) methodological artifacts, (b) original heterogeneity of alleles

present in the batches pooled for the sampling, and (c) differences in miRNA processing,
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as previously observed in large miRNA datasets generated by massive parallel sequenc-

ing (Lu et al., 2008b; Morin et al., 2008). Without information about the complete

Platynereis genome, it is not possible to reliably distinguish between these possibilities.

However, in several cases, sequence variants account for significant fractions of a given

miRNA family. This is illustrated for the case of miR-9 (Table 1.2.5). 71% of the re-

spective RNAs represent the canonical sequence, whereas the remainder includes length

variants and point mutations, including a 5’ variant that would be predicted to shift

the seed region involved in target recognition. miR-22/-745, showed similar seed shifting

(Table 1.2.5). In this case, a recent study (Wheeler et al., 2009) indeed supports the

notion that the respective sub-classes of miRNAs reflect genetic divergence of the family.

Work done by F. Raible.

4.3 Platynereis and Capitella whole-mount in situ

hybridization with LNA probes

Custom miRCURY LNA™(Valoczi et al., 2004) Detection Probes (Exiqon) for Platynereis

were labeled with digoxigenin (DIG) 3’-End labeling Kit-2nd generation (Roche) and then

purified with Sephadex G25 MicroSpin columns (GE Healthcare) as done in (Wienholds

et al., 2005). Platynereis and Capitella embryos were fixed at room temperature in 4%

paraformaldehyde in 2x PBS + 0.1% Tween-20 and stored in methanol at -20°C. In situ

hybridizations were performed by fusing and modifying fish and Platynereis whole-mount

in situ (WMISH) protocols (Wienholds et al., 2005; Jékely and Arendt, 2007) as follows:

Stepwise 5 minute rehydration of fixed embryos in PBS+01% Tween (PTW) to dilute

methanol from 100%, 75%, 50%, 25% to 0%. Digestion times of embryos in 10μg/ml

Proteinase K PTW: Capitella larvae (stage 3- 7): 5min. Platynereis embryos 24hpf:

7min; 48hpf: 30min; 72hpf: 60min; 5dpf: 75min. Two 5min washes in 2mg/ml glycine

PTW followed by 20min postfixation in 4%PFA PTW. Five 5min washes in PTW. Pre-

hybridization in high stringency hyb- mix (HM) for 1 hour at 37˚C (70% formamide,

5x SSC, 50μg/ml Heparin, 5mg/ml tRNA, 0.1% Tween 20) followed by overnight hy-

bridization at 37˚C in 200μl of high stringency HM+4pmol labeled LNA probe. Post-

hybridization washes were done in standard HM (50% formamide, 5x SSC, 50μg/ml

Heparin, 5mg/ml tRNA, 0.1% Tween 20) at 37˚C stepwise: 15min 75% HM/ 25% 2x

SSC, 15min 50% HM/ 2x SSC, 15min 25% HM/ 2x SSC followed by two 15min 2xSSC

and two 30min 0.2xSSC washes. Then at room temperature: 10min 75% 0.2x SSC/25%

PTW, 10min 50% 0.2x SSC/50% PTW, 10min 25% 0.2x SSC/25% PTW, 10min PTW

and blocking for 90min in 2% sheep serum in PTW. AP-coupled anti-DIG-Fab’ frag-
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ments (Roche) were diluted 1:2000, mouse anti- acetylated tubulin (Sigma, St. Louis,

MO,USA) 1:500 and rabbit anti-serotonin (5HT) 1:250 (Immunostar Inc. USA) in PTW

for overnight incubation at 4˚C. Embryos were washed six times 15min in PTW, twice

in staining buffer (100 mM Tris, pH 9.5, 100 mM NaCl, 50 mM MgCl2, 0.1% Tween 20),

and stained with 337.5 μg/ml nitroblue tetrazolium (NBT) and 175 μg/ml 5-bromo-4-

chloro-3-indolyl phosphate (BCIP) in staining buffer for several hours. After staining,

embryos were rinsed in 100% ethanol for 15min, washed in PTW and immunostaining

proceeded as in (Jékely and Arendt, 2007) to be finally mounted in glycerol containing

2.5 mg/ml DABCO. The same in situ protocol was used for the hybridization of long

DIG-11-UTP-labeled RNA probes.

4.4 Nematostella and sea urchin whole-mount in situ

hybridization with LNA probes

Fixations and hybridizations of Nematostella carried out as described in (Rentzsch et

al., 2006) and for sea urchin larvae as described in (Arenas-Mena et al., 2000) with

the following adaptations: Content of formamide in hybridization mix increased to 70%

instead of 50%. Pre-hybridization and hybridization carried out at 37˚C instead of

60˚C.

4.5 Northern Blot analysis

Total RNA was isolated from Platynereis embryos at 6hpf, 12hpf, 18hpf, 24hpf, 48hpf and

5dpf using peqGOLD TriFast reagent (peqlab Biotechnologie). 15 μg of total RNA was

separated on 15% denaturing polyacrylamide gel and blotted via chemical cross-linking as

in (Pall and Hamilton, 2008). For detection, oligonucleotide probes were designed using

the known sequences for each Platynereis miRNA (Table 2.1) and were end-labeled with

32P-ATP using T4 polynucleotide kinase (NEB).

4.6 Microscopy

NBT/BCIP stained embryos were imaged using a Leica TCS SPE confocal microscope

through reflection imaging as described by (Jékely and Arendt, 2007). A 40x oil-immersion

objective was used. White light pictures were taken under Nomarsky optics using a Zeiss

Axiophot microscope equipped with a Leica DC500 camera.
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4.7 Image processing

Confocal stacks images were processed using ImageJ 1.40g. All confocal images displayed

are products of z-projections of stacks. Image reconstructions and sections were generated

using Imaris 6.2.1. Contrast was adjusted uniformly across the entire image.

4.8 Primer sequences for miRNA cluster cloning

Gene specific cDNA libraries were prepared using the 3’ prime most miRNA sequence

of miR-100-let-7 cluster, miR-12-miR-216 cluster and miR-183-miR-263 cluster. Pdu-

miR-100-let-7 cluster (FJ838789) resulted from a PCR reaction using the forward primer

AACCCGTACAACCGAACTTGTG and the reverse primer ACTATACAACCTACTAC-

CTCA. Pdu-miR-12-miR-216 cluster (FJ838790) resulted from a PCR reaction using

the forward primer UGAGTATTACATCAGGTACTGA and the reverse primer CT-

CACTTTTGCCAGCTGAGATTA. Pdu-miR-183-miR-263 cluster resulted from a PCR

reaction using the forward primer AATGGCACTGGTAGAATTCACGG and the reverse

primer CTTGGCACTGGTAGAATTCACTGA. The RNAfold program (Hofacker, 2003)

was used to find the hairpin structure within the cluster.

4.9 miRNA target prediction analysis

92 3’-UTRs were surveyed for 8mer, 7mer-A1 and 7mer-m8 binding sites (Bartel, 2009)

using Targetscan (Lewis et al., 2005) and for 8mer, 7mer and 6mer perfect seed binding

sites using PITA (Kertesz et al., 2007) with default settings. Targetscan yielded 433 and

PITA 741 binding sites. The intersection between the two datasets contains 293 binding

sites. A sliding window of either 1or 2nt was allowed in order to capture binding sites

that were predicted as a 6mer in PITA but as 7mer or 8mer in Targetscan. Done by K.

Trachana.

4.10 Calculation of significance for co-expression of miRNAs

and target transcripts

For tissues, the co-expression ratio is defined as the number of miRNA::target pairs that

show overlap in the given tissue divided by the total number of miRNA::target pairs.

Iterative randomization was done by reshuffling the predicted targets of miRNAs. Boot-

strap for depletions and enrichment shows total count of iterations when the observed
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coexpression ratio for a particular tissue was below or above the randomly obtained value,

respectively.

4.11 3’-UTR retrieval

The majority of the EST sequences used to find 3’ UTRs were 3’ Sanger reads of a full

length cDNA library. BLAST was used to search the sequences against swissprot protein

database to identify the correct open reading frame, and thus the 3’ UTR. In few cases

where there was no significant BLAST hit, we assumed it to be mostly composed of UTR,

as they contained frequent stop codons in all the reading frames. Done by R. Tomer.

4.12 SNP assessment in the 3’UTRs

Total RNA extracted from heads of adult animals and different developmental stages

was sequenced with the Solexa platform at EMBL yielding 15 million 76bp reads, 21000

of which could be mapped to 3’ UTRs by BLASTN. Reads were truncated to the first

40bp in order to reduce sequencing errors. Every position in the 3’ UTR was analyzed

for the presence of a mismatch and a SNP was called when less than 90% of nucleotides

assigned to the position showed conservation. Whereas on average we observed SNP rate

of 1/45bp in the non-coding regions, the predicted miRNA binding sites showed a rate

of 1/60bp. Still, the overall SNP frequency was too low in order to distinguish between

conserved and non-conserved miRNA binding sites for the entire set of predicted targets.

Done by O. Simakov.
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APPENDIX 



Platynereis miRNA alignments. 
 

a, Alignments of Platynereis miRNA sequences with other animal microRNAs. If 
more than one Platynereis sequence variant exists, the most abundant one is 
displayed. Numbers in brackets refer to absolute number of occurrences and the 
respective frequency in the analysed dataset. Bold print indicates differences 
from the Platynereis sequence.  
 
b, Taxonomic abbreviations: Aqu– Amphimedon queenslandica; Bfl – 
Branchiostoma floridae; Cel – Caenorhabditis elegans; Csp– Capitella sp.; Dup 
– Daphnia pulex; Dme – Drosophila melanogaster; Dre – Danio rerio; Hma – 
Hydra magnipapillata; Hsa – Homo sapiens; Hsn – Henricia sanguinolenta; Isc – 
Ixodesscapularis; Lgi – Lottia gigantea; Nve – Nematostella vectensis; Sko – 
Saccoglossuskowalevskii; Spu – Strongylocentrotus purpuratus. Alignment file 
adapted from Wheeler et al 2009. 



Ancient bilaterian microRNAs alignements 

microRNA Alignments (adapted file from Wheeler 

et al 2009) 

miR-1 miR-9 

Pdu UGGAAUGUAAAGAAGUAUGUAG  (57587 / 4.57%) Pdu UCUUUGGUUAUCUAGCUGUAUGA (943 / 0.07%)

Dme UGGAAUGUAAAGAAGUAUGGAG Dme UCUUUGGUUAUCUAGCUGUAUGA

Dre UGGAAUGUAAAGAAGUAUGUA- Dre UCUUUGGUUAUCUAGCUGUAUGA

Hsa UGGAAUGUAAAGAAGUAUGUA- Hsa UCUUUGGUUAUCUAGCUGUAUGA

Bfl UGGAAUGUAAAGAAGUAUGUAU Bfl UCUUUGGUUAUCUAGCUGUAUGA

Sko UGGAAUGUAAUGAAGUAUGUAU Sko UCUUUGGUUAUCUAGCUGUAU--

Spu UGGAAUGUAAAGAAGUAUGUAU Spu UCUUUGGUUAUCUAGCUGUAUG-

Hsn UGGAAUGUAAAGAAGUAUGUAU Hsn UCUUUGGUUAUCUAGCUGUAUGA

Dpu UGGAAUGUAAAGAAGUAUGGAG Dpu UCUUUGGUUAUCUAGCUGUAUGA

Isc UGGAAUGUAAAGAAGUAUGGAG Isc UCUUUGGUUAUCUAGCUGUAUGA

Pca UGGAAUGUAAAGAAGUAUGGAG Pca UCUUUGGUUAUCUAGCUGUAUG-

Hru UGGAAUGUAAAGAAGUAUGUAU Hru UCUUUGGUUAUCUAGCUGUAUGA

Lgi UGGAAUGUAAAGAAGUAUGUAU Lgi UCUUUGGUUAUCUAGCUGUAUGA

Csp UGGAAUGUAAAGAAGUAUGUAG Csp UCUUUGGUUAUCUAGCUGUAUGA

Ndi UGGAAUGUAAAGAAGUAUGUAG Ndi UCUUUGGUUAUCUAGCUGUAUGA

Cla UGGAAUGUAAAGAAGUAUGUAG Cla UCUUUGGUUAUCUAGCUGUAUGA

Sro UGGAAUGUUAAGGAGUACAAU- miR-10

miR-7 Pdu -UACCCUGUAGAUCCGAAUUUGU (2891 / 0.23%)

Pdu UGGAAGACUAGUGAUUUUGUUGUU (5881 / 0.47%) Dme --ACCCUGUAGAUCCGAAUUUGU--

Dme UGGAAGACUAGUGAUUUUGUUGU- Dre –UACCCUGUAGAUCCGAAUUUGU-- a 

Dre UGGAAGACUAGUGAUUUUGUUGU- Hsa –UACCCUGUAGAUCCGAAUUUGU--

Hsa UGGAAGACUAGUGAUUUUGUUGU- Bfl GUACCCU-GUAGAUCCGAAUUUGUG-

Bfl UGGAAGACUAGUGAUUUUGUUGU- Sko –UACCCU-GUAGAUCCGAAUUUGUG-

Sko UGGAAGACUAGUGAUUUUGUUGU- Spu –AACCCU-GUAGAUCCGAAUUUGUG-

Spu UGGAAGACUAGUGAUUUUGUUGU- Hsn –AACCCU-GUAGAUCCGAAUUUGU--

Hsn UGGAAGACUAGUGAUUUUGUUGU- Dpu –UACCCU-GUAGAUCCGAAUUUGU--

Dpu UGGAAGACUAGUGAUUUUGUUGU- Isc -UACCCU-GUAGAUCCGAAUUUGU--

Isc UGGAAGACUAGUGAUUUUGUUGU- Pca -UACCCU-GUAGUUCCGGAUUUGU--

Pca UGGAAGACUAGUGAUUUUGUUGU- Hru -UACCCU-GUAGAUCCGAAUUUGU--

Hru UGGAAGACUAGUGAUUUUGUUGUU Lgi –UACCCU-GUAGAUCCGAAUUUGU--

Lgi UGGAAGACUAGUGAUUUUGUUGUU Csp -UACCCU-GUAGUUCCGGAUUUGU-

Csp UGGAAGACUAGUGAUUUUAUUGUU Ndi -CACCCU-GUAGAACCGAGCUUGU--

Ndi UGGAAGACUAGUGAUUUUGUUGUU Cla -UACCCU-GUAGAUCCGAAUUUGU--

Cla UGGAAGACUAGUGAUUUUGUUGU- miR-22, -745, -980 

miR-8, -141, -200 Pdu --AGCUGCCUGGUGAAGAGCUGUC (26280 / 2.09%)

Pdu UAAUACUGUCAGGUAAAGAUGUU (111203 / 8.83%) Dme –UAGCUGCCUUGUGAAGGGCUUA-

Dme UAAUACUGUCAGGUAAAGAUGUC Dre ––AGCUGCCAGUUGAAGAGCUGU-

Dre UAACACUGUCUGGUAACGAUGU- 200a Bfl -AAGCUGCCAGAUGAAGAGCUGU-

Hsa UAACACUGUCUGGUAACGAUGU- 200a Spu UCAGCUGCCCGGUGAAGUGUAU--

Bfl AAAUACUGCCUGGUAAUGAUGC- Hsn UCAGCUGCCCGGUGAAGUGUAG--

Sko UAAUACUGUCUGGUAAUGAUGUU Dpu -GAGCUGCCCAGUGAAGGGCUUU-

Spu UAAUACUGUCUGGUGAUGAUGUU Isc -CAGCUGCCUUGUGAAGGGCUUG-

Hsn UAAUACUGUCUGGUAAUGAUGU- Pca –GAGCUGCCCAGUGAAGGGCU---

Dpu UAAUACUGUCAGGUAAAGAUGUC Hru --AGCUGCCUGAUGAAGAGCUGU-

Isc UAAUACUGUCAGGUAAAGAUGUC Lgi --AGCUGCCUGAUGAAGAGCUGU-

Pca UAAUACUGUCAGGUAAAGAUGUC Csp --AGCUGCCUGGUGAAGAGCUGUC

Hru UAAUACUGUCAGGUAAAGAUGUC Ndi --AGCUGCCUGGUGAAGAGCUGUC

Lgi UAAUACUGUCAGGUAAAGAUGUC Cla --AGCUGCCUGGUGAAGAGCUGUU

Csp UAAUACUGUCAGGUAAAGAUGUC

Ndi UAAUACUGUCAGGUAAAGAUGUU

Cla UAAUACUGUCAGGUAAAGAUGUC



miR-29, -83, -285 miR-34 

Pdu UAGCACCAUUUGAAAUCAGUUU (6429 / 0.51%) Pdu UGGCAGUGUGGUUAGCUGGUUGU (2316 / 0.18%)

Dme UAGCACCAUUCGAAAUCAGUGC- Dme UGGCAGUGUGGUUAGCUGGUUGUG-

Dre UAGCACCAUUUGAAAUCAGUGU Dre UGGCAGUGUC-UUAGCUGGUUGU

Hsa UAGCACCAUUUGAAAUCAGUGU Has UGGCAGUGUC-UUAGCUGGUUGU

Bfl UAGCACCAUAUGAAAUCAGUUAU Bfl UGGCAGUGUGGAUAGCUGGCCGUUU

Sko UAGCACCAUAUGAAAUCAGUUU- Sko UGGCAGUGUGGUUAGCUGGUUG---

Spu AAGCACCAGUUGAAAUCAGAGC- Spu CGGCAGUGUAGUUAGCUGGUUG---

Hsn AAGCACCAGUUGAAAUCAGAGC- Hsn UGGCAGUGUGGUUAGCUGGUUG---

Dpu UAGCACCAUUGGAAUUCAGUUU- Dpu UGGCAGUGUGGUUAGCUGGUUGUG-

Isc UAGCACCAUUUGAAUUCAGUUC- Hru UGGCAGUGUGGUUAGCUGGUUGU--

Pca UAGCACCAUUUGAAAUCAGUGC- Lgi UGGCAGUGUGGUUAGCUGGUAGU--

Hru UAGCACCAUUUGAAAUCAGUUU- Csp UGGCAGUGUGGUUAGCUGGUUGU--

Lgi UAGCACCAUUUGAAAUCAGUUU- Ndi UGGCAGUGUGGUUAGCUGGUUGU--

Csp UAGCACCAUUUGAAAUCAGUUU- Cla UGGCAGUGUGGUUAGCUGGUUGU--

Ndi UAGCACCAUUUGAAAUCAGUGC- miR-71 

Cla UAGCACCAUUUGAAAUCAGUUC- Pdu UGAAAGACAUGGGUAGUGAGAUG (4251 / 0.34%)

miR-31 Cel UGAAAGACAUGGGUAGUGA----

Pdu AGGCAAGAUGUUGGCAUAGCUGA (10177 / 0.81%) Bfl UGAAAGACAUGGGUAGUGAGAU-

Dme UGGCAAGAUGUCGGCAUAGCUGA Sko UGAAAGACACAGGUAGUGAGAU-

Dre -GGCAAGAUGUUGGCAUAGCUG- Spu UGAAAGACAUGGGUAGUGAGAUU

Hsa AGGCAAGAUGCUGGCAUAGCU-- Hsn UGAAAGACAUGGGUAGUGAGAU-

Bfl UGGCAAGAUGUUGGCAUAGCUGU Dpu UGAAAGACAUGGGUAGUGAGAUG

Sko AGGCAAGAUGUUGGCAUAGCUG- Isc UGAAAGACAUGGGUAGUGAGAUG

Spu AGGCAAGAUGUUGGCAUAGCU-- Pca UGAAAGACAUGGGUAGUGAGAU-

Hsn AGGCAAGAUGUUGGCAUAGCU-- Hru UGAAAGACAUGGGUAGUGAGAUG

Dpu AGGCAAGAUGUCGGCAUAGCUGA Lgi UGAAAGACAAGGGUAGUGAGAUG

Pca AGGCAAGAUUCUGGCAUAGCUG- Csp UGAAAGACAUGGGUAGUGAGAUG

Hru AGGCAAGAUGUUGGCAUAGCU-- Ndi UGAAAGACAUGGGUAGUGAGAUG

Lgi AGGCAAGAUGUUGGCAUAGCU-- Cla U-GAAAGACAUGGGUAGUGAGA--

Csp AGGCAAGAUGUUGGCAUAGCU-- miR-9*, -79

Ndi AGGCAAGAUGUUGGCAUAGCUGA Pdu AUAAAGCUAGGUUACCAAAGCU- (366 / 0.03%)

Cla AGGCAAGAUGUUGGCAUAGCUGA Dme -UAAAGCUAGAUUACCAAAGCAU

Sro AGG-CAAGAUGUUGGCAUAACU-- Bfl AUAAAGCUAGGUAACCAAAACAA

miR-33 Sko AUAAAGCUAGGUUACCAAAGACA

Pdu --GUGCAUUGUAGUUGCAUUGCA (2 / 0%) Spu AUAAAGCUAGGUUACCAAAGAU-

Dme AGGUGCAUUGUAGUCGCAUUG---- Hsn –UAAAGCUAGGUUACCAAAGAU-

Hsa --GUGCAUUGUAGUUGCAUUGCA Dpu AUAAAGCUAGGUUACCAAAGUUA

Bfl --GUGCAUUGUAGUUGCAUUGCAU- Isc AUAAAGCUAGGUUACCAAAGUUA

Spu --GUGCAUUGUCGUUGCAUUGCAUU Pca -UAAAGCUAGGUUACCAAAGGUA

Hsn --GUGCAUUGUAGUUGCAUUGCAU Hru AUAAAGCUAGGUUACCAAAGGC-

Dpu --GUGCAUUGUAGUUGCAUUGCAC Lgi AUAAAGCUAGGUUACCAAAGGC-

Isc --GUGCAUUGCAGUUGCAUUGCAC Csp AUAAAGCUAGGUUACCAAAGCU-

Pca --GUGCAUUGUAGUUGCAUUGCA- Ndi -UAAAGCUAGGUUACCAAAGCUA

Hru --GUGCAUUGUAGUUGCAUUGCCU Cla AUAAAGCUAGGUUACCAAAGGU-

Lgi --GUGCAUUGUAGUUGCAUUGCCU Sro –UAAAGCUAGAAAACCAAAGAU-

Csp –-GUGCAUUGUAGUUGCAUUGCA-

Ndi --GUGCAUUGUAGUUGCAUUGCAA

Cla --GUGCAUUGUAGUUGCAUUGCA-



miR-92 miR-125

Pdu AAUUGCACUUGUCCCGGCCUGC- (1605 / 0.13%) Pdu UCCCUGAGACCCUAACUUGUGA (384 / 0.03%)

Dme AAUUGCACUAGUCCCGGCCUGC- Dme UCCCUGAGACCCUAACUUGUGA

Dre UAUUGCACUUGUCCCGGCCUGU-  a Dre UCCCUGAGACCCUAACUUGUGA  b

Hsa UAUUGCACUUGUCCCGGCCUGU-  a Hsa UCCCUGAGACCCUAACUUGUGA  b

Bfl UAUUGCACUUGUCCCGGCCUUU- Bfl UCCCUGAGACCCUAACUUGUGA

Sko UAUUGCACUUGUCCCGGCCUAA- Sko UCCCUGAGACCCUAACUUGUGA

Spu UAUUGCACUUGUCCCGGCCUACU Spu UCCCUGAGACCCUAACUUGUGA

Hsn UAUUGCACUUGUCUCGGCCUGC- Hsn UCCCUGAGACCCUAACUUGUGA

Dpu AAUUGCACUCGUCCCGGCCUGC- Dpu UCCCUGAGACCCUAACUUGUGA

Pca UAUUGCACUCGUCCCGGCCUUU- Isc UCCCUGAGACCCUAACUUGUGA

Hru AAUUGCACUCGUCCCGGCCUGC- Pca UCCCUGAGACCCUAACUUGUGA

Lgi AAUUGCACUUGUCCCGGCCUGC- Hru UCCCUGAGACCAUAACUUGUGC

Csp GAUUGCACUAGUCCCGGCCUUC- Csp UCCCUGAGACCCUAACUUGUGA

Ndi AAUUGCACUCGUCCCGGCCUGC- Ndi UCCCUGAGACCCUAACUCUUGA

Cla AAUUGCACUCGUCCCGGCCUGC- Cla U-CCCUGAGACCCUAACUUGUGA

Sro UAUUGCACUUGGCUCGGCCUCA- miR-133

miR-100 Pdu -UUGGUCCCCUUCAACCAGCUGU (17186 / 1.36%)

Pdu AACCCGUACAACCGAACUUGUG (24 / 0%) Dme -UUGGUCCCCUUCAACCAGCUGU

Dme AACCCGUAAAUCCGAACUUGUG- Dre UUUGGUCCCCUUCAACCAGCUG-  a

Dre AACCCGUAGAUCCGAACUUGUG Hsa UUUGGUCCCCUUCAACCAGCUG-  a

Hsa AACCCGUAGAUCCGAACUUGUG Bfl -UUGGUCCCCUUCAACCAGCUGU

Bfl AACCCGUAGAUCCGAACUUGUGU Sko -UUGGUCCCCUUCAACCAGCUGU

Sko AACCCGUAGAUCCGAACUUGUG- Spu UUUGGUCCCCUUCAACCAGCCGU

Hsn AACCCGUAGAUCCGAAUUUGU-- Hsn UUUGGUCCCCUUCAACCAGCCGU

Dpu AACCCGUAGAUCCGAACUUGUGU Dpu -UUGGUCCCCUUCAACCAGCUGU

Isc AACCCGUAGAUCCGAACUUGUGU Isc -UUGGUCCCCUUCAACCAGCUGU

Pca AACCCGUAGAUCCGAACUUGUG- Pca -UUGGUCCCCUUCAACCAGCUGU

Hru AACCCGUAGAUCCGAACUUGUG- Hru -UUGGUCCCCUUCAACCAGCUGU

Lgi AACCCGUAGAUCCGAACUUGUG- Lgi -UUGGUCCCCUUCAACCAGCUGU

Csp AACCCGUACAACCGAACUUGUG- Csp -UUGGUCCCCUUCAACCAGCUGU

Ndi AACCCGUACAACCGAACUUGUG- Ndi -UUGGUCCCCUUCAACCAGCUGU

Cla AACCCGUAGAUCCGAACUUGUG- Cla -UUGGUCCCCUUCAACCAGCUGU

Nve GACCCGUAGAUCCGAACUUGUG- miR-137 

miR-124 Pdu -UAUUGCUUGAGAAUACACGUAG (336 / 0.03%)

Pdu UAAGGCACGCGGUGAAUGCCA-- (7217 / 0.57%) Dme -UAUUGCUUGAGAAUACACGUAG

Dme UAAGGCACGCGGUGAAUGCCAAG Dre UUAUUGCUUAAGAAUACGCGUA-

Dre UAAGGCACGCGGUGAAUGCCAA- Hsa UUAUUGCUUAAGAAUACGCGUAG

Hsa UAAGGCACGCGGUGAAUGCC--- Bfl -UAUUGCUUGAGAAUACACGUGA

Bfl UAAGGCACGCGGUGAAUGCCAA- Sko -UAUUGCUUGAGAAUACACGUAG

Sko UAAGGCACGCGGUGAAUGCCAA- Spu -UAUUGCUUGAGAAUACACGUAG

Spu UAAGGCACGCGGUGAAUGCCA-- Hsn -UAUUGCUUGAGAAUACACGUAG

Hsn UAAGGCACGCGGUGAAUGCCA-- Dpu -UAUUGCUUGAGAAUACACGUUG

Dpu UAAGGCACGCGGUGAAUGCCAAG Isc -UAUUGCUUGAGAAUACACGUCG

Hru UAAGGCACGCGGUGAAUGCCA-- Hru -UAUUGCUUGAGAAUACACGUAA

Lgi UAAGGCACGCGGUGAAUGCCA-- Lgi -UAUUGCUUGAGAAUACACGUAA

Csp UAAGGCACGCGGUGAAUGCCA-- Csp -UAUUGCUUGAGAAUACACGUAG

Ndi UAAGGCACGCGGUGAAUGCCA-- Ndi -UAUUGCUUGAGAAUACACGUAG

Sro UAAGGCACGCGGUGAAUGCAA--



miR-153 miR-184

Pdu UUGCAUAGUCACAAAAGUGAUC (6628 / 0.53%) Pdu UGGACGGAGAACUGAUAAGGGC (23950 / 1.9%)

Dme UUGCAUAGUCACAAAAGUGAUC Dme UGGACGGAGAACUGAUAAGGGC

Hsa UUGCAUAGUCACAAAAGUGAUC Dre UGGACGGAGAACUGAUAAGGGC

Sko UUGCAUAGUCACAAAAGUGAUU Hsa UGGACGGAGAACUGAUAAGGGU

Spu UUGCAUAGUCACAAAAGUGAUU Bfl UGGACGGAGAACUGAUAAGGG-

Hsn UUGCAUAGUCACAAAAGUGAUU Sko UGGACGGAGAACUGAUAAGGGC

Dpu UUGCAUAGUCACAAAAGUGAUG Spu UGGACGGAGAACUGAUAAGGGC

Isc UUGCAUAGUCACAAAAGUGAUG Hsn UGGACGGAGAACUGAUAAGGGC

Hru UUGCAUAGUCACAAAAGUGAUC Isc UGGACGGAGAACUGAUAAGGGC

Lgi UUGCAUAGUCACAAAAGUGAUC Pca UGGACGGAGAACUGAUAAGGGC

Csp UUGCAUAGUCACAAAAGUGAUC Hru UGGACGGAGAACUGAUAAGGGC

Ndi UUGCAUAGUCACAAAAGUGAU- Lgi UGGACGGAGAACUGAUAAGGGC

miR-182, -263b Csp UGGACGGAGAACUGAUAAGGGC

Pdu CUUGGCACUGGUAGAAUUCACUGA (2851 / 0.23%) Ndi UGGACGGAGAACUGAUAAGGG-

Dme CUUGGCACUGGGAGAAUUCAC--- Cla UGGACGGAGAACUGAUAAGGGC

Dre UUUGGCAAUGGUAGAACUCACA-- miR-190 

Hsa -UUGGCAAUGGUAGAACUCACACU Pdu AGAUAUGUUUGAUAUAUUUGGU (5 / 0%)

Bfl CUUGGCACUAG-UGGAAUUCUUUG- Dme AGAUAUGUUUGAUAUUCUUGGUUG

Sko UUUGGCAAUAGAUAGAAUUCACA-- Dre UGAUAUGUUUGAUAUAUUAGGU

Spu UUUGGCAAUUGAUAGAAUUCACACU Hsa UGAUAUGUUUGAUAUAUUAGGU

Hsn UUUGGCAAUAGAUAGAAUUCAC--- Bfl UGAUAUGUUUGAUAU--UUGGUUGU

Dpu CUUGGCACUGGAAGAAUUCACA-- Sko UGAUAUGUUUGUUAU--UUGGUUGGU

Pca CUUGGCACUGGUAGAAUUCACA-- Spu UGAUAUGUUUGAUAU--UUGGUU

Hru CUUGGCACUGGUAGAAUUCACUGA Hsn UGAUAUGUUUGGUUU--UGGGUUG

Lgi CUUGGCACUGGUAGAAUUCACUGC Hru AGAUAUGUUUGAUAUAUUUGGU

Csp CUUGGCACUGGUAGAAUUCACU-- Lgi AGAUAUGUUUGAUAUACUUGGU

Ndi CUUGGCACUGGUAGAAUUCACUGA Csp AGAUAUGUUUGAUAUAUUUGGUGG

miR-183, -263a Ndi AGAUAUGUUUGAUAUAUUUGGUGG

Pdu ---AAUGGCACUGGUAGAAUUCACGG (16045 / 1.27%) Cla AGAUAUGUUUGAUAUAAUUGGUG

Dme GUUAAUGGCACUGGAAGAAUUCAC--- miR-193 

Dre ---UAUGGCACUGGUAGAAUUCACUG --no Platynereis sequence--

Hsa ---UAUGGCACUGGUAGAAUUCACU Dme UACUGGCCUACUAAGUCCCAAC

Bfl ---UAUGGCACUGGUAGAAUUCACU-- Bfl UACUGGCCCCUUAAGUCCCGGU

Sko ---AAUGGCACUGUAUGAAUUCACUG- Sko AACUGGCCUUUUAAGUCCCGCA

Spu ---UAUGGCACU-AUAGAAUUCACUG- Spu UACUGGCCAGCACAAUCCCAGA

Dpu ---AAUGGCACUGGAAGAAUUCAC--- Hsn UACUGGCCAGCACAAUCCCAGA

Isc ---AAUGGCACUGGAAGAAUUCAC--- Dpu UACUGGCCUGCUAAGUCCCAAA

Hru ---AAUGGCACUGGUAGAAUUCACGGG Hru UACUGGCCUGCAAAAUCCCAAC

Lgi ---AAUGGCACUGGUAGAAUUCACGGU Lgi UACUGGCCUGCAAAAUCCCAAC

Csp ---AAUGGCACUGGUAGAAUUCACGGU Csp AACUGGCCCGUCAAGUCCCUCC

Ndi ---AAUGGCACUGGUAGAAUUCACGG-

Cla ---UAUGGCACUAGAAGAAUUCACG--



miR-210 miR-252a

Pdu CUUGUGCGUGUGACAGUGACAAU (160 / 0.01%) Pdu CUAAGUACUAGCGCCGCAGGA (4995 / 0.4%)

Dme –UUGUGCGUGUGACAGCGGCUA-- Dme CUAAGUACUAGUGCCGCAGGAG-

Dre –CUGUGCGUGUGACAGCGGCUAA Bfl CUAAGUACUAGUGCCGCAGGUGU

Hsa –CUGUGCGUGUGACAGCGGCUGA Sko CUAAGUACUAGUGCCGCAGGAGU

Bfl -CUGUGCGUGUGACAGCGGCUGA- Spu CUAAGUACUAGUGCCGUAGGUU-

Sko -UUGUGCGUGCGACAGCGACUUC- Hsn CUAAGUACUAGUGCCGCAG-UU-

Spu -UUGUGCGUGCGACAGCGACUGA- Dpu CUAAGUACUCGUGCCGCAGGAG-

Hsn -UUGUGCGUGCGACAGCGACUGA- Hru CUAAGUACUGGUGCCGCAGGA--

Dpu -UUGUGCGUGUGACAGCGGCUAU- Lgi CUAAGUACUGGUGCCGCGGGA--

Isc -UUGUGCGUGUGACAGCGGCUAU- Csp CUAAGUACUAGUGCCGCAGGAG-

Hru -AUGUGCGUGAGACAGCGACCACU Ndi CUAAGUACUAGCGCCGCAGGA--

Lgi -UUGUGCGUGGGACAGCGAUCGAU Cla CUAAGUACUAGUGCCGCAGGAG-

Csp UUUGUGCGUGUGACAGUGACAAU- miR-278 

Ndi CUUGUGCGUGUGACAGUGACAAU- Pdu UCGGUGGGACUUUCGUUCGUUC (2685 / 0.21%)

Cla -UUGUGCGUGAGACAGCGACUAU- Dme UCGGUGGGACUUUCGUCCGUUU

miR-216, -283, -747 Bfl UCGGUGGGGUUUUCGUUCGAGU

Pdu -UAAUCUCAGCUGGCAAAAGUGAG (1 / 0%) Sko UCGGUGGGACUUUCGUUCGUUU

Dme UAAAUAUCAGCUGGUAAUUCU--- Spu UCGGUGGGACUUUCGUUCGAUU

Dre -UAAUCUCAGCUGGCAACUGUGA Hsn UCGGUGGGACUUUCGUUCGAU-

Hsa -UAAUCUCAGCUGGCAACUGUGA Dpu UCGGUGGGACUUUCGUCCGUGU

Bfl -UAAUCUCAGCUGGCAACUGUGAG Hru UCGGUGGGACUUUCGUUCGUUU

Dpu -AAAUAUCAGCAGGUAAUUCU--- Lgi UCGGUGGGACUUUCGUUCGUCU

Pca -UAAUCUCAGCUGGUAAUUGUGA- Csp UCGGUGGGACUUUCGUUCGUUC

Hru -UAAUCUCAGCUGGUAAUUCCGAG Ndi UCGGUGGGACUUUCGUUCGUUC

    -UAAUAUCAGCUGGUAAUCCUGAG Cla UCGGUGGGACUUUCGUUCGCUU

Lgi -UAAUCUCAGCUGGUAAUUCUGAG miR-281 

Csp -UAAUCUCAGUUGGUAAUUCAGA- Pdu UGUCAUGGAGUUGCUCCCUUUA (5 / 0%)

Ndi -UAAUCUCAGCUGGUAAAAGUGAG Dme UGUCAUGGAAUUGCUCUCUUUGU

miR-219 Bfl UGUCAUGGAGUUGCUCUCUUUU-

Pdu UGAUUGUCCAAACGCAUUUCUUG (10 / 0%) Sko UGUCAUGGAGUUGCUCUCUUAA-

Dme UGAUUGUCCAAACGCAAUUCUUG Spu UGUCAUGGAGUUGCUCUCUUUU-

Dre UGAUUGUCCAAACGCAAUUCUU Dpu UGUCAUGGAGCUGCUCUCUUUAU

Hsa UGAUUGUCCAAACGCAAUUCU Hru UGUCAUGGAGUUGCUCUCUUUA-

Bfl UGAUUGUCCAAACGCAAUUCUU- Lgi UGUCAUGGAGUUGCUCUCUUUA-

Sko UGAUUGUCCAAACGCAAUUCUU- Csp UGUCAUGGAGUUGCUCUCUUUA-

Spu UGAUUGUCCGAACGCAAUUCUU- Ndi UGUCAUGGAGUUGCUCUCUUUA-

Dpu UGAUUGUCCAAACGCAAUUCUU- Cla UGUCAUGGAGUUGCUCUCUUUA-

Isc UGAUUGUCCAAACGCAAUUCUU- miR-315 

Hru UGAUUGUCCAAACGCAAUUCUU- Pdu UUUUGAUUGUUGCUCAGAAAGCC (15996 / 1.27%)

Csp UGAUUGUCCAAACGCAAUUCUU- Dme UUUUGAUUGUUGCUCAGAAAGC-

Ndi UGAUUGUCCAAACGCAUUUCU-- Sko UUUUGAUUGUUGCUCAGAAAG--

Cla UGAUUGUCCAAACGCAAUUCUU- Dpu UUUUGAUUGUUGCUCAGAAAGC-

Sro UGAUUGUCCAAACGCAAUUCUU- Isc UUUUGAUUGUUGCUCAGAAGGC-

Pca UUUUGAUUGUUGCUCAGAAAGC-

Hru UUUUGAUUGUUGCUCAGAAAGCC

Lgi UUUUGAUUGUUGCUCAGAAAGCC

Csp UUUUGAUUGUUGCUCAGAAAGCC

Ndi UUUUGAUUGUUGCUCAGAAAGCC

Cla UUUUGAUUGUUGCUCAGAAAGCC



miR-375 

Pdu UUUGUUCGUCCGGCUCGCGUUA (279 / 0.02%)

Dme UUUGUUCGUUUGGCUUAAGUUA-

Dre UUUGUUCGUUCGGCUCGCGUUA

Has UUUGUUCGUUCGGCUCGCGUGA

Bfl UUUGUUCGUUCGGCUCGCGUUAU

Sko UUUGUUCGUUCGGCUCGCGCGA-

Spu UUUGUUCGUUCGGCUCGCGUCA-

Hsn UUUGUUCGUUCGGCUCGCGUCA-

Dpu UUUGUUCGUUCGGCUUGAGUUA-

Isc UUUGUUCGUUCGGCUCGAGUUA-

Hru UUUGUUCGUUCGGCUCGCGUUA-

Lgi UUUGUUCGUUCGGCUCGCGUUA-

Csp UUUGUUCGUCCGGCUCGCGUUA-

Ndi UUUGUUCGUCCGGCUCGCGUU--

Cla UUUGUUCGUUCGGCUCGCGUUA-

miR-2001 

Pdu UUGUGACCGUUACAAUGGGCA (1818 / 0.14%)

Sko UUGUGACCGUUAUAAUGGGCAU-

Spu AUGUGACCGAUAUAAUGGGCAU-

Hsn AUGUGACCGUUACAAUGGGCAU-

Isc UUGUGACCGUUACAAUGGGCAU-

Hru UUGUGACCGUUAUAAUGGGCAUU

Lgi UUGUGACCGUUAUAAUGGGCAUU

Csp UUGUGACCGUUAUAAUGGGCAU-

let-7

Pdu UGAGGUAGUAGGUUGUAUAGU (71 / 0.01%)

Dme UGAGGUAGUAGGUUGUAUAGU-

Dre UGAGGUAGUAGGUUGUAUAGUU

Hsa UGAGGUAGUAGGUUGUAUAGUU

Bfl UGAGGUAGUAGGUUGUAUAGUU

Sko UGAGGUAGUAGGUUGUAUAGUU

Spu UGAGGUAGUAGGUUGUAUAGUU

Hsn UGAGGUAGUCGGUUGUAAAGA-

Isc UGAGGUAGUAGGUUGUAUAGU-

Pca UGAGGUAGUAGGUUGUAUAGUU

Hru UGAGGUAGUAGGUUGUAUAGUU

Lgi UGAGGUAGUAGGUUGUAUAGUU

Csp UGAGGUAGUAGGUUGUAUAGU-

Ndi UGAGGUAGUAGGUUGUAUAGUU

  Cla UGAGGUAGUAGGUUGUAUAGUU



Protostome specific microRNAs alignements 

microRNA Alignments (adapted file from Wheeler 

et al 2009) 

Bantam miR-277 

Pdu UGAGAUCAUUGUGAAAACUGAUU Pdu UAAAUGCAUUAUCUGGUAUGUA

Dme UGAGAUCAUUUUGAAAGCUGAUU Dme UAAAUGCACUAUCUGGUACGACA

Dpu UGAGAUCAUUGUGAAAGCUGAUU Pca UAAAUGCAUAAUCUGGUAUGAA-

Isc UGAGAUCAUUGUGAAAGCUGAUU Hru UAAAUGCAUCAUCUGGUAUCUGA

Pca UGAGAUCAUUAUGAAAGCUGAUU Csp UAAAUGCAUUAUCUGGUAUGUA-

Hru UGAGAUCAUUGUGAAAACUGAUU Ndi UAAAUGCAUUAUCUGGUAUGUAA

Csp UGAGAUCAUUGUGAAAACUAAUC Cla UAAAUGCAUUAUCUGGUAUGUAA

Ndi UGAGAUCAUGGUGAAAACUAAU- miR-279 

Cla UGAGAUCAUUGUGAAAACUGAUU Pdu UGACUAGAUCCACACUCAUCC

miR-2 Dme UGACUAGAUCCACACUCAUUAA

Pdu UAUCACAGCCAGCUUUGAUGAGC Dpu UGACUAGAUCCACACUCAUCCA

Dme UAUCACAGCCAGCUUUGAUGAGC Isc UGACUAGAUCCACACUCAUCCA

Dpu UAUCACAGCCAGCUUUGAUGAGC Pca UGACUAGAUCCACACUCAUCCA

Isc UAUCACAGCCAGCUUUGAUGAGC Hru UGACUAGAUCCACACUCAUCCA

Pca UAUCACAGCCAGCUUUGAUGAGU Lgi UGACUAGAUCCACACUCAUCCA

Hru UAUCACAGCCUGCUUGGAUCAGU Csp UGACUAGAUCCACACUCAUCC

Lgi UAUCACAGCCAGCUUUGAUGAGUU Ndi UGACUAGAUCCACACUCAUCC

Csp UAUCACAGCCCGCUUUGUUGACU Cla UGACUAGAUCCACACUCAUCC

Ndi UAUCACAGCCUGCUUGGAUCAUA miR-317 

Cla UAUCACAGCCUGCUUGGAUUAGA Pdu UGAACACAGCUGGUGGUAUCUCUUU

miR-12 Dme UGAACACAGCUGGUGGUAUC-CAGU

Pdu UGAGUAUUACAUCAGGUACUGA Dpu UGAACACAGCUGGUGGUAUCUCAGU

Dme UGAGUAUUACAUCAGGUACUGGU Isc UGAACACAGCUGGUGGUAUAUCAGU

Dpu UGAGUAUUACAUCAGGUACUGGU Hru UGAACACAGCUGGUGGUAUCUUCU--

Isc UGAGUAUUACAUCAGGUACUGGU Lgi UGAACACAGCUGGUGGUAUCUUCU--

Pca UGAGUAUUACUUCAGGUACUGA- Csp UGAACACAGCUGGUGGUAUCUCUUU

Hru UGAGUAUUACAUCAGGUACUGA- Ndi UGAACACAGCUGGUGGUAUCUCU--

Lgi UGAGUAUUACAUCAGGUACUGA- Cla UGAACACAGCUGGUGGUAUCUCUUU

Csp UGAGUAUUACAUCAGGUACUGA- miR-981

Csp UGAGUAUUACAUCAGGUACUGA- Pdu UUCGUUGUCGUCGAAACCUGC

Csp UGAGUAUUACAUCAGGUACUGA- Dme UUCGUUGUCGACGAAACCUGC

miR-67, -307 Csp UUCGUUGUCGUCGAAACCUGC

Pdu UCACAACCUGCAUGAACGAGGUAA Lgi UUCGUUGUCGACGAAACCUGC

Dme UCACAACCUCCUUGAGUGAG---- miR-750

Dpu UCACAACCUCCUUGAGUGAG---- Pdu UCAGAUCUAACUCUUCCAGCUCA

Isc UCACAACCUCCUUGAGUGAG---- Sme UCAGAUCUAACUCUUCCAGUUCU

Pca UCACAACCUGCAUGAAUGAGGAC- Isc CCAGAUCUAACUCUUCCAGCUCA

Hru UCACAACCUGCAUGAAUGAGGAC- Pca CCAGAUCUAACUCUUCCAGCUCA

Lgi UCACAACCUGCAUGAAUGAGGAC- Hru CCAGAUCUAACUCUUCCAGCUCA

Csp UCACAACCUGCAUGAAUGAGGU-- Lgi UCAGAUCUAACUCUUCCAGCUCA

Ndi UCACAACCUGCAUGAAUGAGGUAA Csp CCAGAUCUAACUCUUCCAGCUCA

miR-87 Ndi CCAGAUCUAACUCUUCCAGCUCA

Pdu GUGAGCAAAGUUUCAGGUGUGU Cla CCAGAUCUAACUCUUCCAGCUU-

Dme UUGAGCAAAAUUUCAGGUGUG- miR-746

Dpu UUGAGCAAAAUUUCAGGUGUG- Pdu UAGCACCAGAUGAUAUCAGGG

Isc GUGAGCAAAGUUUCAGGUGUG- Sme UAGCACCAGGGUAUAUCGGGAU

Hru GUGAGCAAAGUUUCAGGUGUAU miR-1996b

Lgi GUGAGCAAAGUUUCAGGUGUAU Pdu AUCAAGUGAGGUCAGAUCUUGG

Csp GUGAGCAAAGUUUCAGGUGUGC Csp AUCAAGUGAGGUCAGAUCUUGG

Ndi GUGAGCAAAGUUUCAGGUGUGU Ndi AUCAAGUGAGGUCAGAUCUUGG

Cla GUGAGCAAAGUUUCAGGUGUGA



miR-1992 miR-96

Pdu UCAGCAGUUGUACCACUGAUGUG Pdu CUUGGCACUGGCGGAAUAAUCAC

Hru UCAGCAGUUGUACCACUGAUGUG Csp CUUGGCACUGGCGGAAUUAUCA- 

Lgi UCAGCAGUUGUACCACUGAUUUG Lgi CUUGGCACUGGCGGAAUAAUCA-

Csp UCAGCAGUUGUACCACUGAUGUG miR-993

Ndi UCAGCAGUUGUACCACUGAUGUG Pdu AGAAGCUCGGUUCUACAGGUAU

Cla UCAGCAGUUGUACCACUGAUGUG Dme -GAAGCUCGUCUCUACAGGUAUCU

miR-1998 Lgi -GAAGCUCGUUUCUACAGGUAUCU

Pdu UUGAACGCAGAGAUGUACAUCA Isc -GAAGCUCGUUUCUACAGGUAUCU

Csp UUGAACGCAGAGAUGUACAUCA Pca -GAAGCUCGUUUCUACAGGUAGUU

Ndi UUGAACGCAGAGAUGUACAUCA miR-305

miR-1989 Pdu AUUGUACUUCAUCAGGUGCUCUGG

Pdu UCAGCUGUCGCGAUGCCUUCUU Dme AUUGUACUUCAUCAGGUGCUCUG-

Hru UCAGCUGUCAUGAUGCCUUCGA miR-318

Lgi UCAGCUGUCAUGAUGCCUUCCU Pdu UCACUGGGCUUUGUUUAUCUCA

Csp UCAGCUGUCAUGAUGCCUUCUU Dme UCACUGGGCUUUGUUUAUCUCA

miR-36 miR-989

Pdu UCACCGGGUAUACAUUCAUCCG Pdu UGUGAUGUGACGUAGUGGAACA

Sme UCACCGGGUAGACAUUCAU--- Dme UGUGAUGUGACGUAGUGGAAC-

miR-1997 miR-996

Pdu UCUGCAGGUUCACAUCAGCCCCA Pdu UGACUAGAUUUCAUGCUCGUCUA

Csp UCUGCAGGUUCACAUCAGCCCCA Dme UGACUAGAUUUCAUGCUCGUCU-

Ndi UCUGCAGGUUCACAUCAGCCCCA

miR-1175*

Pdu AGUGGAGAGAGUUCUAUCUCAUC

Csp AGUGGAGAGAGUUUUAUCUCAU-

Lgi AGUGGAGAGAGUUUUAUCUCAU-

miR-1175

Pdu UGAGAUUCAACUCCUCCAACUGC

Csp UGAGAUUCAACUCCUCCAACUGC

Lgi UGAGAUUCAACUCCUCCAACUGC

miR-1986

Pdu UGGAUUUCCCAUGAUCCGUAAC

Hru UGGAUUUCCCAAGAUCCGUGA-

Lgi UGGAUUUCCCAAGAUCCGUGA-

miR-1994

Pdu UGAGACAGUGUGUCCUCCCUCG

Hru UGAGACAGUGUGUCCUCCCUUG

Lgi UGAGACAGUGUGUCCUCCCUUG

Csp UGAGACAGUGUGUCCUCCCUCUGG

Cla UGAGACAGUGUGUCCUCCCUCG

miR-133*

Pdu AGCUGGUUGAAAUAGGGCCAAAU

Lgi AGCUGGUUGAAAUUGGGCCAAAU

miR-1993

Pdu UAUUAUGCUGUUAUUCACGAGA

Pca UAUUAUGCUGAUAUUCACGAGA

Hru UAUUAUGCUGCUAUUCACGAGA

Lgi UAUUAUGCUGAUAUUCACGAGA

Csp UAUUAUGCUGAUAUUCACGAGA

Cla UAUUAUGCUGUUAUUCACGAGA

Sme UAUUAUGCUGUUAUUCAUGAG-



Lophotrochozoan specific microRNA candidates (identified in at least one lophotrochozoan genome)

family members overall counts representative sequence counts Cc Hr Lg

Group L5 9 4241 UGUAAGUUGACAUAGUCCCAGG 3364 1 - -

Group L4 5 2387 UGGGACUAUGUCAACUUACAAC 2088 1 - -

Group L2 2 1277 UGUCAAGCAGAUUAAGUAUUGU 1150 1 - -

Group L6 3 1194 CGGGACUACGUUAACUUCCAGC 1129 1 - -

Group L40 2 320 CUGGUCUCAAGUGGUGGAUAGA 304 1 - -

Group L82 2 244 AGUGUUCACUGUGUACGCCUUGGU 233 - - 1

Group L52 1 143 UGGAAGUUAACGUAGUCCCGGG 143 1 - -

Group L28 2 126 UAUCCUGGCCUGCAAGUGCACA 116 1 - -

Group L37 2 122 UUUUGCAAAGUAUCACAGCUUA 95 1 - -

Group L36 4 142 AUAAGCACCACAAUGUACUAGU 77 1 - -

Group L1 3 75 AUACUUAUUUUGCUUCUGACAGAU 43 1 - -

Group L27 1 61 UCGAAUCCUGGUCACGGCACCA 61 1 - -

Group L18 2 56 UCGACUCCCGGCCGACGCACCA 41 1 - -

Group L47 1 30 CCAGUCAAUGUUGACACCACCGCU 30 1 - -

Group L11 2 34 AUGAUGUCACAAUUGACUGCAC 22 1 - -

Group L73 1 26 GUGUUCACUGUGUACGCCUUGGU 26 - - 1

Group L79 1 13 UGCUUAGGGUUAGGGUUAGGC 13 - - 1

Group L57 1 10 UUUGGCACCGUUUUGGUCCACAA 10 1 - -

Group L80 1 10 CUGCCUGAAAUUUUCGCUCAGACCU 10 - - 1

miR-1987 6 2578 ACUGCCAGAUGUCAUGUUGUGCA 2259 1 - -

Group L19 6 1449 AGGUUUUGUGAGAUGUUCAUUGA 1223 1 - 1

miR-2000 2 465 AAAGUCUUCACUACUUUUAGUU 418 1 - -

Group L30 8 335 UCCCAGGUGGUCUAGUGGG 115 1 - -

Group L25 8 246 UUAAUCUCAGGGUCGUGGGU 127 3 - -

Group L20 3 94 UCCUCGUUAGUAUAGUGGG 47 1 - -

Group L29 4 69 GGUAGCGUGGCCGAGCGGG 25 1 - -

miR-1995 1 31 GUACAUCUCACAUUGUGACCAU 31 1 - -

Cc: Capitella spI; Hr: Helobdella robusta, Lg: Lottia gigantea 

Numbers indicated how many matching genomic loci were found after blasting the Platynereis sequence

Highlighted in red are lophotrochozoan microRNA candidates which were proven to be false predictions 

(after using the in vivo validation method by Sandmann et al., 2007) 

All remaining candidates remain to be tested
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Experimentally confirmed lophotrochozoan microRNA candidates

Capitella genomic loci which host candidate microRNAs were over-expressed  in S2 cell lines 
and  total RNA was extracted. Northern blot analysis  reveals primary transcripts which get 
processed by the cells' microRNA biogenesis machinery into mature 21- to 23-mers. Precursors
are also visible with at ~80nt. Method followed after Sandman et al (2007).
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Probe UTR ID dbEST_Id Genbank_EST GenBank_Accn
H2 IB0AAA15CC12FM1_comp_s1 66720341 IB0AAA15CC12FM1 GR911706
H3 IB0AAA15CD03FM1_comp_s420 66720342 IB0AAA15CD03FM1 GR911707
H4 IB0AAA16AE02FM1_comp_s589 66720343 IB0AAA16AE02FM1 GR911708
H8 IB0AAA18DA04FM1_comp_s482 66720344 IB0AAA18DA04FM1 GR911709
H12 IB0AAA19DF09EM1_s1015 66720345 IB0AAA19DF09EM1 GR911710
H13 IB0AAA20CH08FM1_comp_s498 66720346 IB0AAA20CH08FM1 GR911711
H14 IB0AAA20DF03FM1_comp_s1 66720347 IB0AAA20DF03FM1 GR911712
H21 IB0AAA27BE01FM1_comp_s497 66720348 IB0AAA27BE01FM1 GR911713
H22 IB0AAA27DA08FM1_comp_s245 66720349 IB0AAA27DA08FM1 GR911714
H27 IB0AAA28BG11FM1_comp_s1 66720350 IB0AAA28BG11FM1 GR911715
H32 IB0AAA29DB01FM1_comp_s329 66720351 IB0AAA29DB01FM1 GR911716
H34 IB0AAA30CH08FM1_comp_s1 66720352 IB0AAA30CH08FM1 GR911717
H40 IB0AAA33AC08FM1_comp_s1 66720353 IB0AAA33AC08FM1 GR911718
H43 IB0AAA33DC04FM1_comp_s380 66720354 IB0AAA33DC04FM1 GR911719
H44 IB0AAA33DF04FM1_comp_s1 66720355 IB0AAA33DF04FM1 GR911720
H91 IB0AAA32CE06FM1_comp_s1 66720356 IB0AAA32CE06FM1 GR911721
H98 IB0AAA39CG01FM1_comp_s560 66720357 IB0AAA39CG01FM1 GR911722
R7 IB0AAA18BD02FM1_comp_s522 66720358 IB0AAA18BD02FM1 GR911723
R10 IB0AAA19CC08EM1_s1081 66720359 IB0AAA19CC08EM1 GR911724
R13 IB0AAA20AE07FM1_comp_s495 66720360 IB0AAA20AE07FM1 GR911725
R15 IB0AAA20BH02FM1_comp_s117 66720361 IB0AAA20BH02FM1 GR911726
R20 IB0AAA23BH02FM1_comp_s1173 66720362 IB0AAA23BH02FM1 GR911727
R21 IB0AAA24CB04FM1_comp_s120 66720363 IB0AAA24CB04FM1 GR911728
R25 IB0AAA27CD04FM1_comp_s817 66720364 IB0AAA27CD04FM1 GR911729
R29 IB0AAA31DB02EM1_s553 66720365 IB0AAA31DB02EM1 GR911730
R34 IB0AAA35DG01FM1_comp_s650 66720366 IB0AAA35DG01FM1 GR911731
R39 IB0AAA37CC08FM1_comp_s431 66720367 IB0AAA37CC08FM1 GR911732
Y3 IB0AAA43YK07FM1_comp_s640 66720301 IB0AAA43YK07FM1 GR911666
Y7 IB0AAA44YF02FM1_comp_s1 66720302 IB0AAA44YF02FM1 GR911667
Y9 IB0AAA44YH23FM1_comp_s52 66720303 IB0AAA44YH23FM1 GR911668
Y11 IB0AAA44YM16FM1_comp_s260 66720304 IB0AAA44YM16FM1 GR911669
Y13 IB0AAA45YA18FM1_comp_s906 66720305 IB0AAA45YA18FM1 GR911670
Y19 IB0AAA46YD08FM1_comp_s1 66720306 IB0AAA46YD08FM1 GR911671
Y25 IB0AAA47YH22FM1_comp_s267 66720307 IB0AAA47YH22FM1 GR911672
Y34 IB0AAA49YA07FM1_comp_s398 66720308 IB0AAA49YA07FM1 GR911673
Y41 IB0AAA50YB09FM1_comp_s677 66720309 IB0AAA50YB09FM1 GR911674
Y42 IB0AAA50YC17FM1_comp_s278 66720310 IB0AAA50YC17FM1 GR911675
Y43 IB0AAA50YJ12FM1_comp_s924 66720311 IB0AAA50YJ12FM1 GR911676
Y45 IB0AAA51YE03FM1_comp_s333 66720312 IB0AAA51YE03FM1 GR911677
Y49 IB0AAA53YF24FM1_comp_s1 66720313 IB0AAA53YF24FM1 GR911678
Y51 IB0AAA53YJ08FM1_comp_s176 66720314 IB0AAA53YJ08FM1 GR911679
Y62 IB0AAA56YH22FM1_comp_s1 66720315 IB0AAA56YH22FM1 GR911680
Y63 IB0AAA56YM12FM1_comp_s1012 66720316 IB0AAA56YM12FM1 GR911681
Y65 IB0AAA57YB11FM1_comp_s1038 66720317 IB0AAA57YB11FM1 GR911682
Y68 IB0AAA57YH01FM1_comp_s879 66720318 IB0AAA57YH01FM1 GR911683
Y71 IB0AAA58YI08FM1_comp_s297 66720319 IB0AAA58YI08FM1 GR911684
Y74 IB0AAA59YF10FM1_comp_s1 66720320 IB0AAA59YF10FM1 GR911685
Y89 IB0AAA62YH01FM1_comp_s207 66720321 IB0AAA62YH01FM1 GR911686
Y93 IB0AAA63YP10FM1_comp_s1 66720322 IB0AAA63YP10FM1 GR911687
Y98 IB0AAA64YJ11FM1_comp_s972 66720323 IB0AAA64YJ11FM1 GR911688
Y99 IB0AAA64YL06FM1_comp_s1 66720324 IB0AAA64YL06FM1 GR911689
Y102 IB0AAA65YE20FM1_comp_s544 66720325 IB0AAA65YE20FM1 GR911690



Y105 IB0AAA65YM06FM1_comp_s793 66720326 IB0AAA65YM06FM1 GR911691
Y106 IB0AAA65YM20FM1_comp_s1 66720327 IB0AAA65YM20FM1 GR911692
Y108 IB0AAA66YB17FM1_comp_s1 66720328 IB0AAA66YB17FM1 GR911693
Y111 IB0AAA66YK04FM1_comp_s380 66720329 IB0AAA66YK04FM1 GR911694
Y112 IB0AAA66YM10FM1_comp_s1 66720330 IB0AAA66YM10FM1 GR911695
Y115 IB0AAA67YE15FM1_comp_s1104 66720331 IB0AAA67YE15FM1 GR911696
Y118 IB0AAA67YN16FM1_comp_s1 66720332 IB0AAA67YN16FM1 GR911697
Y121 IB0AAA68YI09FM1_comp_s210 66720333 IB0AAA68YI09FM1 GR911698
Y123 IB0AAA68YL05FM1_comp_s909 66720334 IB0AAA68YL05FM1 GR911699
Y124 IB0AAA68YM13FM1_comp_s598 66720335 IB0AAA68YM13FM1 GR911700
Y125 IB0AAA68YN17EM1_s983 66720336 IB0AAA68YN17EM1 GR911701
Y126 IB0AAA69YD14FM1_comp_s1 66720337 IB0AAA69YD14FM1 GR911702
Y132 IB0AAA70YD04FM1_comp_s1 66720338 IB0AAA70YD04FM1 GR911703
Y133 IB0AAA70YE14FM1_comp_s288 66720339 IB0AAA70YE14FM1 GR911704
Y134 IB0AAA70YH24FM1_comp_s748 66720340 IB0AAA70YH24FM1 GR911705



List of abbreviations 

 

3'UTR     3'untranslated region  
5'UTR     5'untranslated region 
ADARs    Adenosine deaminases acting on RNA 
Amphioxus   Branchiostoma floridae 
BCIP                                  5-Bromo-4-chloro-3-indolyl phosphate  
BSA                                   Bovine serum albumine 
Caenorhabditis   Caenorhabditis elegans  
Capitella    Capitela species I 
CNS                                   Central nervous system  
C-terminus                         Carboxy-terminus of a peptide or protein  
DABCO                              1,4-diazabicyclo[2.2.2]octane  
DAPI                                   4',6-diamidino-2-phenylindole  
Drosophila     Drosophila melanogaster  
EST                                    Expressed sequence tag  
eIF4E     eukaryotic translation initiation factor 4E  
eIF4G             eukaryotic translation initiation factor 4G 
GFP      green fluorscent protein  
LNA      locked nucleic acid 
m7G       cap 7-methylguanosine cap 
mRNA                                 Messenger RNA  
miRNA       microRNAs 
miRBase             microRNAs online public database 
MZdicer       maternal-zygotic dicer mutant 
NBT                                     Nitro blue tetrazolium 
Nematostella    Nematostella vectensis 
NSW                                    Natural sea water  
N-terminus                           Amino-terminus of a peptide or protein  
ORF       open reading frame 
PBS                                     Phosphate buffer saline  
Pol II       RNA polymerase II 
Pdu                                      Platynereis dumerilii  
PFA                                     Paraformaldehyde   
RACE                                  Rapid amplification of complementary ends 
RISC       RNA-induced silencing complex  
RNAi       RNA interference  
RT                                       Reverse trancriptION 
S2 cells     Drosophila Schneider cell line 
Sea urchin                   Strongylocentrotus purpuratus 
SOP      sensory organ precursor  
WMISH                               Whole mount in-situ hybridization  
wt        wild-type 






