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1.1 INTRODUCTION

MicroRNAs (miRNAs) are an abundant class of small noncod®NA (ncRNA) genes
which were found in eukaryotes, in particular in metazoants@ants, and in their viruses.
MicroRNA research has come a long way, since the first distes®f lin-4 [102] and
let-7 [147] inCaenorhabditis elegand he turn of the century brought the realization that
miRNAs form a large new class of ncRNAs [101, 97, 95] that mewa ubiquitous and
powerful mechanism for RNA-mediated control of gene exgites ThemiRBase [63], a
comprehensive database collecting published miRNAs asaselssigning unique names
[6] to novel ones, started with only 218 sequences (v1.0ebder 2002) and now lists
6396 entries in the current version 11.0 (April 2008). Tod28/05/2008) there are 3233
publications about miRNAs in PubMed of which 755 are revieWkese numbers might
ilustrate the impact of this field of research on our undeuditag of the infomation encoded
by the fast majority of genomic sequences and transcribisl.un
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2 MicroRNAs

MicroRNAs were the firssmall regulatory RNA&und in animals, but turned out not to
be the only ones. During the past few years, a variety of it classes were detected,
many of which share functional properties and processinghinary. In the following
section we will address those similarities as well as diffises by outlining biogenesis and
function.

1.2 THE SMALL RNA ZOO

Size and final destination of the RNA classes addressedsrctidpter define them as a
reasonably homogeneous group of functional RNAs: They boaita20-30nt in length,
and they guide large protein complexes to their targets, tomprising the 'RNA sensor’
allowing sequence specific binding of the proteins. Both NAR and siRNAs form sub-
classes of this large class of small ncRNAs. Like miRNAs, ynatier small RNAs are
involved in gene silencing. Whereas miRNAs function poanscriptionally, others are
involved other types of function. MiRNAs stand out from ther small RNAs in many
ways, in particular by their energetically stable precutsairpin, which have been a key
component in computational search methods.

While most of this contribution deals with microRNAs, in $héection we attempt to
compile the related small RNAs that got into the focus of R¥Aeaarch. Given that about
1% of the human genome contains protein coding genes kelylihat only a fraction of the
regulatory RNome has been discovered so far. New insigimstantly require regrouping
of classes of small RNAs, such that our list can only providamapshot of the current
knowledge.

1.2.1 Endogenous siRNAs

The term siRNAs (siRNAS) is often used fe20nt long regulatory RNAs and thus summa-
rizes members of classes introduced in this section. Hoythesoriginal meaning of the
term siRNAs stems from Hamilton and Baulcombe [67], whoaliszed~25nt long RNA
intermediates in either transgene-induced post-trgptsanial gene silencing (PTGS) or
virus-induced PTGS in plants. Meanwhile, SIRNAs were deti numerous eukaryotes
across kingdoms [39]. They all originate from endogenowxogenous (viral) transcripts,
which are turned into double stranded RNA by RNA-depend@&ti Rolymerase (RARP),
show high complementarity to their target mMRNAs and indusgrddation of their targets.
Endogenous siRNAs have also been found in most major eutaligeages, including an-
imals (Caenorhabditis elegang], Drosophila melanogastg@], and mouse [170, 189]),
fungi (Schizosaccharomyces ponitd6]), amoebozoaJictyostelium[94]), plants Ara-
bidopsis thaliana[195], and kinetoplastidg¢ypanosoma brucg#3]). On the other hand,
several lineages have lost the entire RNA interference (lRMAchinery, including budding
yeasts and Leishmanias, see [179] for a review of RNA interfee in protozoan parasites.
Recently, endogenous siRNA were detected in higher eutesylat lack RARP. A novel
class of short interfering RNAs iDrosophila melanogastewas found to be excised from
hairpins longer than animal miRNAs and in several instahaeger than plant miRNAs
[127]. These hairpins, termdtpRNAare located in regions of limited coding potential
and were found by searching for inverted repeats resultimg fnverted terminal repeats
of transposons or tandem invertions of transposable elenagd mMRNAs. The siRNAs
of size~21 are processed from the hairpin by known components ofthetsiRNA and
miRNA pathways However, due to 5 methylation and their defmce on Dicer-2 and
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Figure1l.1 Biogenesis of major small RNA families. (green) miRNAs aanscribed as long primary transcripts, which are procebgehe nuclear RNase |l
Drosha and its cofactor Pasha (DCL1/HYL1 in plants). In &brates, these stem-loop structures are exported to thelagin by means of the exportin-5 pathway,
where the mature miRNA is cleaved by Dicer. In plants, th@sdaleavage step also takes place in the nucleus and shihwglaied dsRNAs are exported by
HST. (black) plant tasiRNAs are processed in the cytoplaBas. precursors use the same export mechanism as proteingao8NAs. miRNA primed synthesis
of dsRNA is followed by DCL4 mediated dicing and HEN1 metliida. (blue) natsi RNAs in plants might use a mechanism simo tasiRNAs. Cis anti-sense
transcripts bind the sense RNA and serve as primers for RBRR dependent RNA polymerases). (red) rasi RNAs in plant@nkave the nucleus. Primary
transcripts are converted into dsRNA by RDP2 (an RdRP) acetlddy DCL3. The resulting small RNAs guide DNA methylatigmagenta) A not yet complete
model outlining piRNA processing{ng-pong mechanism Transcription of piRNA clusters results in mature piRNggtisense to their target transposon. Upon®
binding, an “antisense piRNA" is processed and interaathéu with the transposon. Only weak sequence constraiateeguired. The process does not require
any Dicer homolog. Cleavage is mediated by Ago3, Aubergate @s a cofactor. [91]. (Figure based on drawings in reis.183])
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4 MicroRNAs

AGO?2 it was concluded that the short RNAs derived from hpRMAs siRNAs and not
miRNAs. In mice, pseudogenes and transposons were alsandlooserve as source for
potential SiRNAs [170, 189]. So-callegdsiRNAs(trans acting endogenous siRNAS) in
plants are transcribed in trans to their target mMRNAs andlteanRNA degradation [87].
MicroRNAs and siRNAs share several components and prowestps in each of their
maturation pathways. However, there are a number of diffage. For instance, SIRNAs
show a high degree of sequence complementarity to thegttaitgs compaired to miRNAS.

1.2.2 piRNA

Another class of small RNAs that was discovered in the attamfind miRNAs are the
germline specific piRNAs (Piwi interacting RNA) of length 2®nt [98, 89, 10]. In
Drosophila melanogastgriRNAs are involved in repression of transposonsin the ¢jigam
In contrast to rasiRNAs (see below), piRNAs are restrictespecific genomic loci and are
organized in a limited number of large clusters of noncodiagscripts.

PiRNAs were found to be expressed in two meiotic stages imsmecytes. Pachytene
piRNAs are depleted of repeats. Pre-pachytene piRNAs itrastrdepend on Mili proteins,
show similarity to repeat sequences, and mediate DNA matiloyl of transposable elements
such as L1 elements [11].

In nematodes, th@lU RNAs [149] are characterized by an initial uridine 5’-mono-
phosphate, and a chemical modification at either the 2’ orx§gen of this nucloetide,
as reported for small RNAs in plants and rasiRNAs in flies [1080]. A recent study
identified them as the piRNAs @faenorhabditis elegartsy virtue of their association with
Piwi-Argonaute [20]. They are far more diverse than miRNAsd unlike siRNAs and
piRNAs in other organisms, which are expressed in tightelssthe 21U-RNAs appear to
be autonomously expressed.

1.2.3 rasiRNAs

Repeat associated RNAs in animals[9] and plants [66] baH te silencing of repeat
regions by DNA methylation. However, they show certainatinces in biogenesis. In
plants, transcripts from transposons are turned into dsRiAneans of RARP (RNA-
dependent RNA Polymerase). In melanogasterrasi RNAs were discovered in a genome
wide screen for small RNAs and found to be expressed in tastésarly embryos and were
later shown to interact with Piwi proteins [10]. Thus rasi&\might be another family or
subgroup of piRNAs.

1.2.4 *“Exotic” small RNA species

Mouse Meryl RNA is transcribed during meiosis as a severdbkly polyadenylated pri-
mary transcriptand is then processed by Drosha#&6nt long fragments. Dicer products
were foundn vitro but notin vivo. The function of mrhl remains elusive. A homologous
sequence was so far only found in rat [56]. The ciliate protoretrahymenaindergoes

a complicated mechanism of macro- and micronuclei formatioring sexual reproduc-
tion. In the course of this process, DNA is removed from themauclei. Small scan
RNAs (scnRNASs) originate from, possibly repeat or trangposontaining, regions in the
micronucleus, and guide histone methylation which in tweoruits proteins facilitating
DNA excision. This process might help to prevent propagatidransposons onto the next
Tetrahymenaeneration [87].



SMALL RNA BIOGENESIS 5

Another class of small RNAs whose function is not yet well ersiood are the 20—-200nt
log PASRs (promoter-associated small RNAs) and TASRs (terassociated small RNAS).
They associate with about 50% of mammalian protein codingg@ promoter and termini
regions respectively and the PASRs also correlate withxpeegsion of proteins [82]. It
remains unclear at present, whether PASRs and TASRs atedétasiRNAs in function
and biogenesis, or whether they belong to an entirely dispart of the cells’ regulation
system.

1.3 SMALL RNA BIOGENESIS

1.3.1 Components of the small RNA processing machinery

Type lll RNases. RNase lll type enzymes bind and cleave dsRNAs and are divided
3 families. Besides the cleavage domain, they all contaidsi®NA binding domain. In
small RNA pathways, we find members of class | and II.

Drosha, a class Il enzyme, resides in the nucleus and regBashal.s. DGCR8
[DiGeorge syndrome critical region 8,a homolog toflresophila melanogastétashal) as
co-factor. It cleaves pre-miRNAs from longer precursoisiolr are then further processed
by Dicer. So far, Drosha homologs were exclusively foundrimeals. Drosophilids and
possibly all arthropods harbour two homologs, whereasthkrometazoans have only a
single copy [122].

Dicer, a Class Il enzyme, has an N-terminal DExD/H-boxdedie and a PAZ (Piwi/Ar-
gonaute/Zwille) domains. It 'dices’ long dsRNA inte 20nt long duplexes with a typical
2nt overhang at the 3’ end. In contrast to Drosha, it is foumalli organisms using small
RNA pathways described here. The number of homologs witlgiareome varies greatly
by organism.Drosophilahas two (Dcrl and Dcr2), all other metazoans and protists one
and plants even four (DCL1-4) homologs involved in diffaremall RNA pathways. [87,
122, 114].

Piwi Proteins and Argonautes. The family of Argonaute proteins (AGOS) comprises a
multitude of different members of various functions[75]GAs consist of an N-terminal
PAZ domain, also found in Dicer, and the C-terminal PIWI domd he exact functions
of the domains remain unresolved. However, the PIWI domeéns to bind to the 5’
seed region of miRNAs, whereas the PAZ domain interacts thigh3’-OH. Vertebrates
have four AGOs (Agol-4, also known as elFC1-4). Ago2 is rempufor RNAI, whereas
Agol acts in translational inhibition. Both interact withder [122]. For a detailed review
of the numerous members of the Argonaut family we refer t@]1Petailed studies in
Drosophilawere described in [176, 54].

Piwi proteins are predominantly expressed in the germ [y contain the character-
istic Piwi domain and were found to associate with piRNAsvéntebrates, 3 Piwis were
found so far: Mouse and zebrafish homologs are termed MiliyiNiwi2 and Zili, Ziwi,
Ziwi2, respectively. Even though Mili is expressed in oeariPiwis seem to promote male
germ line specific functions [10].

Polymerases. When it comes to transcription, small RNAs behave just likeireary

protein coding genes. Expression of miRNAs for instancebless studied in great detail.
The primary transcripts originate either from intronsialigh often driven by an intronic
promoter) or mincRNAs (mRNA like noncoding RNAs). Most okth are transcribed
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by DNA polymerase Il and show alternative start and splitessiare 5 caped and 3’
polyadenylated.

Organisms with strong siRNA activity require another engymorder to multiply their
response to parasitic RNAs. In plants, protozoans and lometazoans, RARP (RNA
dependent RNA polymerases) performs siRNAs primed syrgb&dsRNA, which is then
cleaved by RISC (RNA induced silecing complex) and Dicer btmgs. In the case of plant
rasiRNAs, the resulting small RNAs mediate silencing ofgeaomic loci of the parasitic
sequences (transposable elements).

Even though endogenous siRNAs were found, Drosophilidsvangebrates lack en-
dogenous RARP homologs. Exogenous (transposon, viralledg®dRPs are not required
for siRNA function [164]. Itis tempting to speculate thaisttack of RARP in vertebrates
might have led to the emergence of new defence mechanisnmden to respond to viral
and other infections, e.g. the acquired immune system.

1.3.2 MicroRNA Biogenesis

Unless stated otherwise, we outline here miRNA biogenesieé mammalian genome.
(FormiRNAs in introns, see below.) The process of miRNAsikeigenic regions, is that a
primary pol Il transcriptis 5’ capped and added a polyA tad]. Some of these transcripts
can also function as protein coding mRNAs [30].

The primary transcriptgfi-miRNA) is then further processed in the nucleus byrttie
croprocessor complexonsisting of endonucleases Pasha and Drosha [62],irgsurta
characteristic hairpin of length 60-120 nucleotides (nbs)plants, which do not contain
Drosha, its function is carried out by the homologs DCL1 antlLH (reviewed in [79]).

The resulting stem-loop precursor, also referred to apt&eniRNAIS transported into
the cytoplasm by Exportin-5 [113]. In the cytoplasm the pri&NA becomes processed
further and is both sliced and diced. Dicer associates WRBH (trans-activator RNA
binding protein) and process the hairpin into a double siedrRNA (dsRNA) of length
~22nt with a 2nt 3’-overhang.

In general, only one strand of the duplex termed mature miR#lAbe incorporated
into RISC to guide it to the target mMRNA. The other strand (M#R) becomes degraded.
However, recent results iDrosophila melanogasterevealed that a number of miRNA
sequences might be functional, since they are expressed bbhokgound signal and show
higher conservation than expected of a non-functionaleecgin a pri-miRNA helix [129].
The molecular machinery determines which of the two strayeds loaded into the RISC
complex by sensing the strand which 5’ end is less stable doampared to the 3’ end
in the miIRNA:miRNA" duplex [153, 93, 86, 177]. In addition, short conserved sege
motifs within the mature miRNA might serve as signals in baslymmentric processing
and strand selection [60].

1.3.3 Biogenesis of other small RNAs

Only miRNAs are generated without the help of RARP in bothtsland animals, seefig. 1.1.
In plants, the primary transcripts of other small RNAs arevested to dsRNA, which in
turn is cleaved by Dicer homologs. The resulting small RNAsatten 3’-methylated by
HENL. In contrast, higher metazoans use small RNAs (mosterhtof unknown origin
as in the case of piRNAS) to slice primary transcripts. Inhbodses, each RNA family
requires a distinctive set of Ago, Piwi and Dicer homologepBnding on the subcellular
localization of pathway components and targets, small RbiAgtle between nucleus and
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cytoplasm. Exportin-5 is the only export pathway so far désd in detail, but there are
speculations about an piRNA specific transport mechanism.
For a more detailed description see fig. 1.1.

1.3.4 Three main mechanism, same global effect on gene expre  ssion

Originally, RNAIi (RNA interference) described a varietygene silencing processes which
require small RNAs mediating site specificity. RNAi was digered inCaenorhabditis
elegang52] and can be induced in a number of eukaryotef@sophila melanogaster
[84], vertebrates [48], and many protozoans [179]. In @aab-suppression or transcrip-
tional gene silencing (PTGS) was first described in petuti?4 [ 181] RNAI also refers to
an efficient technology to knock down expression of spec#ireg [52] for which Craig C.
Mello and Andrew Fire were awarded the Nobel Price for Metidén 2006 [53]. (reviewed
in [88])

1.3.4.1 Translational Inhibition Classes: miRNA

The small RNA binds to an mRNA and causes translational itibib The degree of
base-pairing between RNA and target sequence as well &pcomponents inthe miRNPs
(Agol) determines the mode of function. The so called segidmg~7nton 5’end of RNA)
mediates sequence specificity. RNA degradation requinesstlperfect complementarity,
whereas translational inhibition allows a certain numbfeurpaired bases. The actual
mechanism behind translational repression has not beelveesyet. MicroRNAs were
isolated from RNPs containing ribosomes, RISC, mRNA andMAiR[45] suggesting that
miRNA binding blocks transcriptional elongation by stadfiribosomes leading to release of
the nascent transcript. In contrast, more recent studmsesihthat at least some miRNAs
are able to inhibit the formation of the translational iaitdbn complex [117]. Efficient
miRNA repression in metazoan seem to be governed by muliiptgets residing in the
3" UTR of the messenger, that is the same or different miRN#kgett the same mRNA
simultaneously. MicroRNA functions were reviewed in deita29].

1.3.4.2 RNAi: mRNA degradation Classes: miRNA, siRNA, tasiRNA, natsiRNA,
PiRNA

In contrast to translational repression, RNAI causes dtdian of the target by RISC.
Two factors determine this mode: the composition of the Rt8@iplex and the small
RNA:mRNA binding pattern. RNAI requires the presence of Agind nearly perfect
complementarity between small RNA and its target. Wherestanoan miRNAs target the
3’ end of the mRNA and by some not yet fully understood mecrardause blocking of
translation, miRNAs in plants target the coding region aswise degradation by an siRNA
like pathway (reviewed in [51]).

1.3.4.3 Transcriptional gene silencing and Imprinting Class: miRNA, rasiRNA,
piRNA

Small RNAs were shown to promotke novomethylation as well as maintenance of
DNA methylation [13] in plants and animals. Several studils® gave rise to the idea that
histone methylation of specific loci might be guided by snRilAs. MicroRNAs target
promoter regions of genes, whereas rasiRNAs shut downtrepleaegions in the genome.
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Figurel.2 MicroRNA sequence and structure features illustratechinyl 25b-1andmir-315.

The ~ 85nt precursor folds into the typical hairpin structurec(elary structure predicted with
RNAfold), which is cleaved byicer resulting in the mature miRNA~ 20nt) indicated by a line.
In case ofmir-125b-1 the mature miR and miR* are both well conserved. kbr-315 only one
miR is expressed, which is much better conserved then thestipside of the stem. TR ustalw
multiple sequence alignment of the precursor sequencebsasize the conservation pattern. The
colors of the base pair encode the number of consistent andaertsatory mutations supporting that
pair: Red marks pairs with no sequence variation; ochresrgaad turquoise mark pairs with 2,3,4
different types of pairs, respectively.

1.4 COMPUTATIONAL MICRORNA PREDICTION

There are two basic strategies to detect novel miRNAs. Timplst one uses sequence
homology to experimentally known miRNAs as well as the cheeastic hairpin structure
of the pre-miRNA [190, 104, 72, 41].

Thede novacomputational prediction of miRNAs primarily relies on tinermodynam-
ically stable pre-miRNA hairpin and on the characteristitt@rn of sequence conservation.
Conservation is high at both sides of the stem region anctiedsing towards the unpaired
region of the apical loop. If only one mature miRNA is prodddeom the precursor, the
region encoding the mature sequences is best conservedmin sses both sides of the
hairpin produce mature sequences, usually labeled miR @R# rim this case both mature
loci are conserved nearly equally, as in the casmiofl25b-], fig. 1.2,

Several software tools have been designed to utilize tiagrimation for miRNA gene
finding: miRscan [109], miRseeker [96], andmiralign [186], RNAmicro [73] all have
lead to the discovery of a large number of animal microRNA®. dfosely related species,
phylogenetic shadowing can be used to identify regionsateatinder stabilizing selection
and exhibit the characteristic variations in sequenceawasion between stems, loop, and
mature miRNA [24]. Genomic context also can give additionfdrmation:Mirscan-I1,
for example, takes conservation of surrounding genes otownt [126], while the propen-
sity of microRNASs to appear in genomic clusters is used aslditianal selection criterion
in [4].
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On the other hand, there is tleiRank tool [197], that is independent of genomic
annotation and cross-species conservation. This is, iticpkar, important due to the
quality of many sequenced genomes and the lack of well atetbtalated species.

MicroRNA detection without the aid of comparative sequeanalysis is a very hard
task but unavoidable when species-specific miRNAs are ofginterest. ThaiR-abela
approach first searches for hairpins that are robust agahasiges in the folding windows
(and also thermodynamically stabilized) and then uses pastipector machine (SVM) to
identify microRNAs among these candidates [158]. A reldatsdhnique is described by
[198].

Conclusively, computational prediction of novel miRNA:dae roughly categorized
into the following types: Straightforward sequence angtoscture homology search, the
characterisation of candidates based on scored sequetv@e stmuctural properties, ma-
chine learning techniques and the prediction of novel miRMAcombination with putative
targets, compare [199].

Plant miRNA precursors show much more variations in lengtitssecondary structures
and therefore filters must be less restrictive in this cant®x the other hand, plant miRNA
targets display complementary sites with near-perfecpasrings. Tools like indMIRNA
[1] thus predict miRNAs and their targets simultaneously amore candidate miRNA
genes without putative targets.

1.5 MICRORNA TARGETS

Since microRNAs act as guide molecules that program the RiB@plex to recognize a
target mRNA, it is essential to understand the mechanism flighwmiRNAS recognize
their targets and to predict target mRNAs for a given miRNgusnce.

To date the number of verified miRNA-mRNA interactions idl stinall. TheTarbase
[157] database currently lists only 570 mRNAs targeted by 42imal miRNAs. These
known interactions have been used heavily to derive rulesiBNA-MmRNA interactions.
However, only a few guiding principles have emerged: (if@grcomplementarity between
miRNA and target is not required; in fact, most miRNA:mRNAwolexes form imperfect
duplexes containing mismatches as well as bulges. (ii) MRNRNA duplexes are asym-
metric; the 5’ end of the miRNA (3’ end of the target) bindingrra strongly than the 3’ side
of the miRNA. (iii) Base pairing at positions 9-11 trigger&idA degradation, whereas
mismatches at this positions lead to translational intwbiteaving mRNA merely intact.
The region comprising positions 2-8 on the miRNA often ekBiperfect complementarity
and is therefore referred to as theedregion [44, 5]. There are at best weak sequence
signals associated with either miRNA or target sites. Tesies with evolutionarily con-
served seed regions, however, show stronger regulatorgadtitpan non-conserevd ones
[16, 155]. Proteins from non-conserevd targets, howewgnwmnber those with conserved
ones 6:1.

The context of the target site also influences protein resgroan AU rich local neigh-
borhood significantly increases the effect on protein esgiom [16]. Cooperative effects
caused by additional target sites within 40nt can enhan@&FWhile the effect of multiple
seed regions in the 3-UTR is cummulative for translatioegression, this is not the case
for mRNA cleavage. For mir-223 [16], the majority of expetially verified targets with
7-8mer seed regions lead to mMRNA mRNA destabilisation, evbiily a small fraction of
mMRNA remained stable and was downregulated vie transktie@pression.
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1.5.1 How many targets?

Since miRNAs are short and need not match perfectly, it shooine as no surprise that
a single miRNA can regulate several targets. How many targeypical miRNA might
have is still open to debate. This also reflected in the wiflaltuating number of targets
returned by the various target prediction approaches. ¥ample Robinset al. [148]
estimate less than 30 targets per miRNA, while Miraatal. [119], based on theirna22
method, suggest that a single miRNA may have several thdusagets. SILAC analysis
(stableisotopelabelling withamino acids incell culture) [130] of mir-233 in neutrophils
showed that 78 out of 3819 proteins investigated were dieggets. Since only a third of
the proteom was quantified, mir-223 might hav&00 targets in neutrophils and possibly
even more targets specifically present in other celltypegaocesses [16].

In part these diverging numbers may be due to the fact themii clear what constitutes
a functional target site. Some targets of a miRNA might leeaitly slightly lower protein
expression levels, or may become functional only at eleMait®NA concentrations. Itis
clear that a large fraction of human mRNAs are under miRNAm@nHowever, the more
generous estimates for the number of mMiRNAs and the numbermgeEts per miRNA suggest
a picture where every mRNA is subject to regulation by a l&mggemble of mMiRNAs from
the cells miRNA milieu. In such a scenario any mutation in &3R would be expected
to influence expression patterns. The observation thatdkeeping genes seem to avoid
miRNA regulation through the use of very short 3'UTRs [162¢0nsistent with this view.

MicroRNAs preferentially target mMRNAs whose protein-puots also have regulatory
functions. Overrepresented groups include transcrifitictors, components of the miRNA
machinery, and other proteins involved in translationgliation, as well as components
of the ubiquitin machinery [77]. This points at an intridgtanterwoven network of tran-
scriptional and post-transcriptional regulation [205].

The average number of targets per plant miRNA is low due tio kfigh similarity to the
target site and comprise mostly closely related genes [J8g rare example for a miRNA
with unrelated targets israbidopismir395 [2], regulating an ATP sulfurylase and a sulfate
transporter.

1.5.2 Target prediction

Over the past years a plethora of new methods have been pepmpredict microRNA
targets, see [142] for a recent review. In most cases thalisgarch for candidate sites
is purely sequence based. An often used approach, exemtlifithemiRanda [77] and
PicTar [92] programs, is to equip a standard local alignment atgoriwith a scoring
system that favours base complementarity, using separatessfor G-C, A-U, G-U pairs
and mismatches. A similar effect can be achieved by traihidden Markov models [163],
or even by pattern search using on sequence patterns tt@atarepresented in a database
of known miRNAs [119]. The resulting scores provide a meadar the thermodynamic
stability of the miRNA:mRNA duplex. The sequence based mw@shcan be substituted
with a direct search for the most stably interacting sitedeurthe standard energy model
for RNA structures. The first such approach was implemem@¥Ahybrid [145] and is
slower than sequence alignment only by a constant factderidtively, some methods,
such agargetScan [105] immediately start with a search for (near-)perfeetsmatches
which are then extended towards the 3’ side.

In plants, approximate matching of the whole miRNA sequésdgpically used and
empirical scoring rules later penalize mismatches in tleel segion [78, 152, 201]. There
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are however recent findings that more extensively mismdttdmgets also exist in plants,
which are missed with this approaches [28].

In any case, the initial phase tends to generate a large nuohloandidate sites that
have to be further filtered and ranked in order to produceiptieds with reasonable
confidence. The most important features used to rank taaget§) quality of the seed
match; (ii) conservation of target site in related specf@$;existence of multiple target
sites in a single 3'UTR,; (iv) sequence composition arourgdttRNA target site [64]; (V)
hybridization energy of the miRNA:mRNA duplex; (vi) strucal accessibility of the target
site.

All of these criteria imply some kind of balance between gefity and specificity,
i.e. the ability to predict as many target sites as possilbliéevavoiding false predictions.
For example, restricting oneself to targets with perfeeissomplementarity significantly
reduces the false positive rate but will exclude many valigéts. As a compromise some
methods allow G-U base pairs or maybe a single mismatch geltwithin the seed region.
Yet some validated targets have poorly matched seed rethianwill defy almost any seed
based approach [184, 42, 119].

Similarly, the introduction of evolutionary conservatited to a marked improvement
in prediction accuracy [105, 92]. Many methods rely on covesgon either by demanding
that target sites for a particular miRNA occur in homologgeses from several species or,
more strongly, that these target sites occur at homologosiigns of the aligned mRNAs.

The work of [192] follows an alternative route by first detémimg conserved regions in
3'UTRs of mammalian mRNAs to determine more than 100 cartdiaetifs like involved
in posttranscriptional regulation. More than half of themre/then identified as a putative
targets for known microRNAs.

Presumably, however, many microRNAs are evolutionary gareven species specific
[22], and in this case evolutionary conservation is ofditikelp.

Since secondary structure of the mRNA might interfere witRNA binding, a few
recent methods have tried to improve target predictionablyding the effect of target site
accessibility [112, 85]. Accessibility is usually expredss the probability that the target
site is free of secondary structure (and thus availableifatibg) or equivalently the free
energy needed to break any existing structure. The totdirgrenergy of the miRNA can
than be expressed as the sum of the free energy gained frarmfpthe hetero-duplex and
the breaking energy expended to make the site accessitlé [Iriluding the breaking
energy gives a significantimprovement over using the icteya energy alone, as done e.g.
in RNAhybrid, and may yield comparable performance with conservatisedaethods

Current target prediction methods are still burdened wétgaificant false positive rate.
Presumably this is not because some vital ingredient isimgiga current methods, but
simply because the set of known validated targets (as wkti@sn non-functional sites) is
currently too small to allow optimizing the relative weigiftthe features discussed above.
This situation may well change soon as significant expertedefffort is expended for the
large scale identification of miRNA targets, e.g. by immuprecipitation of mRNAs with
components of the RISC complex [47].

Comparing target prediction with experimental proteomadysis revealed that predic-
tions fromTarget Scan andPictar, which are both looking for seed matches, gave the
most accurate results [16, 155].
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1.5.3 Targets and polymorphisms

Single nucleotide polymorphisms (SNPs) can destroy miRaydts sites or inactivate
the miRNA itself [58]. In fact even a single substitution daewve a dramatic effect [27].
Natural variation by SNPs not only disrupts miRNA-mRNA irgtetions but can also give
rise to novel miRNA targets. A prime example is the Belgianelesheep, famous for
their hyper-developed muscles. A QTL study of the phenof8@e57] uncovered a SNP
in the the 3’ UTR of themyostatiorgene ¢df8), which is involved in limiting the growth
of muscle tissue. The & A SNP creates target sites for mir-1 and mir-206, which ttesul
in down regulation omyostatiorand thereby of higher muscle growth. In a similar vein,
a G- A SNP (var321) in the 3' UTR of SLITRK1, which is associatedtwiourette’s
Syndrome, tightens the binding with miR-189. Recent wod5]Ireports a link between
miR-433 and the SNPs in the FGFZib(oblast growth factor 2Pgene, which is expressed
in the brain a has been shown to be associated with Parkinsea$®. A more systematic
study [151] identified about 400 SNPs in target sites andrtedd&NPs that give rise to
~250 putative novel target sites.

SNP data were used to estimate that approximately 30%-50%teafion-conserved
miRNA targets in 3’ UTRs are functional when the transcripd aiRNA are coexpressed
[36]. Databases collecting disease-relevant miRNA-eel @NPs are emerging: examples
arewww.patrocles.orgby Georges and coworkers and PolymiRESmpbio.utmem.
edu/miRSNP) [17].

1.6 EVOLUTION OF MICRORNAs

1.6.1 Animal microRNAs

The numbers of annotated microRNAs collected inNhRBase ! [63] varies greatly be-
tween differentanimals. Forinstance, it currently list® Buman and 184 frog miRNAs, but
only 34 in the tuinucat€iona intestinalisand 63 in the planariaBchmidtea mediterranea
A few microRNA families, such as let-7 [134], mir-1, and ni?4 [72] are well-conserved
among most animal clades. On the other hand, many otheriésnaite evolutionary very
young, some even specific to primates and possibly to hungr2[3.

Members of a given miRNA family can be fairly reliably recogd from genomic DNA
sequences due to the extreme sequence conservation ofttire méR and the characteristic
stable hairpin structure of the precursor. Such a systersatirch for miRNA homologs
can be used to determine first the phylogenetic distribudf@family and then to infer the
likely time of evolutionary origin which must predate thelaommon ancestor of all extant
family members. Pioneered in [72] and subsequently extbtmlancreasingly larger data
sets and complemented by experimental verification of ptedimiRNAs [156, 140, 70],
the analysis (see fig. 1.3 for updated data) reveals strgatigrns in miRNA evolution and
suggests that miRNAs have huge impacts on animal phylodémydramatically expanding
repertoire of both miRNA genes and their putative targe@®]ppears to be correlated
with major body-plan innovations. On the other hand, lireeagecific microRNAs may
account for phenotypic variation in closely related spgcie

A survey of the literature reported in [100] concludes thatdiversity of the microRNA
repertoire, the complexity of their expression patterms] the diversity of the miRNA

IMiRBase 11.0 (April 2008)http://microrna.sanger.ac.uk/sequences/
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Figure 1.3 Evolution of animal miRNAs. Starting fromirBase 11.0 (April 2008), a comprehensive homology search in atlogees shown in the tree was
conducted. Each microRNA family is mapped to the branchitegi the last common ancestor of the computationally ifiedthomologs (for technical details we
refer to [72]). Innovation of new miRNA families is clearlyp@n-going process in metazoan evolution. Due to the inceteglenomes of the lampr&gtromyzon
marinusand the shariCallorhinchus milii the assignment of innovations around the root of vertebrigtuncertain in details, and more complete data might shifg
some innovations back to the gnathostome and/or the vateetwot. Taken together, there is, however, a clear inen@ésoRNA innovation between the vertebrate Q
ancestor and the split of the teleost and tetrapod linealjes most striking burst of innovations, however, is obseiivethe eutherian ancestor. Note that the data;w%
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targets, are correlated with the animal’s morphologicahplexity. Mechanistically, this
is more than plausible since the miRNA pathway can influeaogel gene networks in a
coordinated manner and miRNAs are known to be involved irr¢lgelation of nearly all
cellular processes.

The evolution of microRNASs is characterized not only by tleatnuing innovation of
novel families but also by the diversification of establli@milies spawning additional
paralogous family members. Animal miRNAs are often orgedim genomic clusters,
usually indicating a single polycistronic primary preaursranscript, which may carry
members of several distinct microRNA families. Like proteioding gene families, the
miRNA families evolve through gene duplications and gerss,|dig 1.7 [173, 172, 72].
Two distinct types of duplication events can be distingedh(a) local duplications leading
to additional copies on the same primary transcript, anch@n)}local duplications which
eventually place the paralogs under different transaniyai control. The cause for non-local
duplications are mostly the whole-genome duplicationsiyesertebrate and in the teleost
evolution [161], while only a few individual duplicationg primary miRNA precursor
genes have been described [72]. In contrast to the typicalenio protein evolution,
mature miRNA paralogs usually acquire no or only minimalsitbtions, suggesting that
functional differences between paralogs are predomipamatlised by differences in the
regulation of their expression and processing rather tyamanges in the portfolio of their
potential targets.

The continuing innovation of MiRNAs is also highlighted thetpresence of a large
number of evolutionarily very young and sometimes even isgespecific miRNAs. A
pipeline designed to find miRNAs without enforcing initiabrestraints of evolutionary
conservation [22] discovered 89 novel miRNAs of which 53 jarienate specific. These
finding partially overlap similar results from other grougd, 25, 193].

In a high-throughput sequencing study [25] of human and phimee small RNAs,
Plasterk and co-workers found 447 miRNA that were novelatithe, of which 244 were
expressed in human and 230 in chimpanzee with an overlaplpf2dn Of novel these
human miRNAs, more than 50 are specific to primates and 8%fgpchuman according
to sequence conservation. The same study also shows thahsi®NA families apparently
expand in a species-specific fashion.

The general trend of expanding the microRNA repertoire irsiineages appears to
correlate with increasing morpological complexity [7261%40, 70]. The morphological
simplification in urochordates, on the other hand, is accomga by the loss of numerous
highly conserved bilaterian miRNAs and a reorganisatiaiheir miRNAs that clearly sets
them apart from the other chordate lineages [55]Olkopleurg the effect is particularly
striking. In urochordates, a large number of introns hawentediminated due to the strong
pressure towards genome compression, explaining thetiedwd the fraction of intronic
microRNAs from~ 80% in vertebrates to less than 30%. The need to reduce gesinene
may also explain why the majority of urochordate miRNAs isdted antisense to their
target gene [55].

Another example for the opposite trend of minimizing or gaorising the miRNA reper-
toire can be found in the flatworm lineage. The planaB8ahmidtea mediterraneancodes
71 miRNAs [132]. In contrast to other protostome lineagessinof their precursor se-
quences cannot be faithfully aligned with family memberstimer phyla. In the trematode
flatworm Schistosoma mansaqttine closest sequenced relativeSshmidteawe could rec-
ognize less than 10 microRNAs in a computational survey ©fjgnome (unpublished
data).
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1.6.2 Plant microRNAs
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Figurel.4 Phylogenetic distribution of plant microRNA families. Asfig. 1.3, microRNA families
are mapped to the branch leading to the last common ancéstootated family members. The figure
combines the data listed inirbase 11 (April 2008) and in refs. [15, 18, 167, 191, 200].

As in animals, microRNA innovation is an ongoing processlanpevolution, fig. 1.4.
Interestingly, there are much fewer distinct families afiserved miRNAs, many of which
are evolutionarily very old, see e.g. [200, 15, 167]. At tda&families date back to the last
common ancestor of bryophytes and angiosperms. At the samamnany plants studies
so far exhibit large diverse sets of species-specific miRM®s often outnumbering the
conserved miRNAs. [15, 18, 49, 50, 110, 169]. Many of theseigs-specific miRNAs are
single-copy genes and show significant sequence similaittytheir putative targets, sup-
porting the view that these miRNAs are indeed evolutionaryvecent. Conceivably, some
of the species-specific miRNAs may be misclassified membearther siRNA families.

Non-local events can be detected and dated by examiningo@i®n patterns of protein
coding genes flanking individual miRNA family members allog calculation of phylo-
genetic trees of miRNA families [115]. About 67% of Alfabidopsiamultifamily miRNA
genes, for instance, emerged from local duplications.
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1.6.3 MicroRNAs and Viruses

MicroRNAs regulate host-pathogen interactions in diffeeidirections (virus— virus, virus
— host, host> virus) and stages of the viral life cycle (infectious, la)eand therefore
pathways (replication, apoptosis, infection). The modmt#raction also depends on the
subcellular localization of the virus within the host cell.

Since the first cleavage step of the pre-miRNA from the printeanscript takes place
in the nucleus, viruses encoding their own miRNAs have tolide & cross the nuclear
membrane. This is the case in particular for retroviruséschveven integrate into host
genomes, and DNA viruses. RNA viruses remaining in the dgtp require either an
transport mechanism shuttling their mRNA into the nuclewssome alternative miRNA
maturation pathway.

EBV (Epstein Barr virus also called human herpesvirus-4 b)) was the first virus
shown to encode several microRNAs [136] located in intrars @TRs. Typically, viral
miRNAs are conserved only in closely related species or hall,amaking their compu-
tational prediction a difficult task. A machine-learningpapach using a set of properties
of stem-loop structures such as free energy of folding,tleagd base pair compositions
[135] nevertheless lead to the discovery of miRNAs from eedie array of DNA and
Retroviruses includinglerpesvirusesPolyomaviruseandAdenoviridae One microRNA
each was found in Measle viru®dramyxoviridag and yellow fever virus (YFVFla-
viviridae) [135]. Drosophila C virus, ®icornavirusnaturally associated witbrosophila
melanogasteralso expresses small RNAs [9]. In the following, we briefiroduce a
few well-studied cases; for more detailed reviews of midddR in viruses we refer to
[123, 165, 150, 38, 46].

DNA Viruses Encode Their Own miRNAs. The latency-associated transcript (LAT) in
Herpes simplex virus-1 (HSV-1) inhibits apoptosis and béif virus to remain undetected
in the infected hosts cells. A miRNA encoded in this trangdargets components (TGF-
beta, SMAD3) of the TGF-beta pathway, which induces apagtasd thus sustain viability
of the host. [65]

In Simian virus 40 (SV40), a member of the polyomavirus fgmiv40-miR-S1 is
processed from the 3’ UTR of the late pre-mRNA. It targetsfigeen, one of the viral early
genes, which in turn is recognized by cytotoxic T lymphosy{€TLs). The mechanism
enables the virus to escape the host defense response. RINAME highly conserved
across related primate polyomaviruses [166].

Epstein-Barr virus (EBV) encodes several miRNA. One of tifenR-BART2) was pre-
dicted to target viral DNA polymerase BALF5 and was recesligwn to inhibit transition
from latent to lytic viral replication [19]. miR-K12-10 fra Kaposi's sarcoma associated
virus is encoded in the ORF of the karposi gene. Excision@®htfiRNA caused cleavage
ofthe mRNA. In addition, this miRNA provides an editing de@ading to a glycine to serine
change in the kaposin protein [135].

RNA viruses regulated by hostmiRNAs. Human mir-122 leads to accumulation of viral
RNA during Hepatitis C virus (HCV) infection, and was themef suggested to positively
interfere with viral replication. This explains why sucsg HCV infection depends on
the presence of mir-122 [80]. Knocking down components efitiRNA Pathways [144]
or mir-122 [81] leads to reduced HCV replication. Other RNifuges are sensitive to
host miRNAs. Mouse mir-24 and mir-93 serve as host defengariggting large protein
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(L protein) and phosphoprotein (P protein) genes of rhalvdewesicular stomatitis virus
(VSV) [131].

Retroviral RNAs blocking host miRNA pathways. Several retroviral RNAs have been
shown to enter or interfere with the miRNA pathways and trawsse inhibition of the host
machinery. Adenoviral VA RNAI is processed by dicer. Itis highly abundantin late-cells
and blocks the host miRNA machinery by saturating the varfnotein components. For
instance, 60% of the small RNAs incorporated into the RIS@mex resemble viral VA
RNAI | products. [8, 196]. Two miRNAs of the mir-17 cluster (mir-4fd mir-20a) target
histone acetyltransferase Tat cofactor PCAF, an impoftantbr HIV-1 replication. The
expression of these miRNAs was found to be actively suppdelsg HIV-1 [178]. Human
miR-32, finally, targets Tas, a gene of primate foamy viryety (PFV-1), that suppresses
the microRNA pathways [99].

Plant viruses. As to-day, no miRNAs in plant virus genomes have been regatel
although exogenous RNAI plays a central role in fighting s&slin plants [67], there is no
evidence that miRNAs are directly involved in responsesral infections. High mutation
rates allow viruses to escape miRNA cleavage by quickl@yrialy sequences of putativee
miRNAs target sites [159]. Furthermore, almost every plénis encodes suppressors of
the siRNA-mediated host response to infections and somkesktinhibit steps that are
shared with the miRNA pathway [83, 35]. It is however repdtteat some viruses without
such PTGS suppressors may also exploit the miRNA pathwaly [2h example for a
plant miRNA with a probably regulatory role in an infecti@sponse has been observed in
Brassica rapa Here, an evolutionary youngurnip mosaic virugTuMV) induced miRNA
cleaves specific disease-resistance genes of the TIR-N&Sdlass [69].

1.6.4 Mirtrons

Mirtrons are alternative precursors for microRNAs that &apphe splicing machinery for
the first steps of their processing, thereby bypassing Rra#davage. This alternative
processing pathway was recently described in mamrbDatsophila andCaenorhabditis
[23,128, 61], fig. 1.5, and even in rice a candidate mirtraldeen reported recently [206].

Figure 1.5  Mirtrons exhibit characteristic
sequence patterns just inside the exon/intron
boundaries that differ significantly between
vertebrates and invertebrates [23]. The splice-
donorGU and the splice accept@G are shown

Mammalia

g g 5 ; in bold. Arrows indicate the mature microRNAs,

G—c G—cC which can be located on both arms. While their 5’

U—A A end is well defined, there is some variation at their
G G Invertebrates G 3’end.

While mirtrons are often well-conserved within nematodesgcts, and vertebrates, none
of the known mirtrons is shared between these clades. Sentebrate and invertebrate
mirtrons exhibit several differences, fig. 1.5, Berezikbal.[23] suggested that the mirtron
pathway evolved independently in several clades. Altéralgt mirtron sequences might
not be sufficiently well-conserved in order to unambigugesitablish homology between

phyla.
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1.7 ORIGIN(S) OF microRNA FAMILIES

1.7.1 Metazoa

Since almost the entire eukaryotic genome is transcrib&sl [there is no shortage in RNAs
that can potentially enter the microRNA processing caschudfact, stem-loop structures
of the approximate size of microRNA precursors are a highlynalant feature of random
RNA sequences. It stands to reason that a sizeable fradtitvese is sufficiently stable
and symmetric to be processed. Indeed, a computationabagipithat started with an
initial search for all hairpins in the human genome and sgibsetly employed stringent
computational and experimental filtering [22] identified fr@nate-specific microRNAs.
Similarly, in [24] several lineage-specific miRNAs aredidt some of them exhibiting rapid
evolution. This picture is reinforced by high-throughpetjgencing [25], which found
hundreds of specific miRNAs in human and chimp brain, re$pagt This lead us to
conclude [173] that novel metazoan microRNA families cantly arise from expressed
transcripts that are currently not unter strong selectitairpins formed by these precursor
RNAs are then processed with a non-negligible probabiitydvel microRNAs, which are
retained and rapidly optimized if they provide a beneficdgjulatory impact.

In a some cases, the precursor transcript can be identifieet @is a repetitive element
(see Section 1.7.3) or a pseudogene. The latter are goodlegatbr ancestors of novel
miRNA-bearing transcripts, because expressed pseudsgesn®mund in a reasonable num-
ber in many genomes, often arising from strongly expressegg such as housekeeping
genes. Examples of observed miRNAs in pseudogenes arditiet@specifienir-220and
mir-492[40].

1.7.2 Mechanisms in plants

Evolutionary young, species specific plant miRNAs oftervgshayh sequence similarities
to their target genes even beyond the mature miRNA sequdrareexample, both arms
of miR822show extended similarity with DC1 domain containing ger&sdnd a similar
pattern was reported fonirl61, mirl63[3], miR826andmiR841141] and their predicted
targets. In some cases, the sequence similarities alsadmgiromoter regions [187].
This observations lead to thaverted duplication hypothes[8], which postulates that
miRNA genes arise from local inverted duplications of thenmget genes. A variant of
this mechanism has been proposedrfoR842and miR846in Arabidopsis[141], where
miRNA and miRNA* likely arose by an early duplication everitinin their targets. Later
duplications then generated this miRNA loci. Transcriptid such young miRNA genes
produces foldback structures that are probably process@h4 and aquired mutations
then may lead to a switch CL1 processing [14].

1.7.3 microRNAs and Transposable Elements

A subset of the mammalian miRNAs are derived from Transpesdéments (TEs), tab. 1.1.
This phenomenon appears to be associated with the expaofidbBs in mammalian
genomes, since no repeat-related miRNA precursors have feperted in chicken or
Drosophila The single example i@aenorhabditis elegansel-mir-69 was later reclassi-
fied as siRNA [108].

Overall, TE-derived miRNAs are significantly less consertrean non-TE derived ones
[139], and the list include several lineage-specific miRN&g. rno-mir-333 and hsa-mir-
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Table1.1 microRNAs derived from Transposable Elements

Repeat class

Mammalian microRNAs

LINE {(hsa, mmu, rno) 28, 151/151*, 3RF(hsa, mmu) 374, 421, 493{(hsa) 95, 545,
552, 562, 571, 576, 578, 579, 582, 588, 606, 616, 619, 625,632 644, 648,
649

MITE {(hsa) 361, 513-[a-1, a-2], 544, 548-[a-1, a-2, a-3, b, ¢, d-2], 570, 579, 584,
587, 603, 645, 652

SINE {(hsa, mmu) 130-b, 330, 345, 370, 378hsa) 422-a, 566, 575, 607, 619, 633,
640, 649, {(rno) 333

LTR {(hsa) 548-a-3, 538 {(mmu) 29%, {(rno) 327%

DNA(mariner)  {(hsa, mmu, rno) 340

Other (Arthurl) {(hsa) 659
Plant microRNAS

DNA {(ath) 418,{(osa) 439-[a, b], 817, 821-[a, b,}c]

LTR {(ath) 401, 854-[a, b, c, d], 8%5{(0osa) 416, 420, 531

MITE {(ath) 405 [a, b, d}{(osa) 442, 443, 445-a, 806-[b, g] 807-[b, c] 809-h, 811-[a, b

c], 812-[a, b, c, d, €], 813, 814-[a, b, c], 816, 818-[b, eP44, d, f, g, h], 821-[a,
b, cl}

Abbreviations.hsa: human, mmu: mouse, rno :rat, ath: arabidopsis, osa: lI&lE: long interspersed element;
MITE: miniature inverted-repeat transposable elemeniyESIshort interspersed element; LTR: long terminal
repeat retrotransposons; MIR: mammalian interspersezhtep

References. aompiled from [160, 139, 137] artafrom [12, 138].

Figure 1.6  Transition from a full-length DNA
element (a) with terminal inverted repeats (black

a = — c : triangles) enclosing an ORF to a MITE (b) which
consists of the inverted repeats only. Transcripts
b - d 2 with a large internal region (c) give rise to SiRNAs,

while short hairpin RNAs arising from MITEs (d)
are the first step towards generating microRNAs
from TEs. Adapted from [137, 138].

95). The better conserved ones mostly stem from L2 and MiRehts [160], while
mariner derived elements MADE1 and other miniature inerepeat transposable ele-
ments (MITES) are a major source of human-specific microR{figs1.6 and [204]).

Several genomic loci in plants have been reported to encoftthesiRNAs and miRNAs.
Comparative analysis revealed that these are repeatedgi@8]: While long nearly exact
double-strands, including those formed by the terminadiited repeats of full-length DNA
elements, produce siRNAs, miRNAs are derived from shorteirfget hairpin structures.
The latter may arise from MITEs, which consist of two ternhingerted repeats with little
intervening sequence (fig. 1.6).

1.7.4 Are Animal and Plant microRNAs homologous?

Until very recently, endogeneous miRNAs were known only ialtioellular organism:
landplants and metazoans. This picture changed with tremwlsy of miRNAs in the
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green alga€Chlamydomonas reinhardtj202, 120] and in the slime molBictyostelium
discoideuni74]. A computational study presents evidence for miRNA3rypanosomes
[116], although these reports have not yet been verifiedrerpatally. There is no con-
vincing evidence that any of the known microRNA familiesatalback to the last common
ancestor of plants and animals. The only published carelidat854/855 [12], cannot be
traced consistently through either plant or animal phylggéhe low-complexity sequence
is most likely an analogous invention. In the same vein, mufrtbe seed plant microR-
NAs is related to microRNAs of the green algablamydomonas reinhard(j202, 120].
ChlamydomonamiRNAs differ in serveral respects from microRNAs of lanaipts. In
particular, multiple mature miRs are processed from a sistgm loop. The slime mold
miRNAs [74] also show no homology to either pla@hlamydomong®r animal miRNAs.

The small RNA processing pathways and the RNAI machinenaitiqgular are evolu-
tionarily very old [179], presumably dating back to ancalstukaryote since its components
are present in the most basal lineages [31]. For the origth@miRNA processing ma-
chinery there are two possible scenaria between which weotalistinguish based on the
available evidence:

(1) It arose once, rather early in eukaryote evolution. Iis tase, the ancestral mi-
croRNAs have then long been replaced by more modern inromsaii the different
kingdoms, while the protein components of the microRNA pssing machinery
have been retained.

(2) The endogeneous production of specific miRNAs has edaiwaltiple times with
different requirements on the RNAs to be processed. Thusmypthe microRNAs
arose independently but the processing machinery was albeed multiple times
from ancestral SIRNA pathway(s).

Chlamydomonador instance, has undergone extensive duplications oféiCaod Ar-
gonaute proteins after the divergence of the green algataddglant lineages leading to
a diversification of the core RNAiI machinery [32].

1.8 GENOMIC ORGANIZATION

1.8.1 Clusters and Families

Mammalian genomes contain two distinct types of microRNéstdrs. In the first type,
groups of microRNAs expressed from polycistronic primargqursors are easily recog-
nized by the syntenic conservation of their genomic locatieer long evolutionary times
[72]. Such clusters typically contain only a few miRNA presor hairpins, the largest
and most impressive example being thie-17 clusters, whose evolution is summarized in
fig. 1.7 above. The largest cluster of this type in vertelsrastéhe mir-379/mir-656 cluster,
located in human within the imprintddLK-DIO3 region on chromosome 14 [33]. This
cluster is present in the genomes of all sequenced placeataimals [59] MiRBase [63]
lists 42 miRNAs in human and 37 in mouse located in this clustemembers are produced
from a large non-coding RNA [154].

The second type of clusters consists of large numbers of wgRihich are transcribed
independently or possibly in small groups. An example iSGh®MC cluster [26], whose
members are individually transcribed by pol-11I utilizitige promoters of Alu elements.

In constrast, miRNA clusters are not frequently observedidnt genomes. One of these
exceptional case isthe miRNA-395 family. Clusters of vasisizes and intergenic distances
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Figure 1.7 The evolution of the mir-17 clusters is governed by a compistory of duplications
and loss of individual members as well as duplications dfentusters. The extant clusters consist of
members of three non-homologous groups of MIRNAS, namelyth 17, mir-19, andmir-92groups
each of which is composed of several subfamilies with défféiirbase names (lower right insets).
Only mir-92 pre-dates the origin of vertebrates, which is the earligisteaice for clusters stemming
from lamprey and shark. The formation of the ancestral ehjaind the divergence of batfir-18 and
mir-93 from themir-17 group appears to have pre-dated the first round of genomécdtiph in the
ancestral vertebrate. Differential loss of one of thie-93 andmir-18 paralogs apparently followed
the first duplication. The two clusters then evolved indejegrtly: The type-I cluster was extended
by a duplication of the entire region fromir-17 overmir-18to mir-19a immediately behinanir-19a
and a secondary loss of tihar-18 copy. MiccroRNAs of the type-II cluster evolved indepentien
in their sequence, resulting in homologous MiRNAs-106a, 19dandmir-25. Only a single cluster
was found in the genome of the lamprBgtromyzon marinusvhich contains both anir-20 and
mir-19bhomolog, suggesting that it shares the first genome dujaita# second round of genome
duplication results in two copies of type-I clusters whife ttype-Il cluster was not duplicated at
all. In elephant fish@allorhinchus mili) as an early representative whose genome was exposed to 2
genome duplicationsnir-19aandmir-20 were lost in both type-I clusters anair-106aandmir-19d
were lost in the single type-Il cluster. In mammals, the htmgous miRNAsmir-19aandmir-19d
were lost in the second copy of type-I cluster and the typuBter, respectively, while the first copy
of the type-I cluster remained complete. In teleost fishdgchvunderwent a third whole genome
duplication, the two copies of type-I clusters were dugideand one of these duplicated clusters was
lost subsequently, resulting in 3 type-I clusters (typ&8,C). Again, only one copy of the type-I|
cluster was retained. In zebrafidbgnio rerio) the first gene of the type-II clustem{r-106H and
the first mir-17) and last (ir-92) ones of the third copy of type-I cluster were lost. Whité-19a

is absent in medakaDfyzias latipey and in sticklebackGasterosteus aculeatyshe pufferfishes
Takifugu rubripesandTetraodon nigroviride$ost mir-20 andmir-19hb.

The figure is based on a re-evaluation and extension of estlidies of the mir-17 cluster [173, 174].
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have been reported for several genomes and rice EST dataiedhat at least some of
them are expressed as single, policistronic transcrigt [RVIR156 tandem cluster has
been reported both in several monocots and in the dicotglesiplanipomea nil MIR169
and MIR1219 are also observed as clusters in distantlyeetlptants [169, 168]. In all
these cases, the clusters contain only members of the samig. fa

In contrast to all other landplants investigated to-daeut a quarter of the miRNAs
of the mossPhyscomitrella patenare located in clusters [169, 15]. The exceptional mi-
croRNAs of the green alg&hlamydomonas reinhardtare also partially clustered. In
particular, several members of the MIR918 family are patdigtderived from a single
stem-loop [202, 120].

1.8.2 Regulation of microRNA Expression

Most pri-miRNAs are transcribed by RNA polymerase Il sifeeste transcripts contain cap
structures as well as poly(A) tails [103, 30]. Core promstesive been characterized in
both animals and plants [204]. Transcriptional regulatibpri-miRNAs does not seem to
differ substantially from potein-coding pol-1l transdspalthough only a few examples have
been analyzed in detail. Expression of the human mir-21,genexample, depends on the
transcription factor Stat3 due to two Stat3 binding sitesriupstream enhancer region that
is strictly conserved since the first observed evolutiorsgyearance of mir-21 and Stat3
[111]. This connection between microRNA and transcripfiactor is highly conserved
in evolution, fig. 1.8. Recently, the involement of Stat3 om-B1 expression was also
observed in ateleost [143]. MicroRNA misregulation by tine@genic transcription factor
Myc [34] and the tumor suppressor p53 [71] contributes todrigenesis. Phylogenetic
footprinting, furthermore, revealed that transcripti@actbrs that play essential roles in
development preferentially regulate miRNA gene®msophila[185]. A recent analysis
of the primary precursors of mouse microRNAs uncovered aesed sequence element
that might be involved in post-transcriptional regulatamicroRNASs [68].

Some microRNAs, most notably the members of the C19MC alusténuman Chr.19,
are transcribed by RNA polymerase I, in this case utiligihlu repeats to recruit the
polymerase [26].

In general, it not clear whether transposable elementdgedtie transcriptional starts
for adjacent microRNAs [160], although human MITEs are $@ibed as read-through
transcripts initiated from adjacent genomic positions aoithy means of a strand-specific
promoter provided be the transposable element itself [13Tgnsposable elements that
dually code for microRNAs and siRNAs can be expressed asheadyh transcripts from
intronic regions of spliced RNA messages [138].

About a quarter of the human microRNAs is located in introfngrotein-coding genes
[107], in Xenopusntronic locations are predominant[171]. Contrary toamic SnORNAS,
the majority of intronic miRNAs are processed from unspliggronic regions before the
catalysis of splicing in vertebrates [90] and show a biasatol large 5’ introns [203].
However, recently discovered mirtrons are diced from untinad introns (see 1.6.4).

Differential miRNA precursor processing in both the nusled cytoplasm may lead
to distinct expression profiles of both miRNA precursors #meglr mature microRNAs,
indicating that post-transcriptional processing playswportant role in regulating miRNA
expression [125, 171]. MicroRNA specific sequence motitated within a few hundred
nucleotides upstream of the pre-mir hairpain in both nedeg@and vertebrates [126, 76]
may well be involved in these processes.
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Figure1.8 Evolutionarily conserved regulation of mir-21 by Stat3. iyfily conserved enhancer
featuring two Stat3 binding sites (I.h.s.: schematic sageelignment) is located between 3 and
4kb upstream of the pre-mir-21 hairpin (r.h.s.). Althougle enhancer is located in an intron of
the adjacent TMEMA49 gene, this distance does not correldteggnome size suggesting that the
enhancer region is associated with mir-21 and independethieoTMEM49 gene. Adapted from
[111].

Plant pri-miRNAs are probably also transcribed by RNA Pddyase 1l [193]. Dif-
ferential pri-miRNA processing is also observed in plamd aplicing variants of several
pri-miRNAs have beenreported (e.g.[193, 188]). In corsstaanimals, the overwhelming
majority of plant miRNA genes are located in regions betwe@motated genes [146] and
only a few miRNA loci have been reported to overlap with pioteoding genes [141, 15].
In general, little is known about the regulation of mMiRNA eggsion in plants. MicroRNAs
miR162 and miRNA168, for example, were shown to be negatgelators of miRNA
pathways in plants by targetifigCL1 [194] andAGO1[182], respectively, both central
genes of the plant miRNA machinery. Arabidopsisthe DCL1 pre-mRNA level is also
self-regulated with the help of mir838, which is locatedritron 14 ofDCL1. High levels
of DCL1 proteins lead to a competition with the splicing machinergt BCL1 processed
DCL1 primary transcripts are non-functional and subject to dégtion [141].

Analyses ofthe upstream regions of known miRNAs revealeédlfa box sequence motif
in the promotor region [193, 188]. Furthermore, bindingsiof the transcription factors
AtMYC2, ARF, SORLREP3, and LFY are overrepresented in campa to protein-coding
genes, indicating an importantrole of these transcrigéotors in miRNA regulation [118].
The miRNA319a locus has been investigated in differentisgdoomBrassicacea¢l88]
and a strongly conserved upstream region has shown to betieséer transcription.

1.9 SUMMARY AND OUTLOOK

We are just about to understand the signifficance of small R&#¥regulators in eukaryotes.
Starting from miRNAs, researcher from a variety of discipk have set out for the quest
for other small noncoding transcripts by exploring the RMomhe impact of the findings
was remarkable. Not only have we found that transcriptioesgmeyond/extends regions
of protein coding genes, but that these noncoding regiam®fsignifficant information
content. Intergenic DNA, often described as 'playgroureMoiution’, turned out to harbour
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aplethora of cis and trans regulatory elements, many of théme form of noncoding RNAs.
In this chapter we try to provide a comprehensive view of arghslass of ncRNASs, but
also underscored the importance of other RNA regulatorsdale, microRNAs are one of
the best described classes of small ncRNAs.

Less than a decade of microRNA research has profoundly elubifig perceptions of
the role of RNAs from rather uninteresting carriers of cgdinformation to key players in
cellular regulation. Indeed, microRNAs affect gene exgi@son multiple levels: specific
histone methylation patterns alter the accessibility afayeic regions, activation or silenc-
ing of promoters defines transcriprtional activity of gereawd finally post-transcriptional
gene silencing (PTGS) of mMRNAS serves as another checkpefate energy consuming
translation into protein takes place. In all these proceséRNAS serve as the exchange-
able RNA module in large protein complexes and sign respiair specific interactions
with the target sequences.

The consequences of this novel picture of eukaroytic regulaeed to be explored in
more detail, using also approaches from systems biologyly8tg the evolutionary history
of genes and targets revealed an RNA-based gene regulayery implying an additional
source for genome plasticity. Question on how novel RNAgrioute to an increase in
genome complexity and how they lead to the emergence of riitd remain largely
unanswered. Tracing back the ancestor(s) of recent smBRINAs seems a promising
approachtowards undestanding whether small RNAs in ptanttsnetazoans are analogies
or homologies. The protein machinery that facilitates pesing as well as functionality
clearly shares main features, but at the same time posessegleflexibility to allow the
aquisition of novel RNA substrates.

Even the epigenome turned out to be under the influence of RiwAval. The dis-
covery of rasiRNAs and piRNAs, for instance, reveals a fluinédrmation between gen-
erations that goes beyond the “programs” hard coded in onorges. Are we indeed
ribo-organsims? If so, we need to be careful in designing Rid&ed drugs. Shortly
after siRNAs were introduced as the ultimate tool for transknock-down expriments,
researchers found themselves dealing with cross-regctivid other unexplainable side
effects or even no effects at all. Nevertheless, these newtdogies seem to be key in
the development of new lab technologies and medical agita A variety of diseases,
foremost cancer, were linked to RNA misexpression, oncengganting out that small can
be mighty.
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