
CHAPTER 1

NON-CODING RNAs

Alexander Donatha, Sven Findeißa, Jana Hertela, Manja Marza, Wolfgang Ottoa, Christine
Schulzc, Peter F Stadlera,b,c,d, and Stefan Wirtha

aBioinformatics Group, Department of Computer Science; andInterdisciplinary Center for
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1.1 INTRODUCTION

The advent of high-throughput techniques that allow comprehensive unbiased studies of
transcription has lead to a dramatic change in our understanding of genome organization.
A decade ago, the genome was seen as a linear arrangement of separated individual genes
which are predominantly protein-coding, with a small set ofancient non-coding “house-
keeping” RNAs such as tRNA and rRNA dating all the way back to an RNA-World. How-
ever, in contrast to this simple views more recent studies reveal a much more complex
genomic picture. The ENCODE Pilot Project [239], the mouse cDNA project FANTOM
[151], and a series of other large scale transcriptome studies, e.g. [202], leave no doubt
that the mammalian transcriptome is characterized by a complex mosaic of overlapping,
bi-directional transcripts and a plethora of non-protein coding transcripts arising from the
same locus, Fig. 1.1.

This newly discovered complexity is not unique to mammals. Similar high-throughput
studies in invertebrate animals [152, 93] and plants [135] demonstrate the generality of
the mammalian genome organization among higher eukaryotes. Even the yeastsSaccha-
romyces cerevisiaeandSaccharomyces pombe, whose genomes have been considered to be
well understood, are surprising us with a much richer repertoire of transcripts than previ-
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Figure 1.1 Sketch of the post-ENCODE view of a mammalian transcriptome(adapted from [113]).
Highly transcribed regions consist of a complex mosaic of overlapping transcripts (arrows) in both
reading-directions. These transcripts link together the locations of several protein coding genes
(coding exon indicated by black rectangles). Conversely, multiple transcription products, many of
which are non-coding, are processed from the same locus as a protein coding mRNA.

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

Given the importance and ubiquity of non-coding RNAs (ncRNAs) and RNA-based
mechanisms in all extant lifeforms, it is surprising that westill know relatively little about
the evolutionary history of most RNA classes, although a series of systematic studies have
greatly improved our understanding since our first attempt at a comprehensive review of
this topic [21].

There are strong reasons to conclude that the Last UniversalCommon Ancestor (LUCA)
was preceded by simpler life forms that were based primarilyon RNA. In this RNA-World
scenario [77, 76], the translation of RNA into proteins, andthe usage of DNA [72] as an
information storage device are later innovations. The widerange of catalytic activities that
can be realized by relativelysmall ribozymes [218, 227] as well as the usage of RNA catalysis
at crucial points of the information metabolism of modern cells provides further support
for the RNA-World hypothesis. Multiple ancient ncRNAs are involved in translation: the

Table 1.1 Selected experimental surveys for ncRNAs. We only list, without claim to
completeness, extensive studies for RNAs larger than thoseassociated with the RNA
machinery and smaller than typical mRNAs.

Organism ncRNAs Ref. Organism ncRNAs Ref.
(a) (b) (a) (b)

Caenorhabditis elegans 161 31 [55]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 such as snoRNAs could be established
(b) ncRNAs without annotation
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Figure 1.2 Origins of major ncRNA families. The origin of ncRNA families is marked leading
to the last common ancestor of the known representative. Fordetails on RNAi and microRNAs we
refer to→chapter ***. The microRNA families of (a) eumetazoa (animals except sponges), (b) the
slime moldDictyostelium, (c) embryophyta (land plants), and (d) the green algaeChlamydomonas
are non-homologous. In addition, the putative origin of theRNAi mechanism and the microRNA
pathways is indicated.

ribosome itself is an RNA machine [168], tRNAs perform a major part of the decoding on
the messenger RNAs, and RNase P, another ribozyme, is involved in processing of primary
tRNA transcripts. The signal recognition particle, another ribonucleoparticle (RNP), also
interacts with the ribosome and organizes the transport of secretory proteins to their target
locations. For a discussion of rRNAs and tRNAs we refer to→chapter ***.

On the other hand, most functional ncRNAs do not date back to the LUCA but are
the result of later innovations. Some crucial “housekeeping” functions involve domain-
specific ncRNAs. Eukaryotes, for instance have invented thesplicing machinery involving
several small spliceosomal RNAs (snRNAs), while eubacteria use tmRNA to free stalled
ribosomes and the 6S RNA as a common transcriptional regulator. The invention of the
RNAi machinery in eukaryotes and the subsequent evolution of microRNAs in plants and
animals is discussed in detail in→chapter ***.

The innovation of ncRNAs is an ongoing process. In fact, mostexperimental surveys for
ncRNAs, Table 1.1, report lineage-specific elements without detectable homologies in other
species. An overview of evolutionary older ncRNA families is compiled in Fig. 1.2 without
claim to completeness. Many RNA classes, however, such as Y RNAs and vault RNAs,
and most eubacterial ncRNA families have not been studied insufficient detail to date their
origin with certainty. Some of them thus might have originated earlier than shown.
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Figure 1.3 Schematic drawing of the consensus structures of P and MRP RNAs. Adapted from
[155, 254, 272, 283]. The table indicates the distribution of structural elements. Black circles indicate
conserved elements, stems indicated in gray are present in known sequences, 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 ribonucleoproteincomplexes that act asendoribonucleases in tRNA
and rRNA processing, respectively. Their RNA subunits are evolutionarily related and are
involved in the catalytic activity of the enzymes. While it has long been known that RNase
P RNA is a ribozyme in bacteria and several archaea, it was demonstrated only recently
that eukaryotic RNase P RNA also exhibits ribozyme activity[270]. The main function
of RNase P is the generation of the mature 5’ ends of tRNAs. See[254] for a recent
review of RNase P. In contrast, RNase MRP is eukaryote-specific. It processes nuclear
precursor rRNA (cleaving theA3 site and leading to the maturation of the 5’end of 5.8S
rRNA), generates RNA primers for mitochondrial DNA replication, and is involved in the
degradation of certain mRNAs.

The phylogenetic distribution of P RNA clearly indicates that it dates back to the Last
Universal Common Ancestor [193]. MRP RNA can be traced to themost basal eukaryotes
[193] and apparently was part of the rRNA processing cascadeof the Eukaryotic Ancestor
[272]. The high similarity of P and MRP RNA secondary structures [45] and similarity of



ANCIENT RNAs 5

the protein contents and interactions of RNase P and MRP [9, 254] suggest that P and MRP
RNAs are paralogs.

RNase P RNA is found almost ubiquitously. Interestingly, sofar only MRP RNA has
been found in plants including green algae, and red algae [193]. Whether the ancestral
P RNA has been lost in these clades or possibly replaced by MRPRNA is unclear. It
is also possible that the P RNA sequences are derived from each other that they have
escaped detection so far. Despite the highly conserved corestructures, P and MRP RNAs
can exhibit dramatic variations in size, which mostly arisefrom large insertions in several
“expansion domains” [193, 112]. In eukaryotes, additionalP RNAs are often encoded in
organelle genomes. Chloroplast P RNA is structurally similar to bacterial type A [52] and
exhibits ribozyme activity [135]. Mitochondrial P RNAs, inparticular those of fungi, are
highly derived and exhibit only a small subset of the conserved structural elements shown
in Fig. 1.3, mostly P1, P4, and P18 [217]. Despite its core function in tRNA processing,
RNase P appears to be absent in the archaeonNanoarchaeum equitans. Instead, placement
of its tRNA gene promoters allows the synthesis of leaderless tRNAs [201].

1.2.2 Signal Recognition Particle RNA

The signal recognition particle (SRP) is a ribonucleoprotein that interacts with the ribosome
during the synthesis and translocation of secretory proteins. SRP is responsible for the co-
translational targeting of proteins that contain signal peptides to membranes including the
prokaryotic plasma membrane and the endoplasmatic reticulum. SRP recognizes first the
signal sequence of the nascent polypeptide and then the SRP receptor in the membrane.
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Figure 1.4 Standard nomenclature of the helices of SRP RNA and their phylogenetic distribution. A
subgroup of Eubacteria which includes proteobacteria havea drastically reduced SRP RNA. Adapted
from [284, 5].

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

SRP RNAs are highly conserved across large phylogeneticdistances and fit a generalized
structure, sketched in Fig. 1.4, that can be used to define a standard nomenclature for
the individual structural features [284]. Eukaryotes, archea, firmicutes and several other
early-branching bacteria such asThermatoga maritimahave large SRPs containing both
domains. In contrast, most Gram-negative bacteria as well as all known organellar SRPs
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have a reduced SRP RNA consisting of helix 8 only [5]. Since firmicutes are among the
most early branching bacterial phyla, the SRP RNA have mostly likely lost the Alu-domain
in higher eubacteria.

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

1.2.3 snoRNAs

Small nucleolar RNAs (snoRNAs) represent one of the most abundant classes of ncRNAs.
They act as guides for single nucleotide modification in nascent ribosomal RNAs and other
RNAs in the nucleolus of eukaryotic species [54]. While no targets are present or known for
so-calledorphan snoRNAs, most guide snoRNAs target ribosomal RNAs (rRNAs) or small
nuclear RNAs (snRNAs). Recently, there has been a report that several snoRNAs may also
target tRNAs and other snoRNAs [282]. The orphan snoRNAs have been implicated in
modulating alternative splicing [119, 17].

Based on conserved sequence elements and secondary structure, snoRNAs are divided
into two major classes designated as C/D and H/ACA snoRNAs. Both differ in their
characteristic secondary structure and in the sequence motifs that gave them their names:
C/D snoRNAs exhibit the “boxes” C and D with consensus sequence (A)UGAUGAand
CUGA respectively. They frequently contain a second copy of these two boxes, usually
designated C’ and D’, in the region between the C and D box. TheH box of the H/ACA
snoRNAs has the consensus sequenceANANNA. TheACAmotif located at the 3’ end of
the molecule is highly conserved. Believed to be protein-binding elements, the sequence
boxes are located in unpaired regions, Fig. 1.5.

The characteristic secondary structures in Fig. 1.5 of snoRNAs are inferred mostly from
phylogenetic comparisons. Thermodynamic predictions using e.g.mfold or theVienna
RNA Package may differ considerably from the functional structure, indicating that the
functional RNA structure within the small nucleolar ribonucleoprotein (snoRNP) particles
is changed by the protein components, which bring the binding sites in the correct formation
and thus help to bind the target [75, 213]. The poor predictability of their secondary
structures is a major obstacle for computational snoRNA gene finding, see [95] and the
references therein.

The two major classes direct distinct chemical modifications. Most C/D snoRNAs de-
termine specific target nucleotides for methylation of the 2’-hydroxyl position of the sugar,
while most of the H/ACA snoRNAs specify uridines that are converted into pseudouridine
by rotation of the base. These modifications apparently influence the rRNA structure and
are functionally essential [128, 54]. A few exceptional snoRNAs of both classes are also
involved in pre-rRNA processing but do not lead to chemical modifications. Instead, they
mediate structural changes of the rRNA to establish the correct conformation endonuclease
cleavage [10]. In human and yeast these are U3, U17 (also known as sn30), U22, and U14,
as well as vertebrate U8 and yeast snR10.

A subgroup of snoRNAs (only U3, U8 and U13 in human with several additional families
in nematodes) share features of snRNAs, such as a post-transcriptionally hypermethylated
2,2,7-trimethylguanosine (TMG) cap at their 5’ end [109]. Another small subgroup of
both C/D and H/ACA snoRNAs carries an additional localization signal for the the Cajal
body [108]. These small Cajal body-specific RNAs (scaRNAs) target snRNAs [48] and are
retained in the Cajal bodies (or yeast nuclear bodies, respectively). These sequences may
be chimeric composites containing both a C/D and an H/ACA domain for recruitment of
both classes of snoRNPs; an example is U85 [61]. There are a number of scaRNAs known
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Figure 1.5 Schematic representation of H/ACA and C/D snoRNA structures and their characteristic
consensus sequence motifs (boxes). H/ACA snoRNAs (left) fold into a double stem loop structure
with the Box H between both stems and the ACA motif immediately following after the 2nd stem.
The target is bound to both stem-loop-structures inside their symmetrical interior loops. Neither the
U that is modified nor the following nucleotide are bound to thesnoRNA: instead, they are centered
within the interior loop.
The functional structure of C/D snoRNAs is probably stabilized by proteins bound to the boxes, since
there is only a short (4-10nt) stem that encloses box C and D while the region between the two boxes is
mainly unpaired. The target RNA is bound upstream of box D so that the 5th nucleotide is methylated.
Many C/D snoRNAs have a second copy of both boxes between box Cand D (namely C’ and D’),
with a second functional binding site upstream of box D’.

that modify RNA pol II-specific U1, U2, U4 and U5 snRNAs. For example, the human U85
scaRNA directs 2’-O-methylation of the C45 and pseudourydilation of the U46 residues in
the U5 spliceosomal snRNA [48, 61].

The snoRNA-based RNA modification system is found in both Eukaryotes and Archaea
[236, 237, 204]. However, little is known about the evolution of individual snoRNA families.
Even the characteristic sequence motifs of snoRNAs are modified in several basal eukaryotic
lineages. InLeishmania major, the ACA box is systematically replaced by anAGAmotif
[138], while other snoRNA molecules in the primitive eukaryote Gardia lamblia show
mutations in the D box of C/D-like snoRNAs [276]. Due to theirpoor sequence conservation
it is a non-trivial problem to establish the homology of snoRNAs over large evolutionary
distances, e.g. between a mammalian and a yeast sequence. A plausible assumption is
that homologous snoRNAs target homologous target positions. Based on this assumption
C/D snoRNAs in theDrosophila melanogastergenome were successfully identified [1].
Additionally, a table of human/yeast correspondences can be found in thesnoRNABase
[133]. On much shorter timescales, the investigation of snoRNA evolution in nematodes
[282] and in mammals [215] has shown that snoRNAs, like many other ncRNAs, evolve by
duplication events and by coevolution with their targets. As with duplicated proteins [71],
three different fates for duplicated snoRNAs were observed: (i) inactivation and eventual
loss of one of the paralogs, (ii) maintenance of function andthe same target in both paralogs,
and (iii) divergence of the target site of one of the paralogs. This may provide a mechanism
by which the extant diversity of snoRNAs may have evolved from a single ancestral C/D
and H/ACA snoRNA.

SnoRNAs are found in two different genomic contexts: withinintrons of protein cod-
ing genes and in independent transcription units. In both cases, the snoRNA is initially
processed as pre-snoRNA that requires further maturation [263]. Almost all snoRNAs in
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vertebrates are localized within introns of “house-keeping” genes, in particular of genes
for ribosomal proteins. However, in several cases it is alsoknown that the host-gene is
non-coding, see e.g. [14]. Outside the Metazoa, gene organization is more diverse. In
yeast, most snoRNAs are processed from independent mono-, di-, or polycistronic RNA
transcripts [251]. Such polycistronic clusters of multiple different snoRNA genes are also
common in higher plants [26] and Kinetoplastida [139]. The biosynthesis of box C/D snoR-
NAs seems to be related to the position of the gene within the intron and optimal distances
between snoRNA coding sequence and conserved intron elements (e.g., 3’-end and branch
point) in mammals and yeast [97, 251]. In contrast, it has been demonstrated that H/ACA
snoRNAs originate in a splicing dependent manner but they donot possess any preferential
localization with respect to intronic splice sites [206].

Duplicated snoRNA paralogs are often inserted into different positions in the same gene
(cis-duplication). However, also duplicated snoRNAs in distant genes or even other chro-
mosomes (trans-duplication) [282, 215] are reported. Finally, snoRNA paralogs may be
moved to different chromosomal locations through a duplication of the host genes. Consis-
tent with these mechanisms, duplications and “jumps” of thesnoRNA gene from an intron
in the ancestral host-gene to an intron of another gene have been observed in vertebrates
[21]. Intergenic copies may also remain functional: The polymerase-III transcribed C/D
snoRNA in yeast (snRN52) [88] may have arose from a paralog that by chance came under
the control of a polymerase-III promoter after duplication.

1.3 DOMAIN-SPECIFIC RNAs

1.3.1 Telomerase RNA

In contrast to the circular genomes of prokaryotes, eukaryotes have linear chromosomes.
Special mechanisms are necessary to replicate the chromosome ends, the telomers. In
almost all species investigated to-date, a telomerase enzyme maintains telomere length by
adding G-rich telomeric repeats to the ends eukaryotic chromosomes. Telomerase thus dates
back to the origin of eukaryotes. Notable exceptions are diptera includingAnophelesand
Drosophila, which use retrotransposons or unequal recombination instead of a telomerase
enzyme.

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

Yeast telomerase RNAs appear to be even less well conserved:In [245], only seven short
sequence motifs are reported within more than 1.2kb transcripts ofKluyveromycesspecies,
and of these only a few are partially conserved inSaccharomyces. In fact,Saccharomyces
andKluyveromycesTLC-1 genes cannot be aligned with each other by standard alignment
programs. The same is true for the recently discovered TLC gene ofSchizosaccharomyces
pombe[132, 262].

The small ciliate TER genes include a pseudoknot domain thatcontains an unusual
triple-helical segment with an AUU base triplet. This domain is also shared by the ver-
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Figure 1.6 Telomerase RNA structures of yeast and human share the topology of the pseudoknot
region and a functionally important junction region. The template and its boundary element (TB)
are highlighted. The yeast structure is a consensus ofSaccharomyces[47, 281] andKluyveromyces
structures [27]. The Ku80 binding domain is specific forSaccharomyces. Vertebrate telomerases have
a snoRNA domain [165] at their 3’ end. This domain carries a Cajal-body localization signal (CAB)
[108], which is present in all vertebrates except teleosts [274]. Black regions may vary dramatically
in length.

tebrate and yeast telomerase RNAs [246]. Whether such a structure is also present in the
computationally predicted TER genes of plasmodia [34] is not yet known.

Although there is a common core structure of all these telomerase RNAs [37], and despite
their length of several hundred to almost 2000nt, these RNAsremain a worst case scenario
for homology search. Indeed, a survey of vertebrate telomerase RNAs [39] shows dramatic
sequence variation with only a few, short, well-conserved sequence patterns separated by
regions of highly variable length. The recent discovery of the TER genes of teleost fishes
[274] highlights the variability of this molecule, which has acquired several lineage-specific
domains, such as the snoRNA domain in vertebrates and the Ku-80 binding domain in
budding yeast, see Figure 1.6.

1.3.2 Spliceosmal snRNAs

In eukaryotes, introns of protein-coding mRNA und mRNA-like ncRNAs are spliced out of
the primary transcript by the spliceosome, a large ribonucleoprotein (RNP) complex which
consists of up to 200 proteins and five small non-coding RNAs [181]. Mounting evidence
suggests that these snRNAs exert crucial catalytic functions in the splicing process [248].
Spliceosomal splicing is one of four distinct mechanisms, see Tab. 1.2 for details.

The spliceosomal machinery itself may be present in three distinct variants in eukaryotic
cells. The dominant form is themajor spliceosomewhich contains the snRNAs U1, U2,
U4, U5 and U6 and removes introns delimited by the canonical donor-acceptor pair GT-
AT (as well as some AT-AC and GC-AG introns). A recent report on the expression of
a U5 snRNA candidate inGiardia [40], a protozoan with few introns, suggests that the
spliceosome and its snRNA date back to the Eukaryote ancestor. In general, snRNAs
are subject to concerted evolution if they are present in multiple copies. Nevertheless,
there is evidence for differential regulation of paralogous snRNA genes in several lineages
[57, 38, 156].
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Table 1.2 Splicing Mechanisms. Three major mechanisms, (A), (B), and(C) can be
distinguished [146]. Group I [91] and group II [69] (which include the group III introns) are
self-splicing. However, Group II introns also share several characteristic traits, including the
lariat intermediate, with spliceosomal introns and might share a common origin. The splicing
of eukaryotic tRNAs and all archaeal introns uses specific splicing endonucleases, reviewed in
[30]. The spliceosmal machinery does not distinguish between protein coding mRNAs and
mRNA-like ncRNAs.

Domain (A) (B) (C)
group I group II spliceosomal endonuclease

Bacteria + + − −

Archaea − − − tRNA, rRNA, mRNA
Eukaryota + + “mRNA” tRNA

About 1 in 10000 protein coding genes is spliced by theminor spliceosome[188] which
is composed of the snRNAs U11, U12, U4atac, U5 and U6atac and acts on AT-AC (rarely
GT-AG) [221] introns. The snRNAs U11, U12, U4atac, and U6atac take on the roles of
U1, U2, U4, and U6. Whereas, both U6 and U6atac are polymerase-III transcripts, all other
spliceosomal snRNAs are transcribed by polymerase-II. Interestingly, the minor spliceo-
some can also act outside the nucleus and has a function in thecontrol of cell proliferation
[123]. Functional and structural differences between the two types of spliceosomes are
reviewed in [267]. The snRNAs themselves are not only part ofthe spliceosomes but are
also involved in transcriptional regulation [127].

The third type of splicing isspliced-leader-trans-splicing. Here a “miniexon” derived
from the non-codingspliced-leaderRNA (SL RNA) is attachedto the 5’ end of each protein-
coding exon [185, 198, 90]. The correspondingspliceosomalcomplex contains the snRNAs
U2, U4, U5, and U6, as well as an SL RNA [90].

The minor spliceosome is present in most eukaryotic lineages and traces back to an origin
early in eukaryotic evolution [44, 143, 211]. Although it appears to have been lost in many
lineages, most metazoa have a minor spliceosome, with the notable exception of nematodes
such asCaenorhabditis elegans[188] and certain cnidaria [50, 156]. Within fungi, minor
splicesomes have been reported only for zygomycota and somechytridiomycota. Minor
spliceosomes are also reported in oomycetes (Heterokonta)and streptophyta [50]. Whereas,
Euglenozoa and Alveolata do not seem to have minor spliceosomes.

The evolutionary origin of SL-trans-splicing is unclear. It has been described in tunicates,
nematodes, platyhelminthes, cnidarians, kinetoplastids[90], rotifera [198] and dinoflagel-
lates [140]. In contrast SL RNAs are absent in vertebrates, insects, plants, and yeasts [198].
Due to the rapid evolution and the small size of SL RNAs it is hard to determine whether
examples from different phyla are true homologs or not. Thus, two competing hypotheses
are discussed in the literature: (i) ancient trans-splicing and SL RNAs have been lost in mul-
tiple lineages and (ii) the mechanism has evolved independentlyas a variant of spliceosomal
cis-splicing in multiple lineages.

In nematodes polycistronic pre-mRNAs are trans-spliced into two or even more [191]
distinct SL RNAs which provide the 5’ acceptor site for the first (SL1) and all subsequent
(SL2) mRNA sequences. This leads to the formation of discrete monocistronic mRNAs
that start with either the SL1 or the SL2 sequences [19]. Trans-splicing to the SL1 acceptor
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requires no specific signal. In contrast, tocis-splicing or SL1-trans-splicing the attachment
of SL2 appears to be linked with polyadenylationof the preceding mRNA in the polycistron
[194].

1.3.3 U7 snRNA

Replication-dependenthistone genes are the only knowneukaryotic protein-codingmRNAs
that are not polyadenylated, ending instead in a conserved stem-loop sequence, see [158]
for a recent review. The processing of the 3’ end of these histone genes is performed by the
U7 snRNP. The U7 snRNA is the smallest RNA polymerase-II transcript known to-date,
with a length ranging from 57nt (sea urchin) to 70nt (fruit-flies). Its expression level of
only a few hundred copies per cell in mammals is at least threeorders of magnitude smaller
than the abundance of other snRNAs.

HairpinSm bindingHistone binding region
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Figure 1.7 Aligned sequence logos of the consensus sequences of U7 snRNAs from tetrapods,
teleosts, sea urchins, and flies. Adapted from [157].

The U7 snRNP-dependent mode of histone end processing has long been believed to be
a metazoan innovation [13, 158]. Anyway, the phylogenetic distribution of the U7 snRNP
proteins, provide evidence for an origin of this mechanism early in Eukaryote evolution
[51]. Nevertheless, U7 snRNAs so far have been reported onlyfor Deuterostomes and
Drosophilids [157, 51]. A detailed analysis shows that eachof its three major domains, the
histone binding region, the Sm-binding sequence, and the 3’stem-loop structure, exhibits
substantial variation in both sequence and structural details, see Figure 1.7.

1.3.4 tmRNA

The transfer-messenger RNA (tmRNA), also known as 10Sa RNA or SsrA, is part of a
complex that acts as a unique translation quality control and ribosome rescue system in
all eubacteria and some eukaryotic organelles [6, 83]. “Nonstop” mRNAs, which due
to processing errors lack appropriate termination signals, cannot promote release factor
binding and thus lead to stalled ribosomes attached to the nascent incomplete polypeptide.
tmRNA rescues these ribosomes and provides the template fora peptide-tag that then causes
the rapid degradation of the incomplete translation product. In a typicalE. coli bacterium,
there are approximately 700 tmRNAs per cell; that is, one tmRNA for every 10-20 ribosomes
[169].

For recent detailed reviews of tmRNA structure and functionwe refer to [170, 58]. In
brief, tmRNA combines the functions of a tRNA and an mRNA, a dichotomy that is also
reflected by its structure, Fig. 1.8. Its tRNA-like domain binds to the protein SmpB and is
then aminoacetylated by alanyl-tRNA synthetase. A quaternary complex 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 normal
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
pseudoknots of unknown function. (Adapted from [5])

contains elongation factor EF-Tu recognizes ribosomes stalled at the 3’ end of a nonstop
mRNA and like tRNA enters the ribosome’s A site. The nascent polypeptide is transferred
to the alanyl-tmRNA, which now switches to its mRNA-like mode of action by translocating
to the P site of the ribosome where it places a TAG codon in the ribosome’s mRNA channel.
This leads to the release of the defective mRNA and its subsequent selective degradation by
RNase R. The ribosome continues translation with the tmRNA ORF as a surrogate template
and terminates at a tmRNA-encoded stop codon, thereby releasing the nascent protein with
the 11-amino acid degradation tag, which contains epitopesfor ubiquitin proteases.

Genes for tmRNA and the accomanying SmpB protein so far have been found in each
of the completely sequenced eubacterial genomes, see e.g. [83], although tmRNA is not
crucial for survival in some bacterial species, see e.g. [182, 22]. In E. coli, tmRNA is
transcribed as a 457nt precursor and then cleaved to obtain the 363nt mature molecule.
In some species, circularly permuted genes produce split tmRNAs, which still share the
ancestral domain organization [219]. There are tmRNA genesin some eubacterial-like
organelles, in particular in the chloroplasts of diatomss (e.g.,Thalassiosira pseudonana)
and red algae (e.g.,Cyanophora paradoxa) [78, 6]. Reduced tmRNAs, which lack the
mRNA-like region, were identified in the mitochondrial genomes of a few protozoans
including the jakobidReclinomonas americana[106]. So far neither an archaeal nor a
nuclear Eukaryotic tmRNA have been found, although there isa nuclear-encoded SmpB
gene with an organelle import signal in heterokonta with organellar tmRNAs [107].

1.3.5 6S RNA

The 6S RNA ofE. coli is one of the first known bacterial small RNAs. Nevertheless,its func-
tion in transcriptional regulation was only recently elucidated, reviewed in [269, 259]. It
binds specifically to the bacterial RNA-Polymerase (RNAP) holoenzyme and selectively in-
hibitsσ 70-dependent transcription. During the exponential growth almost all housekeeping
genes areσ 70 dependet regulated [150]. 6S RNA seems to mimic the openσ 70-dependent
promoter complex [33]. This hypothesis is supported by the fact that mutation within the
“central bubble” of the 6S RNA abrogatedσ 70-holoenzyme binding. Therefore, the con-
served secondary structure of the RNA molecule is critical for its function. Since the 6S
RNA concentration increases 10-fold from the exponential to the stationary phase [261] it
stops transcription of the “housekeeping” genes and storesthe RNAP-holoenzyme. This
RNAP-6S complex is present during late stationary phase, when NTP concentrations are
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known 6S RNAs. It consists of three domains, known as the ’closing stem’, ’central bubble’ and
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(B) γ -proteobacteria, cyanobacteria, and fermicutes, (C)β-proteobacteria,δ-proteobacteria, and
spirochetes. For comparison, the open promoter complex is shown. Adapted from [16].

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

The secondary structure of 6S RNA is discussed in detail in [16]. It consists of three
domains (Fig. 1.9) and shows close similarities with an openσ 70 promoter.

While 6S is a single-copy gene in most bacterial phyla, thereare two differentially
regulated copies in Gram-positive bacteria [16]. Interestingly, two alternative structural
conformations have been reported for cyanobacterial 6S RNAs [11]. In E. coli, the ssrS1
gene forms a bi-cistronic message combining the 6S RNA (5’) and the open reading frame
of ygfA (3’). A tandem promoter is responsible for regulating 6S RNA expression, pro-
ducing either a short,σ 70 dependent transcript or a longer version that uses eitherσ 70

or σ S. Different RNases process these transcripts [118]. Additionally, the repression by
several regulatory proteins is reported[178]. A similar gene structures was observed in
Prochlorococcus, although the short transcript does not seem to be processedin this case
[11].

The broad phylogenetic distribution of 6S RNA across all bacterial phyla emphasizes the
universality of its function. Nevertheless, 6S RNA-null cells show only a minor phenotype
effect in bacteria such asE. coli andSynechococcus[243].

1.4 CONSERVED ncRNAs WITH LIMITED DISTRIBUTION

1.4.1 Y RNAs

Y RNAs were discovered as the RNA component of the Ro RNP particle. They form a
small family of short RNA polymerase-III transcripts with characterstic secondary structure
[68, 238]. The function of Y RNAs remains elusive. A direct role of Y RNAs for DNA
replication was demonstrated in [41], and Y5 was recently implicated in 5S rRNA quality
control [99].
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Figure 1.10 Evolution of the vertebrate Y RNA locus. With the exception of Xenopus, the functional
Y RNA genes are located in a single cluster in all sufficientlyassembled genomes (symbols with arrows
on a line marking an uninterrupted piece of genomic DNA). Formost species, only short scaffolds or
shotgun traces are available (white symbols without direction). Updated from [172].

Y RNAs have so far been reported only in vertebrates, the nematodeCaenorhabditis
elegans[249] and the prokaryoteDeinococcus radiodurans[39]. At this point it remains
unclear whether the latter is homologous to the animal Y RNAsand if so, whether Y RNAs
date back to the LUCA.

The amniota exhibit a single cluster of Y RNAs whose evolution has been traced in
detail [172, 190]. Interestingly, the orientation of the Y1gene is inverted in eutheria. Loss
of members of the Y RNA family seems to be a fairly frequent phenomenon in several
families. In both rat and mouse, there is no trace of either Y5or Y4, 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 1000 pseudogenes that
constitute a class of L1-dependent non-autonomous retroelements [189, 190]. In contrast,
in almost all other species (with the notable exception of the guinea pigCavia procellus)
there are only a few Y-RNA derived pseudogenes.
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1.4.2 Vault RNAs

Vaults are large ribonucleoproteinparticles that are ubiquitous in eukaryotic cells with char-
acteristic barrel-like shape and a still poorly understoodfunction in multi-drug resistance
[250]. Vault RNAs are short (80-150nt) polymerase-III transcripts comprising about 5% of
the mammalian vault complex.
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Figure 1.11 Vault RNAs contain two internal
polymerase-III 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].

So far, vault RNAs have have been studied experimentally in frogs and a few mammals.
They exhibit little sequence conservation beyond their BoxA and Box B internal promoter
elements. Nevertheless, computational analyses have identified vault RNAs in most verte-
brates [171]. Similar to Y RNAs, mammalian vault RNAs are organized in a small cluster
typically comprising two or three (in primates) paralogs (unpublished data).

1.4.3 7SK RNA

The 7SK snRNA is one of the most highly abundant ncRNAs in vertebrate cells [258]. Due
to its abundance it has been known since the 1960s. Its function as a transcriptional regulator,
however, has only recently been discovered: 7SK mediates the inhibition of transcription
elongation factor P-TEFb, a critical regulator of RNA polymerase-II transcription which
stimulates the elongation phase, see [62, 125] and the references therein.
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Figure 1.12 Like telomerase RNA, 7SK
RNA is highly variable in both sequence and
structure. Only two stem-loop structures,
towards the 5’ and the 3’ end, are conserved.
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hairpin is responsible for HEXIM1 and P-
TEFb binding [62], the 3’-stem also interacts
with P-TEFb.

The polymerase-III transcript, with a length of about 330nt, is highly conserved in ver-
tebrates [85]. In contrast to the nearly perfect sequence and structure conservation in jawed
vertebrates [258, 62], however, the 7SK RNA from the lampreyhomolog differs in more than
30% of its nucleotide positions from its mammalian counterpart. Recently, the molecule was
regarded as a vertebrate innovation because searches for invertebrate homologs remained
unsuccessful despite considerable efforts. A combinationof computational and experi-
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mental approaches, however, uncovered 7SK homologs in basal deuterostomes and several
lophotrochozoans and revealed its evolutionary flexibility [82], Fig. 1.12. A genome-wide
survey for well-conserved type-3 polymerase-III promoterstructures inDrosophilafinally
lead to the discovery of arthropod 7SK RNAs [81]. The 7SK RNA hence was present
already in the Protostome-Deuterostome Ancestor.

1.4.4 Sm Y RNA

The analysis of the cis- and trans-spliceosomes inAscaris lumbricoides[154] lead to the
discovery of two snRNA-like small RNAs that exhibit a canonical Sm protein-binding site.
In Caenorhabditis elegans, this novel class of RNAs contains at least 12 closely related
genes [55, 93, 147].

AARUUUUGGA
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40 50
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Figure 1.13 Consensus structure
of theCaenorhabditis elegansSmY
RNAs. The terminal hairpin and the
consensus patternAARUUUUGGA
form a canonical Sm binding site.

The SmY RNAs occur in a complex with the spliced-leader RNA (SL RNA) formed
by direct base-pairing reminiscent of the interactions between spliceosomal RNAs. This
strongly suggests a direct involvement in the trans-splicing machinery, either as a direct
component of the trans-spliceosome that is required for function, or as a chaperone for
the SL snRNP that prevents inappropriate splicing. Although all sequenced nematode
genomes contain SmY homologs, no SmY RNAs were found outsidethe phylum Nematoda
(unpublished data).

1.4.5 Bacterial RNAs

A plethora of evolutionarily unrelatedsmall RNAs(sRNAs) have been described across the
eubacteria, most of which have a more or less limited phylogenetic distribution. It is at
present nearly impossible to offer a comprehensive survey or even a reasonably complete
list. A series of reviews including [4, 226, 252] cover much of this terrain. However, many
novel and almost poorly understood ncRNAs continue to be discovered at a staggering rate.

The Sm-like proteinHfq plays a special role in small RNA based regulation of bacte-
rial gene expression, reviewed in [24]. The RNA chaperoneHfq is present in half of all
Gram-positive as well as Gram-negative bacteria and at least one archaeon,Methanococcus
Jannaschii. Existence of an hfq gene, however, does not imply the presence of a functional
Hfq protein or its involvement in sRNA-based regulation. The 70-110 amino acid protein
forms homohexamers and binds sRNA as well as mRNA (via its proximal site) and also
poly(A) tails. InE. coli, approximately one fourth of the known sRNAs bind toHfq. They
also interact with proteins that are involved in mediated decay of specific mRNAs.

In the following we can only briefly introduce a few subjectively selected examples of
small bacterial RNAs.
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Figure 1.14 Mechanisms of riboswitch control. Most switches are located in the 5’ UTR (top), acting
either by forming a transcription terminator, blocking theanti-terminator hairpin, or sequestering
the Shine-Dalgarno sequence. Less common riboswitches (below) act by cleaving (gmlS), causing
alternative splicing (TPP), or stablizing the mRNA.

OLE RNA. The “ornate, large and extremophilic” (OLE) RNA with a length of approxi-
mately 610nt is highly conserved in both sequence and secondary structure. OLE is found
predominantly in extremophilic Gram-positive eubacteria. A functional link between OLE
RNA and putative membrane protein including BH2780 has beensuggested [200].

GcvB. Computer-based detection of GcvB showed the existence of the sequence within
many enterobacteria as well asPasteurellaceaeandVibrionaceae. Further investigation
in Salmonella enteriarevealed that it regulates at least seven mRNAs. The GcvB RNA
represses its targets by binding to highly conserved regions. Examples include a 29nt G-
U rich region and the Shine-Dalgarno sequence ofdpAandoppA. GcvB RNA also binds
upstream of the Shine-Dalgarno sequence, preventing the binding of the 30S ribosome
[220].

Yfr1. Cyanobacterialf unctionalRNAs (Yfr) [12, 176] were discovered by computer aided
searches. The Yfr2-5 appear to be related due to a highly conserved sequence pattern
(’GGAAACA’x2) within the loop region of a hairpin. Yfr7 exhibits a faint sequence simi-
larity to 6S RNA. The approximately 60nt short Yfr1 RNA foldsinto a structure containing
an ultra-conserved sequence surrounded by two stem-loops.This element is found in all
cyanobacteria lineages, where it appears in very high copy numbers and with a long half-life
of 60min, emphasizing its functional importance. Yfr1 seems to be involved in growth and
stress responses, but its regulatory mechanism remains largely unknown.

RsmY and RsmZ. A complex network of ncRNAs and proteins controls pathogenesis
in Pseudomonas aeruginosa[241]. Homologous networks of GacS-GacA-RsmY-Z-RsmA
are known inE. coliand many other bacterial species. The GacS-GacA proteins up-regulate
the expression of RsmY and RsmZ. The sensor proteins LadS andRetS seem to up- as well
as down-regulate GacA respectively. RsmY and RsmZ bind to the translation regulatory
protein RsmA. The sequestration of this molecule results inexpression of survival and
virulence associated mRNAs such as the elements of the type-III-secretion complex.

Riboswitches. These primarily regulatoryelements of protein-codingmRNAsare mostly
found in bacteria. We include them here because in the “off” state the riboswitch sequence
itself is often transcribed. Almost all riboswitches are concatenations of two components:
a very well conserved binding domain acting as a highly specific aptamerthat senses its
metabolite, and a comparatively variableexpression platformwhich changes its structure
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Table 1.3 Classification of verified riboswitches by their function, and primary ligand as well
as candidate riboswitches are listed. The SAM and PreQ1 groups utilize different structures to
bind the same ligand. Where known, the mode of action is indicated by2�(transcription control)
and/or4(translation control). Data are taken compiled from [23, 15, 46, 203, 162, 255].

Riboswitch ligand mRNA- expression
location regulation

Cleavage glmS glucose-amine-6-
phosphate

5’ UTR - 4

Splicing TPP (THI-box) thiamin pyrophosphate intron in
5’UTR

- 4

ON/OFF

TPP (THI-box) thiamin pyrophosphate 3’UTR,
5’UTR

+/- 2�

Purine adenine, guanine and 2’-
deoxiguanosine

5’UTR +/- 2� 4

Lysine (L-box) lysine 5’UTR - 2�

Glycin glycine 5’UTR + 2�

Cobalmin (B12-element) adenosylcobalamin 5’UTR - 4

FMN (RFN-element) flavin mononucleotide 5’UTR - 2� 4

Mg2+ Mg2+ 5’UTR - 2�

PreQ1-I
pre-queuosine1 5’UTR - 4

PreQ1-II
SAM-I (S-box leader)

S-adenosylmethionine 5’UTR - 2� 4
SAM-II (SAM-alpha)
SAM-III (SM K )
SAM-IV
SAH S-adenosylhomocystein,

S-adenosylcysteine
5’UTR +/- 2� 4

C
an

di
da

te
s Moco molybdenum cofactor

5’UTR - 2� 4
Tuco tungest cofactor
SAM-V
yybP-ykoY (SraF)
ykkC-yxkD

upon binding of the metabolite. One can distinguish two functional principles: in kinetically
controlled riboswitches, metabolite binding competes with RNA folding; in thermodynam-
ically controlled ones, the binding energy of the metabolite is sufficient to cause structural
changes [46].

The expression platform can employ two principal modes of action, Fig. 1.14. It can
regulate translation by inhibiting translational initiation, e.g. by blocking the ribosomal
binding site. Alternatively, riboswitches can control transcription. Depending on whether
the aptamer is loaded with the metabolite or not, a terminator hairpin is formed by the
expression platform that pre maturely terminates the transcription of the mRNA. In this
case, the “raw” riboswitch RNA is produced as an unstable product. The TPP riboswitch
is mechanistically more complex [15] and employs various expression platforms. It can be
found in both 5’ and 3’ UTRs; in the latter case it usually actsin conjunction with an upstream
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ORF. Riboswitches may act as activators or repressors depending on genomic context [36]
by switching ON→OFF or OFF→ON with increasing substrate concentration. A more
complex regulatory logic can be implemented by placing two or more riboswitches wich
sense the same or different ligands in series. For instance,a tandem riboswitch architecture
in Bacillus clausiiimplements a logical NOR gate. This and further examples arereviewed
in [229].

A unique case is the gmlS riboswitch in certain Gram-positive bacteria. Instead of
instigating a conformational change, it stimulates a self-cleaving ribozyme activity that
acts on the GmlS mRNA [120, 43].

Riboswitches are common in bacteria, although their phylogenetic distribution and ge-
nomic frequency is quite variable [116, 255]. A few riboswitches have also been detected
in archaea, fungi and plants [228, 15, 23]. A TPP riboswitch in Neurospora crassa, for
example, regulates the expression of mRNAs by controlling alternative splicing.

1.4.6 A Zoo of Diverse Examples

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

Guide RNAs. Mitochondrial mRNAs of some protozoaneed to undergoapost-transcriptional
editing process before they can be translated. Kinetoplastids of the trypanosomatid group
possess two types of mitochondrial DNA molecules: Maxicircles bear protein and riboso-
mal RNA genes. Minicircles specify guide RNAs (gRNAs), witha typical length of about
50nt that mediate uridine insertion/deletion RNA editing.Following the hybridization of
the 5’-anchor region of a gRNA to the 3’ end of its target mRNA,an U insertion and dele-
tion is directed by sequential base pairing. The enzyme cascade involves cleavage of the
mRNA, U insertion by a TUTase, and re-ligation, see [2] and the references therein. With
a few exceptions, gRNAs are encoded in the short variable regions located between highly
conserved sequence blocks on the minicircles. A computational approach based on this
observation predicted about 100 gRNA candidates inTrypanosoma cruzi[240], consistent
with recent experimental results forTrypanosoma brucei[148, 149].

Dictyostelium discoideum. In addition to the usual repertoir of eukaryotic ncRNA, there
are two related classes of ncRNAs that share the sequence motif CCUUACAGCAA [8]. One
of them, the class I RNAs, is organized in a few genomic clusters [173, 96]. Several novel
families of ncRNAs have been identified based on a computational screen and subsequent
experimental verification [131].

Plasmodium falciparum. The ncRNAs of this malaria parasite have been studied rather
extensively. Its notable scarcity of identifiable transcription factors led to speculation that
this organism may be unusually reliant on chromatin modifications as a mechanism for
regulating gene expression. The centromeres ofPlasmodium falciparumcontain transcrip-
tionally active promoters and produce non-coding transcripts with a length of 75-175nt
that are retained in the nucleus and appear to associate withthe centromers [66]. A large
number of other ncRNAs without homologs outside apicomplexa have been found using
computational techniques and microarrays [34, 174].
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TelRNAs. A recent study [216] showed that mammalian telomeric repeats are transcribed
from the C-rich strand by polymerase-II. The transcripts contain UUAGGG repeats and are
polyadenylated. Transcription is regulated depending on developmental status, telomere
length, cellular stress, tumour stage and chromatin structure. In vitro, TelRNAs block
telomerase activity suggesting an active role of TelRNAs inregulating telomerasein vivo.
Similar transcripts were recently reported inLeishmania donovani[214], 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 unannotated RNAs as primary tran-
scripts for the production of short RNAs, and identified three novel classes of RNAs [113]:
Both “promoter-associated small RNAs” (pasRNAs) and “termini-associated small RNAs”
(tasRNAs) are syntenically conserved between human and mouse. The presence of pasR-
NAs appears to be associated with a small increase in the expression of the corresponding
protein coding gene. Short sequence reads arising from human bi-directional promoters,
which might be pasRNAs or at least related to them, are also reported in [115]. Longer
“promoter-associated long RNAs” (palRNAs) with a length ofa few hundred nucleotides
are also abundant throughout the human genome [113]. A detailed study of a palRNA
associated with the promoter of EF1a suggests a function in epigenetic gene silencing [87].

RNA Polymerase-III transcripts. Genome-wide surveys have recentlyuncoveredaplethora
of novel, hitherto unclassified transcripts are produced byRNA polymerase-III [105, 184],
reviewed in [56]. InDrosophilamany of these transcripts exhibit well-conserved secondary
structures [209]. The snaR-A RNA, on the other hand, is present in human and chimpanzee
only and appears to have undergone accelerated evolution [187].

TIN RNAs. A survey of human mRNA and EST public databases revealed morethan
55,000 totally intronic non-coding (TIN) RNAs transcribedfrom the introns of the majority
of RefSeq genes [177]. Surprisingly, RNA polymerase-II inhibition resulted in increased
expression of a fraction of intronic RNAs in cell cultures. This suggests that the recently
discovered spRNAP-IV, an RNA polymerase of mitochondrial origin [124], might be re-
sponsible for these transcripts. Functional importance ofsome TIN RNAs is supported by
conserved expression patterns between human and mouse [144].

IGS RNAs. The intergenic spacers (IGS) that separate individual ribosomal rDNA genes
contain polymerase-I promoters that cause the transcription of 150-300nt ncRNA comple-
mentary to rRNA promoter regions. These IGS RNAs help to establish and maintain a
specific heterochromatin configuration in a subset of rRNA promoters [160].

Ciliates. Tetrahymenaand other ciliates use an RNA-based mechanism for directingtheir
genome-wide DNA rearrangements [167, 278]. The “scanning RNAs” appear to be closely
related to the RNAi pathway.

1.5 ncRNAs FROM REPEATS AND PSEUDOGENES

Repetitive elements account for about half of mammalian genomes. In the past, these
sequences were often considered as “junk DNA”, i.e., devoidof cellular function [18].
We are only beginning to understand that this is probably very far from the truth: For
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example, two distinct short polymerase-III transcribed SINE elements, B2 in mouse and
Alu in human, have been recognized as negative regulators ofpolymerase-II transcription
[3, 64, 65, 153]. Both act in a similar way by directly bindingto polymerase-II. The Alu
RNA arose from the fusion of the 5’ and 3’ ends of 7SL RNA and later on evolved by
a head to tail fusion of two related Alu sequences into a dimeric structure. It can still
bind some of the SRP proteins. The resulting Alu RNP complex has been found to down
regulate translation initiation [89]. InLeishmania infantum, conserved tandem head-to-
tail subtelomeric repeats are expressed in a stage-specificmanner [59]. The expression of
telomeric repeats has been briefly described in the previoussection.

Repetitive DNA elements as well as pseudogenes are an important source of novel
ncRNA genes. In some cases, protein coding genes lose their coding capacity and become
functional as ncRNA. Probably the best-known example isXist [60], see section 1.6.

A different mechanism, “exaptation” [25], starts with the reactivation of retrotransposed
pseudogenes, which are either by chance integrated into a locus that provides promoter
sequences, or integrated into a locus where a promoterhappens to be generatedby mutations
after integration. An example of an exapted gene is the mRNA-like ncRNA Makorin1-p1
[277]: Both the functional protein-codinggeneMakorin1and the pseudogeneMakorin1-p1
possesses the same cis-acting destabilizing elements in their 5’ region. The pseudogene
stabilizes its functional paralog by competing for the the mRNA degradation apparatus.
In some cases, pseudogenes may also be processed to generatesmall RNAs, including
microRNAs and piRNAs, see→chapter *** for examples. In addition, several snoRNAs
seem to belong to repetitive families in the mouse genome [102].

Another source of pseudogenes are small stable RNAs such as tRNAs, 7SK RNAs or
even snoRNAs [145]. Retrotransposition produces large numbers of such pseudogenes
which may give rise to novel ncRNAs. The BC1 RNA, for instance, which is specific to
rodent neurons, shares 80% sequence similarity with its progenitor tRNAAla. It folds into a
stable stem/loop rather than into a cloverleaf structure [210]. BC200, another brain-specific
transcript, is specific to anthropoidea [126] and exapted from a retrotransposed ancient Alu
monomer. Although unrelated evolutionary, BC1 RNA and BC200 RNA share the same
expression pattern and exert analogous functions [280]. A related primate lineage contains
the analogous, also Alu-derived, ncRNA G22 [117]. Two closely related RNAs are exapted
from rodent SINEs. The 94nt 4.5SH RNA and the 101-108nt 4.5SI RNA are exapted
from rodent B1 and B2 elements, respectively [79]. The function of these RNAs remains
unknown although it was shown that 4.5SH is bound by mouse nucleolin [98].

1.6 mRNA-LIKE ncRNAs

A rapidly growing class of ncRNAs looks like protein-codingmessenger RNAs in many re-
spects. These mRNA-like ncRNAs (mlncRNAs) are transcribedbypolymerase-II, polyadeny-
lated at their 3’ end, capped with 7-methylguanosine at the 5’ end, and typically spliced.
These transcripts are the main target of systematic full-length cDNA cloning, reviewed
in [32]. While huge numbers of mlncRNAs were found in both animals [103, 32, 231]
and plants [264, 212], next to nothing is known about most of them. There is, however,
mounting evidence that many of them are associated with diseases [232], Tab. 1.4. A re-
cent study based onin situ hybridization data from the Allen Brain Atlas identified 849
ncRNAs expressed in mouse, of which most were specifically associated with particular
neuroanatomical regions, cell types, or subcellular compartments [161]. This kind of tight
regulation is at least indicative of specific functionalities.
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Table 1.4 mlncRNAs associated with human diseases. Altered expression in
disease/disorder:↑ up-regulated,↓ down-regulated.

ncRNA Disease/disorder Ref.

Altered Expression Levels in Cancer

PCGEM1 ↑ prostate cancer [225]
DD3/PCA3 ↑ prostate cancer [28]
MALAT-1 NSCLC, endometrial sarcoma, hepatocellular carcinoma [275, 141]
OCC-1 ↑ colon carcinoma [192]
NCRMS ↑ alveolar rhabdomyosarcoma [35]
BCMS/DLEU1 B-cell neoplasia [271]
H19 ↑ liver and breast cancer [73, 159]
NC612 prostate cancer [222]
HULC ↑ hepatocellular carcinoma [186]
HIS-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 lymphoma [234]
PEG8/IGF2AS fetal tumors [183]

Neurological diseases/disorders

SZ-1/PSZA11q14 ↓ schizophrenia [197]
DISC2 schizophrenia and bipolar affective disorder [163, 42]
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-Wiedemann [100, 180]
BR514 congenitcal developmental abnormalities [86]

Recent data strongly suggest that mlncRNAs do not form a homogenous class with
respect to function and processing. A large subclass are natural antisense transcripts (NATs),
which are implicated in the expression regulation of their protein-coding counterparts in
both animals and plants [114, 137].

A significant fraction of transcripts, which probably included many of the mlncRNAs is
processed into short RNAs [113]. Only a small number of such examples is reasonably well
understood at present however. The most prominent mlncRNAsthat function as carriers of
other functional ncRNAs are the non-coding host-genes of snoRNAs [244, 53] and primary
microRNA precursors [94] including H19 [29] and BIC [233]. In [31], it is shown that
a co-expressed pair of a sense and antisense transcript of the phosphate transporter gene
Slc34a2a is specifically processed into small RNAs. We referto →chapter *** for more
details on miRNAs, siRNAs, and their relatives.

A small subclass of mlncRNAs is predominantly present in thenucleus. A recent screen
[101], identified only four such genes: the two well-conserved genes NEAT1 and MALAT-
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1, NTT, andXist, which is well-studied in X-chromosome inactivation [101,179]. The
neuronally expressed mouse transcriptGomafualso seems to belong to this class [223].

From a functional point of view one can distinguish transcripts involved in dosage com-
pensation, imprinting events, stress signals, and regulators of gene expression. Mechanistic
details, however, remain to be elucidated. In the followingwe briefly 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 case) the X chromosome genes in
the different sexes. InDrosophilathis is achieved by X chromosome up regulation in XY
cells with the help of the mlncRNAsrox1androx2 [273], while mammals inactivate one of
the two X chromosomes, reviewed in [101, 179]. The X inactivation proceeds at an early
developmental stage in females and is regulated by different factors, including a region
of chromosome X the so-called X inactivation center (XIC). TheXist (X inactive specific
transcript) gene, a nuclear 19.3 kb transcript exclusivelyexpressed from the XIC of the
inactive X chromosome, is necessary and sufficient for the inactivation of the X chromo-
some. So far, the exact mechanism is unclear but it is assumedthat only the transcription
of Xist could be enough to change the chromatin structure to allow the 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 imprinted genes (11p15 in human)
containing also the IGF2 gene. While H19 is expressed exclusively from the maternal
allele, IGF2 expression is limited to the paternal allele. H19 RNA is highly expressed in
placental, embryonic and most foetal tissues, but after birth the expression is suppressed in
nearly all tissues. Recently identified as a microRNA precursor [29], it appears to play a
role in development and differentiation. Both loss and overexpression of H19 is associated
with different cancers.

Stress Response. Both prokaryotes and eukaryotes induce a set of heat shock genes to
counteract environmental stress, reviewed in [7]. The heatshock response not only causes
a widespread inhibition of transcription, but also a blockade of splicing and other post-
transcriptional processing. Usually, heat shock genes code for proteins. InDrosophila,
however, the major site of transcription after temperatureinduced stress is thehrsω locus,
which produces a ncRNA, see [111] for a recent review. Thehrsω RNA is constitutively ex-
pressed nearly ubiquitously and its transcription level can be rapidly expressed in response
to stress signals. There seem to be three distinct isoforms:both the full length (10kb)hsrω1
and the 7-8kbhsrω2 RNA, which is obtained by alternative polyadenylation, accumulate
in the nucleus. In contrast, the spliced 1.2-1.3kbhsrω3 RNA is cytoplasmic. Thehsrω
RNAs contain a short translatable reading frame in severalDrosophilaspecies; however,
the corresponding peptides have not been detected. The large RNAs appear to act as “or-
ganizers” for the sequestering components of the mRNA processing machinery: Together
with diverse hnRNPs, the nuclearhsrω RNAs are localized in subnuclear compartments.
Theseω-speckles are believe to act as dynamic storage for RNA-processing and related
proteins.

Mammals do not have anhsrω homolog. Recently heat-induced ncRNAs, transcribed
from satellite III repetitive sequence, have been described in human cells. Therefore, the
polyadenylated satellite III transcripts are functional analogs of thehsrω [111].



24 NON-CODING RNA

Transcriptional Regulators. The 2.7kbEvf-1transcript and its 3.8kb splice variantEvf-2
orginate from theDlx-5/6 bi-gene cluster and overlap an ultraconserved region. TheDlx
genes are homeodomain transcription factors with crucial functions in differentiation and
migration of neuronal cells as well as craniofacial and limbpatterning during development.
TheEvf-2RNA specifically interacts with the Dlx-2 protein, forming astable complex in
the nucleus. TheEvf-2/Dlx-2 interaction increases the transcriptional activity of the Dlx-5/6
enhancer region in a target and homeodomain-specific manner. Most likely, theEvf-2/Dlx-
2 complex stabilizes the binding between the Dlx-2 homeodomain protein and theDlx5/6
enhancer sequence [67, 70, 121].

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

1.7 RNAs WITH DUAL FUNCTIONS

The complex mosaic of transcripts outlined in the introduction implies that protein-coding
and non-coding transcripts frequently overlap, in different reading directions or even in
the same direction. In several cases, distinct types of functional products are produced
from the same primary transcript, the best-known example being snoRNAs that are fre-
quently processed from introns of genes for ribosomal proteins. An extreme example of
this type ismfl, the locus for the pseudouridine synthase minifly/Nop60b ofDrosophila
melanogaster. It not only encodes alternative splice forms that can be polyadenylated at
different downstream poly(A) sites but also contains within its introns a cluster comprising
four isoforms of a C/D box snoRNA and two highly related copies of a small ncRNA genes
of unknown function. The alternative 3’ ends allowmfl not only to produce two distinct
protein subforms, but also to differentially release different ncRNAs [205]. Coding and
non-coding information can be packed even more tightly, however, by superimposing it on
the same sequence. Outside RNA viruses, a few examples are known in both eubacteria
and eukaryotes.

RNAIII. With a length of 514nt, theStaphylococcus-specific RNAIII is one of the largest
regulatory RNAs in bacteria. As an intracellular effector of the quorum-sensingsystem, it is
a key regulator in virulence gene expression [241]. A 14 stem-loop regulatory structure and
theδ-hemolysin peptide, a short ORF close to the 5’ end are encoded within one genomic
locus. RNAIII exerts its function by binding to at least three target mRNAs,hla, spaandrot,
and alters the expression levels of the corresponding proteins by modifying the accessibility
of the Shine-Dalgarno sequence [20, 241].

SgrS. The 227nt SgrS RNA is expressed inEscherichia coliduring glucose-phosphate
stress by downregulating the translation of the glucose transporter in an Hfq-dependent
manmer. The 5’ region contains a 43nt ORF, sgrT, which is wellconserved and trans-
lated under stress conditions [253]. So far, SgrS RNAs have been described for various
enterobacteria.

SRA/SRAP. In human, thesteroid receptor RNA activatormodulates transcriptional ac-
tivity of steroid receptors as an RNA molecule. On the other hand, it encodes a protein
that is highly conserved among chordata. A recent review [134] lists 13 SRA variants,
apparently arising from alternative transcription start sites and alternative splicing. They
all share exons 2-5 which encode the functional secondary structure core. Some of these
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isoforms also encode the SRAP protein, others lack the translation start. It appears that the
main function of SRA RNA is to organize the various protein components in the SRA-RNP
complexes which contain both transcription factors and positive or negative regulators of
nuclear receptor activity.

Enod40. The plant geneenod40participates in the regulation of symbiotic interactions
between leguminous plants and bacteria or fungi, and it has been implicated in the develop-
ment also of non-symbiotic plants [224]. Its molecular mechanisms remain unclear,but both
short peptides and well-conserved RNA secondary structureappear to play a role. A recent
computational study [84] demonstrated a well-conserved structural core that is conserved
across angiosperms, and the presence of highly variable expansion domains reminiscent of
the patterns observed in many other functional ncRNAs. Legumes often contain more than
oneenod40gene.

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

The recent discovery of the shorttarsal-lesspeptide translated from only 33nt-long ORFs
of aDrosophilatranscript previously classified as non-coding [74] might indicate that many
other “mlncRNAs” in fact code for short peptides. The peptides ofenod40andtarsal-less
are highly conserved over long evolutionary time. So far, noadditional examples have been
reported (apart from uORFs of protein coding mRNAs).

1.8 CONCLUDING REMARKS

We have attempted in this chapter to give a comprehensiveoverview of the inventoryof non-
protein-coding RNAs across all domains of life, excluding viral RNAs, viroid and satelite
DNAs, ribozymes, and regulatoryRNA elements of mRNAs. Of course, in a few pages such
an endeavor is bound to remain incomplete and subjective. New classes, mechanisms, and
functions of ncRNAs being discovered almost every week. Therefore, this chapter will likely
be even more incomplete, and half-way outdated, when it reaches the reader in printed form.
After all, a series of computational studies has provided quite convincing evidence for tens
of thousands of unclassified RNAs whose secondary structureis under stabilizing selection
[164, 209, 242, 247, 256, 257]. Structure-based clustering[268, 208] furthermore strongly
suggests that several new classes of ncRNAs with characteristic secondary structures are
still lurking in eukaryotic genomes.

In order to keep the list of references at reasonable length,we had to give priority to
reviews over the reviewed original works, and to give preference to most recent publications
over classical papers, hence this chapter does not attempt to review the history of the
discovery of the “Modern RNA-World” over the last decade.
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structure: evolutionary conversion of a tRNA(Ala) domain into an extended stem-loop structure.
RNA, 7:722–730, 2001.

211. A. G. Russell, J. M. Charette, D. F. Spencer, and M. W. Gray. An early evolutionary origin for
the minor spliceosome.Nature, 443:863–866, 2006.

212. L. A. Rymarquis, J. P. Kastenmayer, A. G. Hüttenhofer,and P. J. Green. Diamonds in the rough:
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