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1.1 INTRODUCTION

The advent of high-throughput techniques that allow cormgnsive unbiased studies of
transcription has lead to a dramatic change in our undeistgrof genome organization.
A decade ago, the genome was seen as a linear arrangemepauatse individual genes
which are predominantly protein-coding, with a small sean€ient non-coding “house-
keeping” RNAs such as tRNA and rRNA dating all the way backrit&R&A-World. How-
ever, in contrast to this simple views more recent studigsalea much more complex
genomic picture. The ENCODE Pilot Project [239], the mouS&l& project FANTOM
[151], and a series of other large scale transcriptome esudi.g. [202], leave no doubt
that the mammalian transcriptome is characterized by a Eomposaic of overlapping,
bi-directional transcripts and a plethora of non-proteiding transcripts arising from the
same locus, Fig. 1.1.

This newly discovered complexity is not unique to mammalmil&r high-throughput
studies in invertebrate animals [152, 93] and plants [135hdnstrate the generality of
the mammalian genome organization among higher eukary&tesn the yeastSaccha-
romyces cerevisia@ndSaccharomyces pombghose genomes have been considered to be
well understood, are surprising us with a much richer rejerof transcripts than previ-
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Figure 1.1 Sketch of the post-ENCODE view of a mammalian transcript¢edepted from [113]).
Highly transcribed regions consist of a complex mosaic @&rlapping transcripts (arrows) in both
reading-directions. These transcripts link together tiwations of several protein coding genes
(coding exon indicated by black rectangles). Converselytipie transcription products, many of
which are non-coding, are processed from the same locusrasesrpcoding mRNA.

ously thought [92, 49, 166, 266]. Even in bacteria, an unetgzecomplexity of regulatory
RNAs was discovered in recent years [80].

Given the importance and ubiquity of non-coding RNAs (ncRINAnd RNA-based
mechanisms in all extant lifeforms, it is surprising thatsti#d know relatively little about
the evolutionary history of most RNA classes, although @&sef systematic studies have
greatly improved our understanding since our first attemhpt @mprehensive review of
this topic [21].

There are strong reasons to conclude that the Last Univeesaion Ancestor (LUCA)
was preceded by simpler life forms that were based primarilRNA. In this RNA-World
scenario [77, 76], the translation of RNA into proteins, dmel usage of DNA [72] as an
information storage device are later innovations. The wéage of catalytic activities that
can berealized by relatively small ribozymes [218, 227] ebas the usage of RNA catalysis
at crucial points of the information metabolism of moderfiscprovides further support
for the RNA-World hypothesis. Multiple ancient ncRNAs angalved in translation: the

Table 1.1 Selected experimental surveys for ncRNAs. We only listhauiit claim to
completeness, extensive studies for RNAs larger than theseciated with the RNA
machinery and smaller than typical mRNAs.

Organism ncRNAs Ref] Organism ncRNAs Ref.
@ () (@ (b
Caenorhabditis elegans 161 31 [5b]Dictyostelium discoideum 20 16 [8]
Aspergillus fumigatus 30 15 [110] Giardia intestinalis 30 26 [40]
Plasmodium falciparum 41 6 [34] Caulobacter crescentus 3 27 [129]
Sulfolobus solfataricus 22 23 [279] Sulfolobus solfataricus 31 33 [235]

(a) ncRNAs for which as least membership in known class se@maRNAs could be established
(b) ncRNAs without annotation
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Figure 1.2 Origins of major ncRNA families. The origin of ncRNA famifids marked leading
to the last common ancestor of the known representative détails on RNAi and microRNAs we
refer to— chapter ***, The microRNA families of (a) eumetazoa (animals exceptgps), (b) the

slime moldDictyostelium (c) embryophyta (land plants), and (d) the green alghlamydomonas
are non-homologous. In addition, the putative origin of Ri¢Ai mechanism and the microRNA
pathways is indicated.

ribosome itself is an RNA machine [168], tRNAs perform a maart of the decoding on
the messenger RNAs, and RNase P, another ribozyme, is ad/oh\processing of primary
tRNA transcripts. The signal recognition particle, anotfilgonucleoparticle (RNP), also
interacts with the ribosome and organizes the transpodaksory proteins to their target
locations. For a discussion of rRNAs and tRNAs we refertohapter ***,

On the other hand, most functional ncRNAs do not date backeoLtJCA but are
the result of later innovations. Some crucial “housekegpfanctions involve domain-
specific ncRNAs. Eukaryotes, for instance have inventegplieing machinery involving
several small spliceosomal RNAs (snRNAs), while eubaatese tmRNA to free stalled
ribosomes and the 6S RNA as a common transcriptional reguldhe invention of the
RNAI machinery in eukaryotes and the subsequent evolutionicroRNAs in plants and
animals is discussed in detail in chapter ***,

The innovation of ncRNAs is an ongoing process. In fact, regperimental surveys for
ncRNAs, Table 1.1, report lineage-specific elements witHetectable homologiesin other
species. An overview of evolutionary older ncRNA familisgompiled in Fig. 1.2 without
claim to completeness. Many RNA classes, however, such ablAsRind vault RNAs,
and most eubacterial ncRNA families have not been studisdffitient detail to date their
origin with certainty. Some of them thus might have origathearlier than shown.
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Figure 1.3 Schematic drawing of the consensus structures of P and MR&sSRKNdapted from
[155, 254,272, 283]. The table indicates the distributitstiauctural elements. Black circles indicate
conserved elements, stems indicated in gray are presempimrksequences, open circles refer to
elements that are sometimes present.

1.2 ANCIENT RNAs

1.2.1 RNase P and RNase MRP RNA

RNases P and MRP are ribonucleoprotein complexes that antiasibonucleases in tRNA
and rRNA processing, respectively. Their RNA subunits amdugionarily related and are
involved in the catalytic activity of the enzymes. While @&hlong been known that RNase
P RNA is a ribozyme in bacteria and several archaea, it wadstrated only recently
that eukaryotic RNase P RNA also exhibits ribozyme actii2y0]. The main function
of RNase P is the generation of the mature 5’ ends of tRNAs. [Z&4] for a recent
review of RNase P. In contrast, RNase MRP is eukaryote-Bpedt processes nuclear
precursor rRNA (cleaving thég site and leading to the maturation of the 5’end of 5.8S
rRNA), generates RNA primers for mitochondrial DNA reptioa, and is involved in the
degradation of certain mMRNAs.

The phylogenetic distribution of P RNA clearly indicateattlit dates back to the Last
Universal Common Ancestor [193]. MRP RNA can be traced tatlst basal eukaryotes
[193] and apparently was part of the rRNA processing casoftte Eukaryotic Ancestor
[272]. The high similarity of P and MRP RNA secondary struet45] and similarity of
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the protein contents and interactions of RNase P and MRPBH,siggest that P and MRP
RNAs are paralogs.

RNase P RNA is found almost ubiquitously. Interestinglyfaoonly MRP RNA has
been found in plants including green algae, and red algag].[1®&/hether the ancestral
P RNA has been lost in these clades or possibly replaced by RIRR is unclear. It
is also possible that the P RNA sequences are derived from ether that they have
escaped detection so far. Despite the highly conservedstaretures, P and MRP RNAs
can exhibit dramatic variations in size, which mostly afieen large insertions in several
“expansion domains” [193, 112]. In eukaryotes, additidd&NAs are often encoded in
organelle genomes. Chloroplast P RNA is structurally intib bacterial type A [52] and
exhibits ribozyme activity [135]. Mitochondrial P RNAs, particular those of fungi, are
highly derived and exhibit only a small subset of the consdistructural elements shown
in Fig. 1.3, mostly P1, P4, and P18 [217]. Despite its corefiom in tRNA processing,
RNase P appears to be absent in the archhlemoarchaeum equitanfnstead, placement
of its tRNA gene promoters allows the synthesis of leadstiBdlAs [201].

1.2.2 Signal Recognition Particle RNA

The signal recognition particle (SRP) is a ribonucleoprdteat interacts with the ribosome
during the synthesis and translocation of secretory piste€sRP is responsible for the co-
translational targeting of proteins that contain signattjukes to membranes including the
prokaryotic plasma membrane and the endoplasmatic retituSRP recognizes first the
signal sequence of the nascent polypeptide and then the&Rptor in the membrane.
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Figure 1.4 Standard nomenclature of the helices of SRP RNA and thelogbwetic distribution. A
subgroup of Eubacteria which includes proteobacteria balrastically reduced SRP RNA. Adapted
from [284, 5].

The assembled SRP consists of two structurally and furaelflipdistinct domains. The
small domain, which consists of the Alu-domain of the SRP RiYW the proteins SRP9
and SRP14, modulates the elongation of the secretory profie larger S domain, which
consists of the S-domain of the SRP RNA and several specdieipis, captures the signal
peptide. Eukaryotic SRP RNA is also known as 7SL RNA.

SRP RNAs are highly conserved across large phylogenetartiss and fit a generalized
structure, sketched in Fig. 1.4, that can be used to definaralatd nomenclature for
the individual structural features [284]. Eukaryoteshawa, firmicutes and several other
early-branching bacteria such @kermatoga maritimdnave large SRPs containing both
domains. In contrast, most Gram-negative bacteria as welll&nown organellar SRPs
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have a reduced SRP RNA consisting of helix 8 only [5]. Sinamifiutes are among the
most early branching bacterial phyla, the SRP RNA have mbkdly lost the Alu-domain
in higher eubacteria.

It is interesting to note that the SRP of trypanosomatidsaios a second, tRNA-like,
RNA component [142].

1.2.3 snoRNAs

Small nucleolar RNAs (snoRNAs) represent one of the most@aut classes of nCRNASs.
They act as guides for single nucleotide modification in aasabosomal RNAs and other
RNAs in the nucleolus of eukaryotic species [54]. While nmgéds are present or known for
so-calledorphan snoRNAsnost guide snoRNAs target ribosomal RNAs (rRNASs) or small
nuclear RNAs (snRNAs). Recently, there has been a repdrsévaral snoRNAs may also
target tRNAs and other snoRNAs [282]. The orphan snoRNAg leen implicated in
modulating alternative splicing [119, 17].

Based on conserved sequence elements and secondaryrstranttRNAs are divided
into two major classes designated as C/D and H/ACA snoRNAsth Bliffer in their
characteristic secondary structure and in the sequendésrif@t gave them their names:
C/D snoRNAs exhibit the “boxes” C and D with consensus seqeéh)UGAUGAand
CUGA respectively. They frequently contain a second copy ofahe® boxes, usually
designated C’ and D’, in the region between the C and D box. Hhex of the H/ACA
snoRNAs has the consensus sequedANNA The ACA motif located at the 3’ end of
the molecule is highly conserved. Believed to be protemdinig elements, the sequence
boxes are located in unpaired regions, Fig. 1.5.

The characteristic secondary structures in Fig. 1.5 of ifdRare inferred mostly from
phylogenetic comparisons. Thermodynamic predictionsgisig.mfold or theVienna
RNA Package may differ considerably from the functional structure,icading that the
functional RNA structure within the small nucleolar ribateoprotein (SnoRNP) particles
is changed by the protein components, which bring the bansites in the correct formation
and thus help to bind the target [75, 213]. The poor predilitplof their secondary
structures is a major obstacle for computational snoRNAederding, see [95] and the
references therein.

The two major classes direct distinct chemical modificatioMost C/D snoRNAs de-
termine specific target nucleotides for methylation of they&iroxyl position of the sugar,
while most of the H/ACA snoRNAs specify uridines that areented into pseudouridine
by rotation of the base. These modifications apparentlyenfte the rRNA structure and
are functionally essential [128, 54]. A few exceptional RiNAs of both classes are also
involved in pre-rRNA processing but do not lead to chemicatifications. Instead, they
mediate structural changes of the rRNA to establish theecbconformation endonuclease
cleavage [10]. In human and yeast these are U3, U17 (alsorkaewn30), U22, and U14,
as well as vertebrate U8 and yeast snR10.

A subgroup of snoRNAs (only U3, U8 and U13 in human with sehatditional families
in nematodes) share features of SnRNAs, such as a postitiztitnally hypermethylated
2,2, 7-trimethylguanosine (TMG) cap at their 5’ end [109]nother small subgroup of
both C/D and H/ACA snoRNAs carries an additional localigatsignal for the the Cajal
body [108]. These small Cajal body-specific RNAs (scaRNAgét SnRNAs [48] and are
retained in the Cajal bodies (or yeast nuclear bodies, otisply). These sequences may
be chimeric composites containing both a C/D and an H/ACA aiarfor recruitment of
both classes of snoRNPs; an example is U85 [61]. There armbennf scaRNAs known
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Figure 1.5 Schematic representation of H/ACA and C/D snoRNA strustarel their characteristic
consensus sequence motifs (boxes). H/ACA snoRNAs (lef)ifdo a double stem loop structure
with the Box H between both stems and the ACA motif immedjafellowing after the 2d stem.
The target is bound to both stem-loop-structures insidie syenmetrical interior loops. Neither the
U that is modified nor the following nucleotide are bound togheRNA: instead, they are centered
within the interior loop.

The functional structure of C/D snoRNAs is probably stakeitl by proteins bound to the boxes, since
there is only a short (4-10nt) stem that encloses box C andi[® e region between the two boxes is
mainly unpaired. The target RNA is bound upstream of box habthe 5th nucleotide is methylated.
Many C/D snoRNAs have a second copy of both boxes between temd@® (namely C’ and D),
with a second functional binding site upstream of box D'.

that modify RNA pol ll-specific U1, U2, U4 and U5 snRNAs. Foeaxple, the human U85
scaRNA directs 2©-methylation of the C45 and pseudourydilation of the U46d@ss in
the U5 spliceosomal snRNA [48, 61].

The snoRNA-based RNA modification system is found in bothdtyétes and Archaea
[236,237,204]. However, little is known about the evolatad individual snoRNA families.
Even the characteristic sequence motifs of ShoRNAs arefiaddli several basal eukaryotic
lineages. IrLeishmania majgrthe ACA box is systematically replaced by AGA motif
[138], while other snoRNA molecules in the primitive eukatyyGardia lamblia show
mutationsin the D box of C/D-like snoRNAs [276]. Due to th@dor sequence conservation
it is a non-trivial problem to establish the homology of SN/&® over large evolutionary
distances, e.g. between a mammalian and a yeast sequenclusible assumption is
that homologous snoRNAs target homologous target positiBased on this assumption
C/D snoRNAs in theDrosophila melanogastegenome were successfully identified [1].
Additionally, a table of human/yeast correspondences eafobnd in thesnoRNABase
[133]. On much shorter timescales, the investigation o evolution in nematodes
[282] and in mammals [215] has shown that snoRNAs, like mahgramncRNAS, evolve by
duplication events and by coevolution with their targets.wfith duplicated proteins [71],
three different fates for duplicated snoRNAs were obser{@dnactivation and eventual
loss of one of the paralogs, (ii) maintenance of functionthedame target in both paralogs,
and (iii) divergence of the target site of one of the paraldggs may provide a mechanism
by which the extant diversity of snoRNAs may have evolvedni@ single ancestral C/D
and H/ACA snoRNA.

SnoRNAs are found in two different genomic contexts: witimtrons of protein cod-
ing genes and in independent transcription units. In bofiesathe snoRNA is initially
processed as pre-snoRNA that requires further matura2i®8]] Almost all sSnoRNAs in
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vertebrates are localized within introns of “house-kegpigenes, in particular of genes
for ribosomal proteins. However, in several cases it is &sowvn that the host-gene is
non-coding, see e.g. [14]. Outside the Metazoa, gene argimnm is more diverse. In
yeast, most snoRNAs are processed from independent manoey golycistronic RNA
transcripts [251]. Such polycistronic clusters of mukiglifferent snoRNA genes are also
commonin higher plants [26] and Kinetoplastida[139]. Thasnthesis of box C/D snoR-
NAs seems to be related to the position of the gene withinrttteri and optimal distances
between snoRNA coding sequence and conserved intron elefieeg., 3'-end and branch
point) in mammals and yeast [97, 251]. In contrast, it haslikenonstrated that H/ACA
snoRNAs originate in a splicing dependent manner but theyotipossess any preferential
localization with respect to intronic splice sites [206].

Duplicated snoRNA paralogs are often inserted into difiep@sitions in the same gene
(cis-duplication). However, also duplicated snoRNAs in disiggnes or even other chro-
mosomestfans-duplication) [282, 215] are reported. Finally, snoRNAgags may be
moved to different chromosomal locations through a dupiticeof the host genes. Consis-
tent with these mechanisms, duplications and “jumps” ofti@RNA gene from an intron
in the ancestral host-gene to an intron of another gene heme dbserved in vertebrates
[21]. Intergenic copies may also remain functional: Theypwrase-Ill transcribed C/D
snoRNA in yeast (snRN52) [88] may have arose from a paralaigtychance came under
the control of a polymerase-Ill promoter after duplication

1.3 DOMAIN-SPECIFIC RNAs

1.3.1 Telomerase RNA

In contrast to the circular genomes of prokaryotes, eukagybave linear chromosomes.
Special mechanisms are necessary to replicate the chromeosods, the telomers. In
almost all species investigated to-date, a telomerasenemnyaintains telomere length by
adding G-rich telomeric repeats to the ends eukaryoticnbemmes. Telomerase thus dates
back to the origin of eukaryotes. Notable exceptions argedipncludingAnophelesand
Drosophila which use retrotransposons or unequal recombinatioaadssf a telomerase
enzyme.

The core telomerase enzyme consists of two components: senteed RNA compo-
nent, which serves as template for the repeat sequencéandttlytic protein component
telomerase reverse transcriptase (TERT). The RNA compaeies dramatically in se-
quence composition and size. Although dozens of telomdRales (usually called TER
in vertebrates and TLC-1 in yeasts) have been cloned an@&segd, the known examples
are restricted to four narrow phylogenetic groups: vegtds, yeasts, ciliates, and plas-
modia. The protein component TERT on the other hand is knovenmuch wider range
of eukaryotes [196].

Yeast telomerase RNAs appear to be even less well consdn/gats], only seven short
sequence motifs are reported within more than 1.2kb trgsts@f Kluyveromycespecies,
and of these only a few are partially conserve&accharomycedn fact, Saccharomyces
andKluyveromyce3LC-1 genes cannot be aligned with each other by standaydraént
programs. The same is true for the recently discovered Tl géSchizosaccharomyces
pomb€g132, 262].

The small ciliate TER genes include a pseudoknot domaindbatains an unusual
triple-helical segment with an AUU base triplet. This doma also shared by the ver-
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Figure 1.6 Telomerase RNA structures of yeast and human share theoppof the pseudoknot
region and a functionally important junction region. Thenpgate and its boundary element (TB)
are highlighted. The yeast structure is a consensi&otharomycet7, 281] andKluyveromyces
structures [27]. The Ku80 binding domain is specific®accharomyces/ertebrate telomerases have
a snoRNA domain [165] at their 3’ end. This domain carries @ldzody localization signal (CAB)
[108], which is present in all vertebrates except teled&t4]. Black regions may vary dramatically
in length.

tebrate and yeast telomerase RNAs [246]. Whether such etteus also present in the
computationally predicted TER genes of plasmodia [34] isymeb known.

Although there isa common core structure of all these tetaseeRNAs [37], and despite
their length of several hundred to almost 2000nt, these RidA®in a worst case scenario
for homology search. Indeed, a survey of vertebrate telasgeRNAS [39] shows dramatic
sequence variation with only a few, short, well-conseneglgnce patterns separated by
regions of highly variable length. The recent discoveryhef TER genes of teleost fishes
[274] highlights the variability of this molecule, which$acquired several lineage-specific
domains, such as the snoRNA domain in vertebrates and th@Okhinding domain in
budding yeast, see Figure 1.6.

1.3.2 Spliceosmal snRNAs

In eukaryotes, introns of protein-coding mRNA und mRNAelikcRNAs are spliced out of
the primary transcript by the spliceosome, a large riboeqmiotein (RNP) complex which
consists of up to 200 proteins and five small non-coding RNIB4]. Mounting evidence
suggests that these snRNAs exert crucial catalytic funstio the splicing process [248].
Spliceosomal splicing is one of four distinct mechanisras, Bab. 1.2 for details.

The spliceosomal machinery itself may be present in thrgendt variants in eukaryotic
cells. The dominant form is thmajor spliceosom&hich contains the snRNAs U1, U2,
U4, U5 and U6 and removes introns delimited by the canonicabdacceptor pair GT-
AT (as well as some AT-AC and GC-AG introns). A recent reparttioe expression of
a U5 snRNA candidate iiardia [40], a protozoan with few introns, suggests that the
spliceosome and its snRNA date back to the Eukaryote ancebtogeneral, SnRNAs
are subject to concerted evolution if they are present intiplelcopies. Nevertheless,
there is evidence for differential regulation of paralogsnRNA genes in several lineages
[57, 38, 156].
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Table 1.2 Splicing Mechanisms. Three major mechanisms, (A), (B),@)ctan be
distinguished [146]. Group | [91] and group Il [69] (whicthcinde the group Il introns) are
self-splicing. However, Group Il introns also share seieharacteristic traits, including the
lariat intermediate, with spliceosomal introns and midtgre a common origin. The splicing
of eukaryotic tRNAs and all archaeal introns uses specificisg endonucleases, reviewed in
[30]. The spliceosmal machinery does not distinguish betwgotein coding mRNAs and
MRNA-like ncRNAs.

Domain (A) (B) ©

group | | group Il spliceosomal| endonuclease
Bacteria + + - -
Archaea — — — tRNA, rRNA, mRNA
Eukaryota + + “MRNA’ tRNA

About 1 in 10000 protein coding genes is spliced byrtiieor spliceosompL88] which
is composed of the snRNAs U11, U12, U4datac, U5 and Ubataceraa AT-AC (rarely
GT-AG) [221] introns. The snRNAs U11, U12, U4atac, and Ubdtke on the roles of
U1, U2, U4, and U6. Whereas, both U6 and U6atac are polyméhasanscripts, all other
spliceosomal snRNAs are transcribed by polymerase-iréstingly, the minor spliceo-
some can also act outside the nucleus and has a function coittel of cell proliferation
[123]. Functional and structural differences between e tiypes of spliceosomes are
reviewed in [267]. The snRNAs themselves are not only pathefspliceosomes but are
also involved in transcriptional regulation [127].

The third type of splicing ispliced-leader-trans-splicingHere a “miniexon” derived
fromthe non-coding spliced-leader RNA (SL RNA) is attacteetthe 5’ end of each protein-
coding exon [185, 198, 90]. The corresponding spliceosaorablex contains the SnRNAs
U2, U4, U5, and U6, as well as an SL RNA [90].

The minor spliceosome is presentin most eukaryotic lingagd traces back to an origin
early in eukaryotic evolution [44, 143, 211]. Although itmars to have been lost in many
lineages, most metazoa have a minor spliceosome, with tableexception of nematodes
such agCaenorhabditis elegarfd488] and certain cnidaria [50, 156]. Within fungi, minor
splicesomes have been reported only for zygomycota and sbhgigdiomycota. Minor
spliceosomes are also reported in oomycetes (Heterolkamdastreptophyta [50]. Whereas,
Euglenozoa and Alveolata do not seem to have minor spliceeso

The evolutionary origin of SL-trans-splicing is uncledhas been described in tunicates,
nematodes, platyhelminthes, cnidarians, kinetoplafids rotifera [198] and dinoflagel-
lates [140]. In contrast SL RNAs are absent in vertebratsggts, plants, and yeasts [198].
Due to the rapid evolution and the small size of SL RNAs it isdita determine whether
examples from different phyla are true homologs or not. Thus competing hypotheses
are discussed in the literature: (i) ancient trans-spiiaind SL RNAs have been lostin mul-
tiple lineages and (ii) the mechanism has evolved indepahdes a variant of spliceosomal
cis-splicing in multiple lineages.

In nematodes polycistronic pre-mRNAs are trans-splicéal two or even more [191]
distinct SL RNAs which provide the 5’ acceptor site for thatfifSL1) and all subsequent
(SL2) mRNA sequences. This leads to the formation of discnebnocistronic mMRNAs
that start with either the SL1 or the SL2 sequences [19]. SFslicing to the SL1 acceptor



DOMAIN-SPECIFIC RNAs 11

requires no specific signal. In contrastgts-splicing or SL1-trans-splicing the attachment
of SL2 appears to be linked with polyadenylation of the pdétg mMRNA in the polycistron
[194].

1.3.3 U7 snRNA

Replication-dependenthistone genes are the only knowargatic protein-coding mRNAs
that are not polyadenylated, ending instead in a conseteeal®op sequence, see [158]
for arecent review. The processing of the 3’ end of thesehésgenes is performed by the
U7 snRNP. The U7 snRNA is the smallest RNA polymerase-lidcaipt known to-date,
with a length ranging from 57nt (sea urchin) to 70nt (fruies). Its expression level of
only a few hundred copies per cell in mammals is at least thir@ers of magnitude smaller
than the abundance of other snRNAs.

Histone binding region Sm binding Hairpin
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Figure 1.7 Aligned sequence logos of the consensus sequences of U7AsnfRdin tetrapods,
teleosts, sea urchins, and flies. Adapted from [157].

The U7 snRNP-dependent mode of histone end processingiigbéen believed to be
a metazoan innovation [13, 158]. Anyway, the phylogenastrithution of the U7 snRNP
proteins, provide evidence for an origin of this mechanismiyein Eukaryote evolution
[51]. Nevertheless, U7 snRNAs so far have been reported fonl{peuterostomes and
Drosophilids [157, 51]. A detailed analysis shows that ezdts three major domains, the
histone binding region, the Sm-binding sequence, and tisée®&-loop structure, exhibits
substantial variation in both sequence and structuralldesae Figure 1.7.

1.3.4 tmRNA

The transfer-messenger RNA (tmRNA), also known as 10Sa RN&s0A, is part of a
complex that acts as a unique translation quality contrdl @msome rescue system in
all eubacteria and some eukaryotic organelles [6, 83]. ‘S’ mMRNAS, which due
to processing errors lack appropriate termination sigredanot promote release factor
binding and thus lead to stalled ribosomes attached to theendincomplete polypeptide.
tmRNA rescues these ribosomes and provides the templa@éptide-tag that then causes
the rapid degradation of the incomplete translation pradunca typicalE. coli bacterium,
there are approximately 700 tmRNAs per cell; thatis, oneNfor every 10-20 ribosomes
[169].

For recent detailed reviews of tmRNA structure and functi@refer to [170, 58]. In
brief, tMRNA combines the functions of a tRNA and an mRNA, ehditomy that is also
reflected by its structure, Fig. 1.8. Its tRNA-like domaindis to the protein SmpB and is
then aminoacetylated by alanyl-tRNA synthetase. A quargrnomplex that in addition
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Figure 1.8 Canonical tmRNA structure. The 5’ and the
3’ ends form a tRNA-like domain (shaded) which includes
an acceptor stem, a D-loop without stem, and a T-arm [122].
Instead of the anticodon stem-loop that is typical for a radrm
tRNA, however, tmRNA has a long stem that connects the
tRNA-domains with the rest of the molecule. The mRNA-
like domain contains the template ORF and is terminated by
a hairpin with the stop codon in its loop. The mRNA-like
and tRNA-like domains are connected by a series of four
sa  pseudoknots of unknown function. (Adapted from [5])

contains elongation factor EF-Tu recognizes ribosomdiedtat the 3’ end of a nonstop
MRNA and like tRNA enters the ribosome’s A site. The nascehtgeptide is transferred
to the alanyl-tmRNA, which now switches to its mRNA-like nmeoaf action by translocating
to the P site of the ribosome where it places a TAG codon inilesome’s mRNA channel.
This leads to the release of the defective mRNA and its sulesegelective degradation by
RNase R. The ribosome continues translation with the tmRIR4&@s a surrogate template
and terminates at a tmRNA-encoded stop codon, therebysietgthe nascent protein with
the 11-amino acid degradation tag, which contains epitégrasbiquitin proteases.

Genes for tmRNA and the accomanying SmpB protein so far haee found in each
of the completely sequenced eubacterial genomes, see38]galthough tmRNA is not
crucial for survival in some bacterial species, see e.g2,[22]. InE. coli, tmRNA is
transcribed as a 457nt precursor and then cleaved to olbtaiB@3nt mature molecule.
In some species, circularly permuted genes produce spRiNAs, which still share the
ancestral domain organization [219]. There are tmRNA géme®me eubacterial-like
organelles, in particular in the chloroplasts of diatonesg.( Thalassiosira pseudonaha
and red algae (e.gGyanophora paradoXa[78, 6]. Reduced tmRNAs, which lack the
mRNA-like region, were identified in the mitochondrial gemes of a few protozoans
including the jakobidReclinomonas americand06]. So far neither an archaeal nor a
nuclear Eukaryotic tmRNA have been found, although theeernsiclear-encoded SmpB
gene with an organelle import signal in heterokonta witheoeglar tmRNAs [107].

1.3.5 6S RNA

The 6S RNA of. coliis one of the first known bacterial small RNAs. Neverthelgséinc-
tion in transcriptional regulation was only recently etlatied, reviewed in [269, 259]. It
binds specifically to the bacterial RNA-Polymerase (RNA&Ipenzyme and selectively in-
hibitso O-dependent transcription. During the exponential growtioat all housekeeping
genes are ' dependet regulated [150]. 6S RNA seems to mimic the ep&rdependent
promoter complex [33]. This hypothesis is supported by #uot that mutation within the
“central bubble” of the 6S RNA abrogated %-holoenzyme binding. Therefore, the con-
served secondary structure of the RNA molecule is critioalts function. Since the 6S
RNA concentration increases 10-fold from the exponentithée stationary phase [261] it
stops transcription of the “housekeeping” genes and stbe®&NAP-holoenzyme. This
RNAP-6S complex is present during late stationary phasepwMiTP concentrations are
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Figure 1.9 6S RNA structure. The central bubble is delimited by stal€-rich stems in all
known 6S RNAs. It consists of three domains, known as thesiofpstem’, 'central bubble’ and
‘terminal loop’. Three major variants of the terminal loogMe been identified (A} -proteobacteria,
(B) y-protecbacteria, cyanobacteria, and fermicutes, f@yoteobacteriag-proteobacteria, and
spirochetes. For comparison, the open promoter compléroisrs. Adapted from [16].

low. As soon as new NTPs become available to the RNAP-6S aqihle 6S RNA serves
as a template for the transcription of the 14-20nt pRNAs.sTasults in the formation of
an unstable 6S RNA-pRNA complex and the release of the RNé{Belnzyme [260].

The secondary structure of 6S RNA is discussed in detail @b [1t consists of three
domains (Fig. 1.9) and shows close similarities with an ap€&hpromoter.

While 6S is a single-copy gene in most bacterial phyla, tteeeetwo differentially
regulated copies in Gram-positive bacteria [16]. Inténgdy, two alternative structural
conformations have been reported for cyanobacterial 6SNA)]. InE. coli, the ssrS1
gene forms a bi-cistronic message combining the 6S RNA (&l)the open reading frame
of ygfA (3’). A tandem promoter is responsible for regulati®8S RNA expression, pro-
ducing either a shoriz ’° dependent transcript or a longer version that uses eith2r
or ¢ 5. Different RNases process these transcripts [118]. Aatuiily, the repression by
several regulatory proteins is reported[178]. A similangetructures was observed in
Prochlorococcusalthough the short transcript does not seem to be procéassleid case
[11].

The broad phylogenetic distribution of 6S RNA across alteaal phyla emphasizes the
universality of its function. Nevertheless, 6S RNA-nulllsshow only a minor phenotype
effect in bacteria such ds coliandSynechococcyg43].

1.4 CONSERVED ncRNAs WITH LIMITED DISTRIBUTION

1.41 Y RNAs

Y RNAs were discovered as the RNA component of the Ro RNPgbartiThey form a
small family of short RNA polymerase-IIl transcripts witharacterstic secondary structure
[68, 238]. The function of Y RNAs remains elusive. A directe@f Y RNAs for DNA
replication was demonstrated in [41], and Y5 was recentjicated in 5S rRNA quality
control [99].
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Figure 1.10 Evolution ofthe vertebrate Y RNA locus. With the exceptidiXenopus, the functional

Y RNA genes are located in asingle cluster in all sufficieatigembled genomes (symbols with arrows
on a line marking an uninterrupted piece of genomic DNA).fost species, only short scaffolds or
shotgun traces are available (white symbols without divagt Updated from [172].

Y RNAs have so far been reported only in vertebrates, the tmie&aenorhabditis
elegang249] and the prokaryotBeinococcus radioduran89]. At this point it remains
unclear whether the latter is homologous to the animal Y RBiAGIf so, whether Y RNAs
date back to the LUCA.

The amniota exhibit a single cluster of Y RNAs whose evohlutias been traced in
detail [172, 190]. Interestingly, the orientation of the ¥dne is inverted in eutheria. Loss
of members of the Y RNA family seems to be a fairly frequentmdmaenon in several
families. In both rat and mouse, there is no trace of eithepoir84, while in the closely
related squirrel genome Y4 is still present, see Figure.1.10

In primates, Y RNAs are the founders of a family of about 108@yzlogenes that
constitute a class of L1-dependent non-autonomous retragits [189, 190]. In contrast,
in almost all other species (with the notable exception efghinea pigCavia procellu$
there are only a few Y-RNA derived pseudogenes.
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1.4.2 Vault RNAs

Vaults are large ribonucleoprotein particles that are witags in eukaryotic cells with char-
acteristic barrel-like shape and a still poorly understhatttion in multi-drug resistance
[250]. Vault RNAs are short (80-150nt) polymerase-Ill saripts comprising about 5% of
the mammalian vault complex.

Figure 1.11 Vault RNAs contain two internal
polymerase-Ill promoter sequences, Box A and
Box B, and a typical terminator sequence at the
3’-end. The terminal stem is conserved among all
known examples. Circles indicate positions with
compensatory mutations. The variable regions
have a length of 20 to more than 100 nucleotides.
Adapted from [171].

terminator

So far, vault RNAs have have been studied experimentaliigsfand a few mammals.
They exhibit little sequence conservation beyond their B@nd Box B internal promoter
elements. Nevertheless, computational analyses havgfidéwvault RNAs in most verte-
brates [171]. Similar to Y RNAs, mammalian vault RNAs areaized in a small cluster
typically comprising two or three (in primates) paralogsgublished data).

143 7SK RNA

The 7SK snRNA is one of the most highly abundant ncRNAs ineledte cells [258]. Due
toits abundance it has been known since the 1960s. Its imasia transcriptional regulator,
however, has only recently been discovered: 7SK mediagemtiibition of transcription
elongation factor P-TEFD, a critical regulator of RNA polgrase-II transcription which
stimulates the elongation phase, see [62, 125] and thesrefes therein.

8-20nt

W K
=% Figure 1.12 Like telomerase RNA, 7SK
t=¢ RNA is highly variable in both sequence and
R0 structure. Only two stem-loop structures,
UHch towards the 5’ and the 3’ end, are conserved.
Ya—u am The intervening sequence is highly variable
N Y_é in both length and structure. The 5’-terminal
W$:5Y B-Y hairpin is responsible for HEXIM1 and P-
2 €26 §:$N TEFb binding [62], the 3'-stem also interacts
o ! .
T S Drosophila 300-350 | & with P-TEFb.
X 7$‘ ™ Lophotrochozoa 150-200 ‘g=¢
8-30nt G_vy Deuterostomia 200-240 G—-C
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The polymerase-Ill transcript, with a length of about 33@nhighly conserved in ver-
tebrates [85]. In contrast to the nearly perfect sequendstauacture conservation in jawed
vertebrates [258, 62], however, the 7SK RNA from the lampi@yolog differs in more than
30% of its nucleotide positions from its mammalian couraergRecently, the molecule was
regarded as a vertebrate innovation because searchesdaeimrate homologs remained
unsuccessful despite considerable efforts. A combinaifocomputational and experi-
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mental approaches, however, uncovered 7SK homologs ihdesierostomes and several
lophotrochozoans and revealed its evolutionary flexipjB2], Fig. 1.12. A genome-wide
survey for well-conserved type-3 polymerase-IIl promateuctures irDrosophilafinally
lead to the discovery of arthropod 7SK RNAs [81]. The 7SK RN&nte was present
already in the Protostome-Deuterostome Ancestor.

144 SmY RNA

The analysis of the cis- and trans-spliceosome&saaris lumbricoide$154] lead to the
discovery of two snRNA-like small RNAs that exhibit a canmaliSm protein-binding site.
In Caenorhabditis eleganshis novel class of RNAs contains at least 12 closely rdlate
genes [55, 93, 147].
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b4 09”9 consensus patteMARUUUUGGA

SO0 —000c00e oAARUé_OJUUGGAO eo—oo,, form a canonical Sm binding site.
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The SmY RNAs occur in a complex with the spliced-leader RNA EBNA) formed
by direct base-pairing reminiscent of the interactionsveein spliceosomal RNAs. This
strongly suggests a direct involvement in the trans-gmiichachinery, either as a direct
component of the trans-spliceosome that is required foctfon, or as a chaperone for
the SL snRNP that prevents inappropriate splicing. Althoalj sequenced nematode
genomes contain SmY homologs, no SmY RNAs were found outisedghylum Nematoda
(unpublished data).

1.4.5 Bacterial RNAs

A plethora of evolutionarily unrelatesimall RNA{sRNAS) have been described across the
eubacteria, most of which have a more or less limited phylege distribution. It is at
present nearly impossible to offer a comprehensive surveyen a reasonably complete
list. A series of reviews including [4, 226, 252] cover mudlihas terrain. However, many
novel and almost poorly understood ncRNAs continue to beodisred at a staggering rate.

The Sm-like proteirHfq plays a special role in small RNA based regulation of bacte-
rial gene expression, reviewed in [24]. The RNA chaperdfgis present in half of all
Gram-positive as well as Gram-negative bacteria and atde@sarchaeomethanococcus
Jannaschii Existence of an hfg gene, however, does not imply the poesefa functional
Hfq protein or its involvement in SRNA-based regulation. Thel2® amino acid protein
forms homohexamers and binds sSRNA as well as mRNA (via itgipral site) and also
poly(A) tails. InE. coli, approximately one fourth of the known sRNAs bindHfy. They
also interact with proteins that are involved in mediateckgeof specific mMRNAs.

In the following we can only briefly introduce a few subjeeliy selected examples of
small bacterial RNAs.
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Figure 1.14 Mechanisms of riboswitch control. Most switches are lodat¢he 5’ UTR (top), acting
either by forming a transcription terminator, blocking #eti-terminator hairpin, or sequestering
the Shine-Dalgarno sequence. Less common riboswitchéma(pact by cleaving (gmlS), causing
alternative splicing (TPP), or stablizing the mRNA.

OLE RNA. The “ornate, large and extremophilic” (OLE) RNA with a lehgtf approxi-
mately 610nt is highly conserved in both sequence and sacpisttucture. OLE is found
predominantly in extremophilic Gram-positive eubacteAidunctional link between OLE
RNA and putative membrane protein including BH2780 has Iseggested [200].

GcevB. Computer-based detection of GevB showed the existenceeag@uence within
many enterobacteria as well Rasteurellacea@nd Vibrionaceae Further investigation

in Salmonella enteriaevealed that it regulates at least seven mRNAs. The GecvB RNA
represses its targets by binding to highly conserved ragi@xamples include a 29nt G-

U rich region and the Shine-Dalgarno sequencdmAandoppA GcvB RNA also binds
upstream of the Shine-Dalgarno sequence, preventing tigingi of the 30S ribosome
[220].

Yfrl. CyanobacteridlunctionalRNAs (Yfr)[12, 176] were discovered by computer aided
searches. The Yfr2-5 appear to be related due to a highlyeceed sequence pattern
(GGAAACAx2) within the loop region of a hairpin. Yfr7 exlits a faint sequence simi-
larity to 6S RNA. The approximately 60nt short Yfr1 RNA foluigo a structure containing
an ultra-conserved sequence surrounded by two stem-lddps.element is found in all
cyanobacterialineages, where it appears in very high combers and with a long half-life
of 60min, emphasizing its functional importance. Yfrl sed¢mbe involved in growth and
stress responses, but its regulatory mechanism remageylamknown.

RsmY and RsmZ. A complex network of ncRNAs and proteins controls pathogene
in Pseudomonas aerugino1]. Homologous networks of GacS-GacA-RsmY-Z-RsmA
are known irk. coliand many other bacterial species. The GacS-GacA proteinsguate
the expression of RsmY and RsmZ. The sensor proteins LadBetiSiseem to up- as well
as down-regulate GacA respectively. RsmY and RsmZ bindddrtmslation regulatory
protein RsmA. The sequestration of this molecule resultsxipression of survival and
virulence associated mMRNAs such as the elements of theltiypeeretion complex.

Riboswitches. These primarily regulatory elements of protein-coding niRksre mostly
found in bacteria. We include them here because in the “tditeshe riboswitch sequence
itself is often transcribed. Almost all riboswitches ar@catenations of two components:
a very well conserved binding domain acting as a highly sfpeaptamerthat senses its
metabolite, and a comparatively varialglepression platformvhich changes its structure
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Table 1.3 Classification of verified riboswitches by their functiomdgprimary ligand as well
as candidate riboswitches are listed. The SAM and RigQups utilize different structures to
bind the same ligand. Where known, the mode of action is atdit byri(transcription control)
and/orx(translation control). Data are taken compiled from [23,46, 203, 162, 255].

Riboswitch ligand MRNA-  expression
location  regulation
* gmS glucose-amine-6- 5 UTR - X
G
N phosphate
‘(',\(\Q TPP (THI-box) thiamin pyrophosphate intron in - X
N 5'UTR
TPP (THI-box) thiamin pyrophosphate 3UTR, +/-
5'UTR
Purine adenine, guanine and 2'-5’UTR +- 4 X
deoxiguanosine
Lysine (L-box) lysine 5'UTR - o
< Glycin glycine 5'UTR + o
o\&o Cobalmin (B12-element) adenosylcobalamin 5'UTR - X
FMN (RFN-element) flavin mononucleotide 5'UTR -d X
Mg+ Mgt 5UTR - o
PreQ-I . ,
PreQ-Il pre-queuosing 5UTR - X
SAM-I (S-box leader)
SAM-II (SAM-alpha) - ,
SAN-IIT (S k) S-adenosylmethionine 5'UTR -4 X
SAM-IV
SAH S-adenosylhomocystein, 5'UTR +H- 4 ®
S-adenosylcysteine
B
g Moco molybdenum cofactor 5UTR i 4 m
ke Tuco tungest cofactor
'% SAM-V
3] yybP-ykoY (SraF)
ykkC-yxkD

upon binding of the metabolite. One can distinguish two fiomal principles: in kinetically
controlled riboswitches, metabolite binding competes®NA folding; in thermodynam-
ically controlled ones, the binding energy of the metakattsufficient to cause structural
changes [46].

The expression platform can employ two principal modes @ibacFig. 1.14. It can
regulate translation by inhibiting translational init@at, e.g. by blocking the ribosomal
binding site. Alternatively, riboswitches can controlrtsaription. Depending on whether
the aptamer is loaded with the metabolite or not, a termirtaddrpin is formed by the
expression platform that pre maturely terminates the aroison of the mRNA. In this
case, the “raw” riboswitch RNA is produced as an unstablelpct The TPP riboswitch
is mechanistically more complex [15] and employs varioywession platforms. It can be
foundinboth 5’and 3’ UTRs; inthe latter case it usually actsonjunction with an upstream
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ORF. Riboswitches may act as activators or repressors déameon genomic context [36]
by switching ON-OFF or OFF ON with increasing substrate concentration. A more
complex regulatory logic can be implemented by placing twmore riboswitches wich
sense the same or different ligands in series. For instartaedem riboswitch architecture
in Bacillus clausiimplements a logical NOR gate. This and further examplesaiewed

in [229].

A unique case is the gmlIS riboswitch in certain Gram-posithacteria. Instead of
instigating a conformational change, it stimulates a skd&ving ribozyme activity that
acts on the GmIS mRNA [120, 43].

Riboswitches are common in bacteria, although their presegic distribution and ge-
nomic frequency is quite variable [116, 255]. A few ribosshiés have also been detected
in archaea, fungi and plants [228, 15, 23]. A TPP riboswittNeurospora crassafor
example, regulates the expression of MRNAs by controllitegraative splicing.

1.4.6 A Zoo of Diverse Examples

The reasonably well understood ncRNA classes have beereomapted during the last few
years by many other examples which are less well-descrilettie following paragraphs
we can only briefly touch upon a few of them.

Guide RNAs. MitochondrialmRNAs of some protozoa need to undergo apasiscriptional
editing process before they can be translated. Kinetagsast the trypanosomatid group
possess two types of mitochondrial DNA molecules: Maxlesdear protein and riboso-
mal RNA genes. Minicircles specify guide RNAs (gRNAS), watltypical length of about
50nt that mediate uridine insertion/deletion RNA editiiepllowing the hybridization of
the 5’-anchor region of a gRNA to the 3’ end of its target mRMNA,U insertion and dele-
tion is directed by sequential base pairing. The enzymeackesimvolves cleavage of the
mRNA, U insertion by a TUTase, and re-ligation, see [2] areriferences therein. With
a few exceptions, gRNAs are encoded in the short variablemsdpcated between highly
conserved sequence blocks on the minicircles. A computaltiapproach based on this
observation predicted about 100 gRNA candidateBypanosoma crugR40], consistent
with recent experimental results férypanosoma brucgiL48, 149].

Dictyostelium discoideum. In addition to the usual repertoir of eukaryotic ncCRNA, #her
are two related classes of ncRNAs that share the sequendeCaBUACAGCAA [8]. One

of them, the class | RNAs, is organized in a few genomic chsqte73, 96]. Several novel
families of ncRNAs have been identified based on a compualtigcreen and subsequent
experimental verification [131].

Plasmodium falciparum. The ncRNAs of this malaria parasite have been studied rather
extensively. Its notable scarcity of identifiable trangtian factors led to speculation that
this organism may be unusually reliant on chromatin modifices as a mechanism for
regulating gene expression. The centromerédasmodium falciparuraontain transcrip-
tionally active promoters and produce non-coding trapssnvith a length of 75-175nt
that are retained in the nucleus and appear to associatehgittentromers [66]. A large
number of other ncRNAs without homologs outside apicompleave been found using
computational techniques and microarrays [34, 174].
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TelRNAs. Arecentstudy [216] showed that mammalian telomeric regpeat transcribed
from the C-rich strand by polymerase-Il. The transcriptstam UUAGGG repeats and are
polyadenylated. Transcription is regulated dependingewekbpmental status, telomere
length, cellular stress, tumour stage and chromatin strectin vitro, TelRNAs block
telomerase activity suggesting an active role of TelRNAsegulating telomerasa vivo.
Similar transcripts were recently reportedLisishmania donovarj214], suggesting that
TelRNAs might be evolutionarily ancient.

Promoter- and Termini-Associated RNAs. A high resolution tiling array map of the
human transcriptome implied a novel role for some unanadt®&NAs as primary tran-
scripts for the production of short RNAs, and identified éhnevel classes of RNAs [113]:
Both “promoter-associated small RNAs” (pasRNAs) and “fieirassociated small RNAs”
(tasRNAs) are syntenically conserved between human andendthe presence of pasR-
NAs appears to be associated with a small increase in thessipn of the corresponding
protein coding gene. Short sequence reads arising from mirdirectional promoters,
which might be pasRNAs or at least related to them, are alsorted in [115]. Longer
“promoter-associated long RNAs” (palRNAs) with a lengthadiew hundred nucleotides
are also abundant throughout the human genome [113]. Alekbtsiudy of a palRNA
associated with the promoter of EF1a suggests a functignigeaetic gene silencing [87].

RNA Polymerase-lll transcripts. Genome-wide surveys have recently uncovered a plethora
of novel, hitherto unclassified transcripts are produceBR polymerase-I11 [105, 184],
reviewed in [56]. IrDrosophilamany of these transcripts exhibit well-conserved secondar
structures [209]. The snaR-A RNA, on the other hand, is prtiaednuman and chimpanzee

only and appears to have undergone accelerated evoluBgi [1

TIN RNAs. A survey of human mRNA and EST public databases revealed thare
55,000 totally intronic non-coding (TIN) RNAs transcribedm the introns of the majority
of RefSeq genes [177]. Surprisingly, RNA polymerase-liiliition resulted in increased
expression of a fraction of intronic RNAs in cell cultureshi§ suggests that the recently
discovered spRNAP-1V, an RNA polymerase of mitochondriggio [124], might be re-
sponsible for these transcripts. Functional importanc®aie TIN RNAs is supported by
conserved expression patterns between human and mouge [144

IGS RNAs. The intergenic spacers (IGS) that separate individuakobmal rDNA genes
contain polymerase-| promoters that cause the transanipti 150-300nt ncRNA comple-
mentary to rRNA promoter regions. These IGS RNAs help tobdistaand maintain a
specific heterochromatin configuration in a subset of rRN#npoters [160].

Ciliates. Tetrahymenand other ciliates use an RNA-based mechanism for diretiig
genome-wide DNA rearrangements[167, 278]. The “scannMg$R appear to be closely
related to the RNAI pathway.

1.5 ncRNAs FROM REPEATS AND PSEUDOGENES

Repetitive elements account for about half of mammaliarogess. In the past, these
sequences were often considered as “junk DNA’, i.e., dewdidellular function [18].
We are only beginning to understand that this is probably ¥ar from the truth: For
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example, two distinct short polymerase-lll transcribeNSlelements, B2 in mouse and
Alu in human, have been recognized as negative regulatgrsigferase-II transcription
[3, 64, 65, 153]. Both act in a similar way by directly binditmpolymerase-Il. The Alu
RNA arose from the fusion of the 5’ and 3’ ends of 7SL RNA ane&dain evolved by
a head to tail fusion of two related Alu sequences into a dengructure. It can still
bind some of the SRP proteins. The resulting Alu RNP compésxiieen found to down
regulate translation initiation [89]. lheishmania infantumconserved tandem head-to-
tail subtelomeric repeats are expressed in a stage-spaaifioer [59]. The expression of
telomeric repeats has been briefly described in the pregectson.

Repetitive DNA elements as well as pseudogenes are an iamia@burce of novel
NcRNA genes. In some cases, protein coding genes lose tuirgccapacity and become
functional as ncRNA. Probably the best-known examphiss [60], see section 1.6.

A different mechanism, “exaptation” [25], starts with tleactivation of retrotransposed
pseudogenes, which are either by chance integrated intous khat provides promoter
sequences, orintegrated into a locus where a promoter happbke generated by mutations
after integration. An example of an exapted gene is the mRKAACRNA Makorinl-p1
[277]: Both the functional protein-coding gehtakorinland the pseudogeiMakorinl-pl
possesses the same cis-acting destabilizing elementsimbtiregion. The pseudogene
stabilizes its functional paralog by competing for the theRNA degradation apparatus.
In some cases, pseudogenes may also be processed to genambtBNAS, including
microRNAs and piRNAs, see> chapter *** for examples. In addition, several SnoORNAs
seem to belong to repetitive families in the mouse genom#][10

Another source of pseudogenes are small stable RNAs suétiNg#sst 7SK RNAs or
even snoRNAs [145]. Retrotransposition produces largebmusof such pseudogenes
which may give rise to novel ncRNAs. The BC1 RNA, for instanehich is specific to
rodent neurons, shares 80% sequence similarity with itg;q:rtbortRNAA‘Ia. Itfoldsinto a
stable stem/loop rather than into a cloverleaf structut8]2BC200, another brain-specific
transcript, is specific to anthropoidea [126] and exaptewhfa retrotransposed ancient Alu
monomer. Although unrelated evolutionary, BC1 RNA and BCENA share the same
expression pattern and exert analogous functions [280¢laed primate lineage contains
the analogous, also Alu-derived, ncRNA G22 [117]. Two clpselated RNAs are exapted
from rodent SINEs. The 94nt 4.5SH RNA and the 101-108nt 4ABSA are exapted
from rodent B1 and B2 elements, respectively [79]. The fiomcof these RNAS remains
unknown although it was shown that 4.5SH is bound by mouskealirc [98].

1.6 mRNA-LIKE ncRNAs

A rapidly growing class of ncRNAs looks like protein-codimgssenger RNAs in many re-
spects. These mRNA-like ncRNAs (mIncRNAS) are transcrilygublymerase-Il, polyadeny-
lated at their 3’ end, capped with 7-methylguanosine at trend, and typically spliced.
These transcripts are the main target of systematic fotitle cDNA cloning, reviewed
in [32]. While huge numbers of mincRNAs were found in bothnaals [103, 32, 231]
and plants [264, 212], next to nothing is known about moshefri. There is, however,
mounting evidence that many of them are associated witlaskse[232], Tab. 1.4. Are-
cent study based oin situ hybridization data from the Allen Brain Atlas identified 849
ncRNAs expressed in mouse, of which most were specificalip@ated with particular
neuroanatomical regions, cell types, or subcellular catmpents [161]. This kind of tight
regulation is at least indicative of specific functionalti
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Tablel.4 mincRNAs associated with human diseases. Altered expregsi

disease/disordert up-regulated, down-regulated.

ncRNA Disease/disorder Ref.
Altered Expression Levels in Cancer
PCGEM1 1 prostate cancer [225]
DD3/PCA3 1 prostate cancer [28]
MALAT-1 NSCLC, endometrial sarcoma, hepatocellular caocha [275, 141]
OocCcC-1 1 colon carcinoma [192]
NCRMS 1 alveolar rhabdomyosarcoma [35]
BCMS/DLEU1 B-cell neoplasia [271]
H19 1 liver and breast cancer [73, 159]
NC612 prostate cancer [222]
HULC 1 hepatocellular carcinoma [186]
HIS-1 1 myeloid leukemia [136]
BIC accumulates B cell lymphoma & leukemia [63, 233]
SRA isoform in breast cancer [130]
TRNG10 various cancers [207]
U50HG at chromosomal breakpoint in B-cell ymphoma [234]
PEGS8/IGF2AS fetal tumors [183]
Neurological diseases/disorders
SZ-1/PSZA11q14 | schizophrenia [197]
DISC2 schizophrenia and bipolar affective disorder [1e3, 4
IPW Prader-Willi syndrome [265]
SCA8 Spinocerebellar ataxia type 8 [175]
Miscellaneous diseases/disorders
DGCR5 disruped in DiGeorge syndrom [230]
MIAT risk of myocardial infarction [104]
22k48 deletion in Dg George syndrome [195]
LIT1 Romano-Ward, Jervell, Lange-Nielsen & Beckwith-Wéedann  [100, 180]
BR514 congenitcal developmental abnormalities [86]

Recent data strongly suggest that mIncRNAs do not form a lgemaus class with

respectto function and processing. A large subclass aneatantisense transcripts (NATS),
which are implicated in the expression regulation of theat@in-coding counterparts in
both animals and plants [114, 137].

A significant fraction of transcripts, which probably indied many of the mIncRNAs is
processed into short RNAs [113]. Only a small number of suelmgples is reasonably well
understood at present however. The most prominent mincRiN&gunction as carriers of
other functional ncRNAs are the non-coding host-genesaRsiAs [244, 53] and primary
microRNA precursors [94] including H19 [29] and BIC [233]n [31], it is shown that
a co-expressed pair of a sense and antisense transcrigt phtsphate transporter gene
Slc34a2a is specifically processed into small RNAs. We refer chapter *** for more
details on miRNAs, siRNAs, and their relatives.

A small subclass of mIncRNAs is predominantly present imiheleus. A recent screen
[101], identified only four such genes: the two well-conselgenes NEAT1 and MALAT-
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1, NTT, andXist, which is well-studied in X-chromosome inactivation [1AT,9]. The
neuronally expressed mouse transcBpimafualso seems to belong to this class [223].

From a functional point of view one can distinguish transisrinvolved in dosage com-
pensation, imprinting events, stress signals, and regyglaf gene expression. Mechanistic
details, however, remain to be elucidated. In the followirggbriefly touch upon a few of
the better-understood representatives.

Dosage compensation. Many species with sex chromosomes, including mammals and
flies, need to equalize the expression levels of (in this)dieeX chromosome genes in
the different sexes. IBrosophilathis is achieved by X chromosome up regulation in XY
cells with the help of the mIncRNA®x1 androx2[273], while mammals inactivate one of
the two X chromosomes, reviewed in [101, 179]. The X inatibraproceeds at an early
developmental stage in females and is regulated by diffdestors, including a region
of chromosome X the so-called X inactivation center (XIQ)eKist (X inactive specific
transcript) gene, a nuclear 19.3 kb transcript exclusiesigressed from the XIC of the
inactive X chromosome, is necessary and sufficient for thetivation of the X chromo-
some. So far, the exact mechanism is unclear but it is assthmédnly the transcription
of Xist could be enough to change the chromatin structurédwahe binding of different
silencing factors.

Imprinting. The 2.3kbH19 transcript is the first and probably best characterized-auto
somally imprinted gene. It is located in a cluster of impgthgenes (11p15 in human)
containing also the IGF2 gene. While H19 is expressed exellysfrom the maternal
allele, IGF2 expression is limited to the paternal allelel9HRNA is highly expressed in
placental, embryonic and most foetal tissues, but aftén bie expression is suppressed in
nearly all tissues. Recently identified as a microRNA preouf29], it appears to play a
role in development and differentiation. Both loss and expression of H19 is associated
with different cancers.

Stress Response. Both prokaryotes and eukaryotes induce a set of heat shodsde
counteract environmental stress, reviewed in [7]. The bleatk response not only causes
a widespread inhibition of transcription, but also a blatkaf splicing and other post-
transcriptional processing. Usually, heat shock geneg éodproteins. InDrosophilg,
however, the major site of transcription after temperaitudeiced stress is thersw locus,
which produces a ncRNA, see [111] for arecent review. fils® RNA is constitutively ex-
pressed nearly ubiquitously and its transcription levellzarapidly expressed in response
to stress signals. There seem to be three distinctisofdsotk:the full length (10kbhisrwl
and the 7-8kthsrw2 RNA, which is obtained by alternative polyadenylation,aoclate
in the nucleus. In contrast, the spliced 1.2-1.8lslbo3 RNA is cytoplasmic. Thésrw
RNAs contain a short translatable reading frame in se\Bmophilaspecies; however,
the corresponding peptides have not been detected. TheeRiM#s appear to act as “or-
ganizers” for the sequestering components of the mRNA sieg machinery: Together
with diverse hnRNPs, the nuclelsto RNAs are localized in subnuclear compartments.
Thesew-speckles are believe to act as dynamic storage for RNAgssieg and related
proteins.

Mammals do not have amstw homolog. Recently heat-induced ncRNAs, transcribed
from satellite 11l repetitive sequence, have been desdribdhuman cells. Therefore, the
polyadenylated satellite 11l transcripts are functionahigs of thensrw [111].
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Transcriptional Regulators. The 2.7kbEvf-1transcript and its 3.8kb splice varigaf-2
orginate from theDIx-5/6 bi-gene cluster and overlap an ultraconserved region. Olke
genes are homeodomain transcription factors with cruaiattions in differentiation and
migration of neuronal cells as well as craniofacial and lpakterning during development.
The Evf-2RNA specifically interacts with the DIx-2 protein, formingstable complex in
the nucleus. ThEvf-2/DIx-2 interaction increases the transcriptional acyieitthe DIx-5/6
enhancer region in a target and homeodomain-specific malfiost likely, theEvf-2/DIx-
2 complex stabilizes the binding between the DIx-2 homeaalomrotein and th®Ix5/6
enhancer sequence [67, 70, 121].

A few more examples that are at least partially understoedlascribed in some detail
in recent reviews [199, 212, 231].

1.7 RNAs WITH DUAL FUNCTIONS

The complex mosaic of transcripts outlined in the introthrcimplies that protein-coding
and non-coding transcripts frequently overlap, in différeeading directions or even in
the same direction. In several cases, distinct types oftimumal products are produced
from the same primary transcript, the best-known exampiegoenoRNAs that are fre-
quently processed from introns of genes for ribosomal jmeteAn extreme example of
this type ismfl, the locus for the pseudouridine synthase minifly/Nop60Bafsophila
melanogaster It not only encodes alternative splice forms that can bgamtgnylated at
different downstream poly(A) sites but also contains witits introns a cluster comprising
four isoforms of a C/D box snoRNA and two highly related cepméa small ncRNA genes
of unknown function. The alternative 3’ ends allowfl not only to produce two distinct
protein subforms, but also to differentially release d#f®@ ncRNAs [205]. Coding and
non-coding information can be packed even more tightly,dw@x, by superimposing it on
the same sequence. Outside RNA viruses, a few examples anekin both eubacteria
and eukaryotes.

RNAIII.  With a length of 514nt, th&taphylococcuspecific RNAIIl is one of the largest
regulatory RNAs in bacteria. As anintracellular effectbihe quorum-sensing system, itis
a key regulator in virulence gene expression [241]. A 14 ditwop regulatory structure and
thed-hemolysin peptide, a short ORF close to the 5’ end are ertwitein one genomic
locus. RNAIIl exerts its function by binding to at least tatarget mMRNAshla, spaandrot,
and alters the expression levels of the correspondingipsddy modifying the accessibility
of the Shine-Dalgarno sequence [20, 241].

SgrS. The 227nt SgrS RNA is expressedHscherichia coliduring glucose-phosphate
stress by downregulating the translation of the glucosesparter in an Hfg-dependent
manmer. The 5’ region contains a 43nt ORF, sgrT, which is wefiserved and trans-
lated under stress conditions [253]. So far, SgrS RNAs haen ldescribed for various
enterobacteria.

SRA/SRAP. In human, thesteroid receptor RNA activatanodulates transcriptional ac-
tivity of steroid receptors as an RNA molecule. On the othand) it encodes a protein
that is highly conserved among chordata. A recent review][1i8ts 13 SRA variants,

apparently arising from alternative transcription stétdssand alternative splicing. They
all share exons 2-5 which encode the functional secondargtate core. Some of these
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isoforms also encode the SRAP protein, others lack thel&ms start. It appears that the
main function of SRA RNA is to organize the various proteimpmnents in the SRA-RNP
complexes which contain both transcription factors andtpesor negative regulators of
nuclear receptor activity.

Enod40. The plant genenod40participates in the regulation of symbiotic interactions
between leguminous plants and bacteria or fungi, and it &as lmplicated in the develop-
ment also of non-symbiotic plants [224]. Its molecular netbms remain unclear, but both
short peptides and well-conserved RNA secondary struefypear to play a role. A recent
computational study [84] demonstrated a well-conservedtiral core that is conserved
across angiosperms, and the presence of highly variabsneign domains reminiscent of
the patterns observed in many other functional ncRNAs. heggioften contain more than
oneenod4Qgene.

The analysis of transcript structures in the ENCODE regs&hmws that overlapping
arrangements of coding and non-coding transcripts andesptims are the rule rather than
the exceptions. At this point, however, the relevance of-coting RNAs arising from
protein coding loci remains unclear.

The recentdiscovery of the sheatsal-lespeptide translated from only 33nt-long ORFs
of aDrosophilatranscript previously classified as non-coding [74] miglklicate that many
other “mIncRNAs” in fact code for short peptides. The pepsdfenod40andtarsal-less
are highly conserved over long evolutionary time. So faidditional examples have been
reported (apart from uORFs of protein coding mRNAS).

1.8 CONCLUDING REMARKS

We have attempted in this chapter to give a comprehensivgieveof the inventory of non-
protein-coding RNAs across all domains of life, excludingVRNAS, viroid and satelite
DNAs, ribozymes, and regulatory RNA elements of MRNAs. Qifrse, in a few pages such
an endeavor is bound to remain incomplete and subjective. desses, mechanisms, and
functions of ncRNAs being discovered almost every week réfoee, this chapter will likely
be even more incomplete, and half-way outdated, when ihesssthe reader in printed form.
After all, a series of computational studies has providdtegqeonvincing evidence for tens
of thousands of unclassified RNAs whose secondary struistureder stabilizing selection
[164, 209, 242, 247, 256, 257]. Structure-based clust¢?iég, 208] furthermore strongly
suggests that several new classes of ncRNAs with charstatesecondary structures are
still lurking in eukaryotic genomes.

In order to keep the list of references at reasonable lemgghhad to give priority to
reviews over the reviewed original works, and to give prefiee to most recent publications
over classical papers, hence this chapter does not attempewiew the history of the
discovery of the “Modern RNA-World” over the last decade.
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