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PREFACE

Previously, RNA was investigated merely as an intermediate between DNA and 

and proteins interact in networks. Following this is a chapter on RNA interactions, 

DNAs and proteins. 

other interacting RNAs.

inhibit translation and promote morphological changes. A chapter on programmed 
DNA elimination in the protozoan ciliate Tetrahymena
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binds to the TLS protein, is examined in more detail.

mechanisms we see today, how such RNA-mechanisms evolved and whether some date 
back to the ancient RNA world.

Lesley J. Collins
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CHAPTER 1

THE RNA INFRASTRUCTURE: 
An Introduction to ncRNA Networks

Lesley J. Collins
Institute of Fundamental Sciences, Massey University, Palmerston North, New Zealand  
Email: l.j.collins@massey.ac.nz

Abstract:

RNAs (tRNA, mRNA and rRNA) and other ncRNAs operate in a spatial-temporal 
manner, moving around the nucleus, cytoplasm and organelles during processing, 

prokaryotes and eukaryotes. It describes how transcription-to-translation processes 

prokaryotic and eukaryotic RNA networking.

INTRODUCTION

RNA biology in both eukaryotes and prokaryotes exists in a spatiotemporal network 

noncoding (nc) RNA genes involved including rRNA, mRNA, tRNA, snRNA, snoRNAs, 

in addition to tRNAs, mRNAs and rRNAs, we can have small RNAs, CRISPRs and 
tmRNAs, and even viruses can contain small RNAs. ncRNAs are generally involved 
in the transcription-to-translation processes surrounding the conversion and regulation 

RNA Infrastructure and Networks, edited by Lesley J. Collins. 
©2011 Landes Bioscience and Springer Science+Business Media.



2 RNA INFRASTRUCTURE AND NETWORKS

to understand is how these processes are integrated, and how RNA plays a previously 

eukaryotes), single celled eukaryotes and prokaryotes, but there are also striking similarities 

is becoming a standard step in genomic investigations, it is now clear that discovering 

our regulatory networks can become very complex, but these complex networks have the 
ability to indicate linkages between cellular machineries not previously observed. The 
examples in this chapter will show how RNA-based processes within both prokaryotic 
and eukaryotic cells interact in networks in both a spatial and temporal manner.

RNAs PROCESSING OTHER RNAs

1 

these are: rRNA by RNase MRP and snoRNAs; tRNA by RNaseP; and mRNAs spliced by 
snRNAs within the spliceosome. We can then expand this idea to include spatial movement 
and regulation during RNA-processing (Fig. 1B). In prokaryotes we still have tRNAs and 

indirectly (where rRNAs are released by tRNA processing) (Fig. 1C).
Examining the connections between these processes in more detail we see networking 

II (Pol II) and mRNA splicing in mammals are carried out in close proximity,2 and this 
3

4,5

-end cleavage 

mRNA-processes including RNA localisation, translational yield and mRNA decay.8 In 
 end 

mRNA as it is exported to the cytoplasm.9 This complex interacts transiently with many 
10,11 as it is a 

8 and thus 
detects incorrect splicing that introduces premature stop-codons. It has been shown that in 

6 With splicing central to downstream 
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Figure 1.

mRNA, tRNA and rRNA. B) In eukaryotes, compartmentalisation and biogenesis pathways permit 

1
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RNA processing it is not surprising that many proteins are now seen as having roles in 

 and 3
pre-tRNAs require cleaving, introns within the tRNA may need to be removed and in some 
cases a 3  CCA tail needs to be added.12 In addition, certain nucleotides within the tRNA 

cleaving the 5

is one small protein that plays diverse roles such as enhancing substrate binding, altering 

between the substrate and product by binding to the 5 13,14 
Eukaryotes have 9-10 proteins in the complex with a single RNA. Archaeal RNase P also has 

RNase P plays key networking roles in both the eukaryote’s and prokaryote’s RNA 

transcription (Fig. 2).16,17 In bacteria, as well as cleaving the 5

specialised tRNA molecule that together with the SmpB protein (small protein B) rescues 

partly a tRNA molecule and partly an mRNA molecule,19 the tRNA part binds to the 
stalled ribosome, allows the translation to proceed along the mRNA part which encodes a 
distinctive degradation signal and a translation stop signal. When the mistranslated protein is 

conserved throughout bacteria and is also present in some mitochondria and chloroplasts.20,21 
In prokaryotes other cleavage products by RNase P include some riboswitches and some 

 In yeast 

cleavage is the exact mechanism is yet to be completely determined. In humans MALAT1, 
another long ncRNA, is cleaved by RNase P. tRNAs in organelles within eukaryotes (in 
some species) either encode their own RNase P RNA (e.g., the yeast S. cerevisiae), use 
the nuclear counterpart (e.g., humans) or occasionally do without the RNA component 
altogether.23 Additionally, in the archaeans Nanoarchaeum equitans and Pyrobaculum 
aerophilum and the hyperthermophilic bacterium Aquifex aeolicus, there does not appear to 
be any RNase P-like RNA sequence in their genomes.24 In N. equitans

25

16 and the 
17 Thus, RNase P in eukaryotes 
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and it is likely that other substrates and processing connections, especially in prokaryotes, 
are still to be uncovered.

26 

Yeast models (primarily in S. cerevisiae

Figure 3.

one catalytic RNA and ~9 proteins moves as a whole through the cell, or disassembles and re-assembles 
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rRNA sequence elements appear to optimize transcription elongation and co-ordinate 

processing and ribosome assembly.27

production and pre-rRNA processing.28

SPATIAL REGULATION OF EUKARYOTIC RNA PROCESSING

Figure 4.
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the Lsm-class snRNAs (U6 and U6atac snRNAs) in humans never leave the nucleus,29 
29

30 In 

31

32

protein there has been a similar protein characterised in the protist Cryptosporidium 
parvum.32 Another important RNA-escorting macromolecule is the SMN protein complex, 

33 The SMN complex 

proteins) are only assembled on proper snRNAs,34

34 The 

and microRNPs.33

35

in the cytoplasm until developmental or environmental cues signal their translation.36 

neurons (neuronal granules). Processing-bodies (P-bodies or GW bodies) are involved with 
post-transcriptional processes, including mRNA degradation, nonsense-mediated mRNA 

38).  polyA-tail 
39 Stress Granules are a cytoplasmic RNA granule that typically 

40 Stress Granules 

40 whereas mRNAs recruited to P-bodies are largely 
deadenylated.37 mRNAs within stress granules P-bodies and Stress Granules constantly 
exchange RNAs and proteins with the cytosol37

P-bodies have been investigated in yeasts, plants, trypanosomatids, insects and vertebrates 
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Although RNAs such as miRNAs, siRNAs and tRNAs typically act in the cytoplasm, 
there are some miRNAs that may re-enter the nucleus, possibly playing a role in 

tRNAs in particular show interesting nuclear-cytoplasmic dynamics. tRNA transcription 
and 5  processing is typically in the nucleolus, however 3

 Subsequently however, a retrograde pathway exists where the tRNAs are 
43 but can then be re-exported to the 

cytoplasm in response to nutrient availability.44

dynamics has been mainly in yeast, the retrograde process (moving cytoplasm to nucleus) 

is not restricted to eukaryotes. The Gram-negative bacteria Caulobacter crescentus 

C. crescentus shows substructure 
45-47 tmRNA and its small protein 

SmpB are colocalised to a helix-like pattern in swarmer and predivisional cells but they 
are delocalised in stalked cells.46 However, the protein RNase R which interacts with 

the tmRNA-SmpB pattern. Trans-translation requires that the individual tmRNA-SmpB 

trans-translation.46 C. crescentus is 
regulated in the cell cycle by temporally controlled transcription and translation.45 With 

Bacillus subtilis,48 symbiosis in Bradyrhizobium japonicum109, and pathogenecity in 
Salmonella enteria  

is not unexpected. It is even possible that these helix-like structures seen in C. crescentus 

RNA REGULATION, CONNECTING COMPONENTS 
OF THE RNA-INFRASTRUCTURE

RNAi Networks

RNA regulation (including RNAi, riboswitches and RNA-editing), storage 
and degradation are linked to the processes discussed in the earlier sections. RNAi 

49, 50). 

involved in many cellular processes including chromatin-mediated gene silencing and 

shown51
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in miRNA copy number, genomic context (either exclusively intergenic, or intronic and 
intergenic) or both.52

52

16,53 RNase P associates with the 

but not with the U6 snRNA and 7SL-RNA that have Type-3 Pol III promoter sequences. 

active RNase P.16

snoRNAs as recently demonstrated in yeast54

 

NRSE (Neuron-restrictive silencer element dsRNA), HSR1 (heat shock RNA-1) and 
7SK RNA. This latter ncRNA is transcribed by Pol III and represses transcript elongation 

 

56 With the ongoing 
discovery57

snoRNA-derived RNAs58 59 tRNA-derived 
RNAs are thought to be involved in translational repression.60,61 Studied in mammals, 

Giardia and Tetrahymena, tRNAs are cleaved by members 
 and 3  

is still very much under investigation, in mammals it has been shown that 5  tRNA halves 
62 and that the original cleavage is enhanced by stress. 

37,63 Other 

64 

Transcription-initiation RNAs
65

17-18 bp in length and have a connection to splicing in that their 3  ends map precisely 
66

to be associated with highly expressed genes.66

RNAs are remains to be investigated, but high throughput sequencing technology has 
enabled researchers to uncover these types and more.

regulation. The yeast S. cerevisiae
lacks Dicer-like RNases, Argonaute or Piwi-like proteins, but it does have ncRNAs 

65 and tiny RNAs66 have both been given the name 
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67

67 In single 

have retained them.68

68 Whether 

to compensate, is as yet unknown.

RNA Networks and Epigenetics

69-74

69,74,75 such as miRNAs, siRNAs 
and piRNAs. miRNAs in particular have been shown to be important in RNA networks 

which develop, maintain and repair tissues in developing and adult organisms), and 

77 These miRNAs act as post-transcriptional 

77,78 

indirectly regulated targets,77

length  200 nt) are also known, with a classic example being the long ncRNA control 
 In mammals the potential double 

79

79

80 
81

along both the Xist and Tsix
Xist
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82

82

83

84

84. RepA also collaborates with the 
81 On 

Figure 5.

Xist and Tsix 

Dnm3a, directs the methylation on the Xist

74
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Xist promoter 

expressed or controlled by methylation is as yet unknown.

80 and may direct 

85

86 Recently other reports have contradicted the 

88

88

88 Insects possess a 

rox2.89

90,91 Related mechanisms in other organisms is thus very 

RNA Regulation in Prokaryotes

Studies on RNA-based regulation tended in the past to concentrate on eukaryotes 

using small RNA networks.
Clustered, regularly interspaced, short-palindromic repeats (CRISPRs) are an integral 

loci contains a short invader-derived spacer sequence (
(
one to over a hundred depending on species.93 Generally, upon invasion by viruses (also 
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the CRISPR locus is transcribed the CRISPR RNAs (crRNAs) then serve as templates 

discrimination.94,95

core protein genes (cas1-cas6) having varied distribution throughout eukaryotes, with 
only cas1 nearly always being present92. These cas

cmr
them can be physically linked to the CRISPR loci.93 These proteins are involved in the 

invaders.92

93,96 93 
Despite these two systems being mechanistically linked and sometimes physically linked 
it has been suggested that they have evolved interdependently.93

mechanism this increase is passive rather than active.93 There is no sequence homology 

eukaryotes.92,93

genes in Steptococcus thermophilus and cause plasmid loss.97 In another case, Enterococcus 
faecalis and Enterococcus faecium stains that had lost their CRISPR-cas systems, also 
lacked a plasmid mediated hospital-acquired antibiotic resistance98. It is possible in this 

Enterococci with the 
98

99 
Cis-antisense-RNAs are encoded in cis on the DNA strand opposite to their target share 

 

 Trans-encoded small RNAs 
share only limited complementarity with their targets and regulate expression by the 

environmental cues, and regulate many outer membrane proteins.101

 but some 
can activate expression where pairing disrupts inhibitory secondary structure which 

 The RNA 
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103,104 This Sm-like protein is well conserved throughout bacteria,104 however, the 
103

has been shown to localise close to the bacterial membrane and in Salmonella

(OMPs).104 From expression studies in Salmonella,105 Salmonella genes  
Bacillus 

subtilis and Staphlococcus aureus) and is not seen to be widespread in archaea, thus it 

99

Nanoarchaeum equitans

 Other split tRNA genes have 
Caldivirga maquilingensis

have been discovered.106

N. equitans

106

processing, or are used in other cellular processes, are not yet known.

CONCLUSION

a tight-knit one where molecular machineries share proteins and sometimes RNAs. With 
107 this 

sharing permits connected machineries to respond together to cellular signals. Whether 

remains an interesting evolutionary question.

As more is uncovered other interesting studies will no doubt tackle the similarities 

108 What is very clear is that in modern cellular networks, the role 

their protein-coding cousins.
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Abstract:

interactions, on the other hand, are strongly dependent on the RNA structure as 

INTRODUCTION

protein-dominated modern cells. In striking contrast, we now see ncRNAs as an integral 

RNA Infrastructure and Networks, edited by Lesley J. Collins. 
©2011 Landes Bioscience and Springer Science+Business Media.
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1,2

2 is shaped 

RNA.5

thus on way in which RNA is recognized by protein partners. Secondary structures are 

hybridization between two or more partners.

RNA with proteins. Our presentation does not strive to be exhaustive and attempts to 

possible, we thus cite recent reviews rather than the original literature.

ncRNA-DNA INTERACTIONS

RNA:DNA hybrids play a crucial role in transcription termination in bacteria: the 

6 Another 

DNA replication.7 Despite their use in biotechnology,8,9 very little is known about the 

Figure 1.
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10,11 demonstrated 

12-15

such as p53, NFkappaB, or Nanog. Similar mechanisms are at work also in the yeast 
Saccharomyces cerevisiae16 and in plants.17,18

selected against) on the exon,19

20

have been proposed, reviewed e.g., in21 and there is at least circumstantial evidence 

site during transcription. By the latter mechanism regulative epigenetic markers may 
interact directly or via antisense RNA mediator with ncRNAs in order to bind to the 
target DNA. Therewith expression states might be switched and epigenetic memory 
is established.

quality control22

DNA replication.23

sliding clamp PCNA and other proteins.24-26

Y RNAs have been described in vertebrates and nematodes.27-29

Figure 2.
mediated chromatin regulation during transcription. Epigenetic regulator proteins (circles) are (a) 

antisense RNA mediator (brackets) with ncRNAs (2) in order to bind to DNA (3). With this mechanism 
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RNA-RNA INTERACTIONS

General Properties

anti-coding presented by the corresponding tRNA. In this case, the interaction covers 
only three nucleotides, which is stabilized by the surrounding ribosomal machinery.30 

31

At present, we lack high-throughput methods to assess RNA-RNA interactions both 

32 is used to determine the 

whether a nucleotide is paired or unpaired only provides constraints which in some cases 
imply an unique RNA secondary structure model, while in other cases ambiguities remain.

a graph, whose edges encode the logically allowed Watson-Crick and GU base pairs. We 

unpaired regions.33 Although the RNA-RNA interaction problem (RIP) and the closely 

34

The simplest approaches concatenate the two interacting sequences and subsequently 
35 possibly 

allowing some pseudoknots.36 The resulting model, however, still does not generate all 
relevant interaction structures. Alternatively, internal base-pairs in the interaction partners 
are neglected.37 RNAup38 and intaRNA39 restrict interactions to a single contact interval; 
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MicroRNAs and RNA Interference

40 were discovered throughout Eukarya. They share 

their biochemical processing, they guide large protein complexes to their targets, thus 

and they are typically highly conserved over long evolutionary timescales,43 indicating 

Although microRNAs clearly interact by basepairing with their targets, our 

instance, postulates that exact complementarity between nucleotides 2-7 with the mRNAs 
is necessary. There are several well-documented exceptions, however44 (Fig. 3). In case 

C.elegans

MicroRNAs may act in two distinct ways to downregulate protein expression either by 
translational repression or by slicing

short RNAs. MicroRNA target complementarity (Fig. 3) does not necessarily predict the 

Figure 3.

indicates the putative mRNA cleavage position.
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45

Small Bacterial RNAs and Translational Control

E. coli and many other species.46,47 While the chaperone protein 

abundant in species such as Helicobacter pylori 48 [(Fig. 4)(see Chapter 14, 

secondary structure, translation is inhibited. Most sRNAs achieve this by binding directly 
49 Several sRNAs, however, 

the 5
ribosome binding site.50 -end alters processing and 
increases mRNA stability.

HuR

HuR 51,52

riboswitches, reviewed in,53 utilizes this mechanism to control either translation (by hiding 

play a role in recently-evolved eukaryotic mRNAs.54,55

Helicobacter pylori48

anti-sense transcripts and alternative transcription start sites, indicating that there may be 

56,57

-O-methylated nucleotides however, 
are synthesized by generic RNP complexes. They recognize their target sites in rRNAs, 
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respectively.58

evolutionarily and structurally unrelated (Fig. 5).

O-ribose methylation 
59

but also several otherwise canonical ones, contain a CAB box (AGAG, typically located 

Archaea, the snoRNAs also target tRNA precursors.60

modulate RNA translation, localization and stability.61,62

RNAs in RNA End-Processing

63 This 

Figure 5.
 boxes. 

136
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 UTRs. It 

(HDE) with the U7 snRNA (Fig. 6) which directs endonucleolytic cleavage.64 In contrast, 
the 3 Integrator, a specialized 
protein complex.65 The 3
Schizosaccharomyces pombe.66 Finally, RNase P RNA processes the 3
long ncRNAs MALAT-1 and MEN , utilizing a tRNA-like element to attract the tRNA 
processing machinery. Besides tRNAs, RNase P RNA in addition cleaves the yeast HRA1 

68 that acts as an RNA-chaperone 
69 

Unlike other small nucleolar RNAs, U3 snoRNA acts not by a direct 2 -O-methylation, 
instead the 5  box) and the single stranded hinge region 
(connecting the the 5  and 3  

conserved protein binding sites.

Figure 6.
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Guide RNAs and RNA Editing

specialized class on ncRNAs, the guide RNAs (gRNAs). In contrast to the ncRNA-guided 
editing system in Kinetoplastida, the C- U editing in plant organelles is directed by 
cis

elements. A 5-21 nt region on their 5

is complementary (allowing GU pairs, however) to the mature, edited mRNA. The 3 -tail 

71

72,73

Trypanosoma brucei

Trypanosoma brucei 
mitochondrion are edited in sometimes alternative ways to yield distinctive protein 
sequences. Multiple gRNAs that target the same primary transcript72 expand the diversity 

CRISPRs

is connected to clustered regularly interspaced short palindromic repeat sequences 

Figure 7. Trypanosoma.137 A single guide RNA (bottom 
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74 the CRISPR clusters store 

75,76

Various cas
cluster (Fig. 8). Six core genes cas1 to cas6, located 1kb around CRISPR have been 

processed CRISPR (crRNA). cas1 acts as endonuclease within immunization process 
and cas2 and cas6

77 With the 

78

76 since there are 

Figure 8.
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more detail on the CRISPR system).

Ribozymes

A ribonucleic acid enzyme (ribozyme) is an RNA molecule that, like the much 

ribozyme, and RNase P RNA. Similar to the ribosome, the spliceosome is in essence 
also a ribozyme.80

81

Ribonuclease P (RNase P) and mitochondrial RNA processing (RNase MRP) are 
ribozymes acting in processing tRNA and rRNA, respectively. The RNA subunits are 

82 83 
84,85 suggest 

in silico relationship 
86 The RNA subunit 

and its interacting proteins build a coevoluting network.

87

World Hypothesis but opens the possibility that at least some ncRNAs might also be 
catalytically active. There is, however, no indication that RNA catalysis is wide-spread 

ncRNA-PROTEIN INTERACTIONS

Ribonucleoparticles

interactions using 7SK RNA, SRP RNA, Telomerase RNA, spliceosomal RNAs and 
vault RNA as examples.

88-92 It negatively 

93,94

95-97 Furthermore the 
88,98,99 

90-92,100 
The well characterized LARP7 homologs101
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92,102

BCDIN3 has a much broader phylogenetic distribution, indicating that it has other 

The signal recognition particle (SRP) is present in all living organisms. This 
ribonucleoparticle targets ribosomes to the endoplasmatic reticulum (ER) in order to 

SRP RNA (or 7S RNA) and six proteins (9, 14, 19, 54, 68 and 72 SRPs) in eukaryotes. 

6S RNA in Bacillus).103

clearly visible.104

Eukaryotic cells have been shown to decrease protein synthesis and increasing the 

SRP-independent proteins.105

other hand proteins are cotranslational encoded by the plastid genome.106

cotranslational protein requires the SRP RNA, which accelerates the interaction between 
107 This SRP RNA is missing in the chloroplast SRP 

(cpSRP) pathway. Instead, the cpSRP and cpSRP receptor (cpFtsY) by themselves can 
107

66 Telomerase dates back to the origin 
108 Notable exceptions are diptera including Anopheles and Drosophila, 

vertebrates, yeasts, ciliates and plasmodia.109,110 Telomerase is normally active only 

telomerase is also active in many cancer cells.111

Several small ncRNAs are involved in splicing processes. Small nuclear RNAs 
(snRNAs) act with up to 200 proteins as a large RNP (spliceosome) in eukaryotes to 

112

spliceosome utilizes the alternative U11, U12, U4atac, U5 and U6atac RNAs and plays 
an ancillary role in the nucleus. Although the splicing reactions seem to date back until 
the last unknown common ancestor (LUCA), its extensive use in protein expression 
seems to be an eukaryotic innovation.113 Contrary to cis-splicing, in eight eukaryotic phyla 
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trans-splicing.114,115 The Sm protein binds to SL RNAs in order to 

act in this spliceosome-catalyzed process. In nematoda SmY RNAs are hypothesized 
trans-splicing 

reaction.116 Direct interactions are not known.
While the spliceosome and its RNAs are well understood, there are several much 

more enigmatic ncRNA species. One example is the vault ribonucleoprotein complex, 

(MVP) and two minor vault proteins (VPARP and TEP1).117 It is involved in transport 

118

protostomes.119

particles.120

Long ncRNA as Coat-Hangers?

121 Another example is the heat-shock 
ncRNAs hsr Drosophila  are expressed nearly ubiquitously 
in a developmentally regulated pattern. Upon heat shock, the nuclear-retained longest 

122 Similarly, NEAT1 
(also known as MEN 123,124 which are 

The hsr Drosophila
the  speckles.122

role such complexes might play.

CONCLUSION

There is compelling evidence, that ncRNAs and especially long ncRNAs do not 

Drosophila hsr

localization.122 Some mRNA-like noncoding RNs (mlncRNAs) are primarily involved 

microRNAs125

appropriate processing machinery. Yet another group is processed into a large collection 
126 and nuclear ncRNAs interact directly 

with the transcription machinery.127
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snoRNAs and snRNAs, give rise to smaller processing products118,128-130 that at least in 
131-133 Similarly, MALAT1 and 

MEN 134

among RNAs and between RNA and protein and DNA, but also by an intricate tangle 
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PLANT RNA SILENCING  
IN VIRAL DEFENCE

Vitantonio Pantaleo
Istituto di Virologia Vegetale del CNR, Torino, Italy  
Email: v.pantaleo@ivv.cnr.it

Abstract:

still to be answered.

INTRODUCTION

provided by Fire et al1 in the nematode Caenorhabditis elegans and then extended to 
other organisms2,3

have been described.4

RNA Infrastructure and Networks, edited by Lesley J. Collins. 
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DNA methylation and chromatin remodelling.5-8

RNAs (piRNAs). siRNAs and miRNAs are widely distributed in both phylogenetic 
and physiological terms in animals, plants and insects and are characterized by the 

animals (although there is a piRNA-like class in ciliates), exert their regulatory roles in 

single-stranded.9,10

6,7,11 Based on biogenesis and their biological role, in 
trans-acting 

siRNAs (ta-siRNAs), natural cis-acting siRNAs (nat-siRNAs) and heterochromatic siRNAs 
(hc-siRNAs), the latter ones involved in transcriptional gene silencing.12

13

between viral molecular processes and the host RNA processes regulates the coexistence 

response.14

by Potato virus X 15

GENERATION OF VIRAL SMALL INTERFERING RNAs:  
VIRUSES, vsiRNAs AND DICERS

16
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caulimoviruses)17,18 (Fig. 1).
The model plant Arabidopsis thaliana

(Table 2), involved in both endogenous processes and antiviral RNA silencing. While 

12,19-21 To date, 

expected.
) ssRNA viruses such as Turnip crinkle virus (TCV) and Cucumber 

mosaic virus dcl A. thaliana 
has shown that 21 nt-long vsiRNAs are primarily produced by DCL4 and not by DCL1. 

Figure 1.

) 
and (
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Table 1.

Virus Name (Genus) Acronym
Nucleic 

Acid
Experimental Host as 
Reported in the Text

Beet yellows virus 
( Closterovirus)

BYV ( )ssRNA Nicotiana  benthamiana 126

Cabbage leaf curl virus 
(Begomovirus)

CaLCuV ssDNA Arabidopsis thaliana 33, 34

Carnation Italian ringspot 
virus (Tombusvirus)

CIRV ( )ssRNA Nicotiana  benthamiana 59, 126

(Caulimovirus)
CaMV dsDNA Arabidopsis thaliana 35, 39-42

Citrus tristeza virus 
( Closterovirus)

CTV ( )ssDNA Nicotiana  benthamiana 131

Cucumber mosaic virus 
(Cucumovirus)

CMV ( )ssRNA Arabidopsis thaliana 
Nicotiana benthamiana

22-26, 28, 
66, 70, 79, 
96, 98

Cucumber yellows virus 
syn. Beet pseudoyellows 
virus (Closterovirus)

CuYV 
(BPYV)

( )ssRNA Cucurbita maxima 
(pumpkin)

114

Cymbidium ringspot virus 
(Tombusvirus)

CymRSV ( )ssRNA Nicotiana  benthamiana 29, 73, 100, 
105

Oilseed rape mosaic virus 
(Tobamovirus)

ORMV ( )ssRNA Arabidopsis thaliana 
Nicotiana benthami-
ana

33, 62

Pepper golden mosaic 
virus (Begomovirus)

PepGMV ssDNA Capsicum annuum 
(pepper)

36

Plum pox virus (Potyvirus) PPV ( )ssRNA Nicotiana  benthamiana 99
Potato virus X (Potexvirus) ( )ssRNA Arabidopsis thaliana 15, 83, 98, 

99, 102, 122
Potato virus Y (Potyvirus) PVY ( )ssRNA Nicotiana  benthamiana 98
Tabacco mosaic virus 
(Tobamovirus)

TMV ( )ssRNA Nicotiana benthamiana 
Nicotiana tabacum 
Arabidopsis thaliana 
(TMV-Cg)

32, 62, 98, 
101, 113

Tobacco etch virus 
( Potyvirus)

TEV ( )ssRNA Nicotiana  benthamiana 59

Tobacco rattle virus 
( Tobravirus)

TRV ( )ssRNA Arabidopsis thaliana 98, 101

Tomato aspermy virus 
(Cucumovirus)

TAV ( )ssRNA Nicotiana  benthamiana 126, 127

Tomato yellow leaf curl 
virus (Begomovirus)

TYLCV ssDNA Nicotiana  benthamiana 130

Turnip crinkle virus 
( Carmovirus)

TCV ( )ssRNA Arabidopsis thaliana 22, 23, 28, 
43, 62, 96, 98

Turnip mosaic virus 
( Potyvirus)

TuMV ( )ssRNA Arabidopsis thaliana 28, 96, 103

Turnip yellow mosaic  
virus (Tymovirus)

TYMV ( )ssRNA Arabidopsis thaliana 70

(+): positive; ss: single-stranded; ds: double-stranded; syn.: synonym.
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dcl2-dcl4 double mutants.22-25

viral satellite RNAs such as CMV satellite RNA.26 Satellite RNAs are subviral RNAs 
that require a helper virus to supply trans 27

siRNAs.22,28

22,23

Cymbidium ringspot virus (CymRSV) (Table 1) in Nicotiana 
benthaminana
predominantly 21 nt and 22 nt in length (likely produced by DCL4 and DCL2, respectively, 

dcl mutants genetic approach is not available in this plant 
system since the genome is not available to date) and that 24 nt long vsiRNAs are only 
represented at trace level.29,30

Cloning and sequencing data suggest that secondary structures within the ssRNA 

)ssRNA.29,30 ) 
strand vsiRNA enrichment in response to most ( )ssRNA plant viruses and their satellite 

) 
strand rather than ( ) strand RNA during viral replication (Fig. 2).26,29-33 Moreover, the 

their contribution to vsiRNA creation is still debated.

replicating dsDNA  (CaMV) and ssDNA Cabbage leaf curl virus 
(CaLCuV) (Table 1).34-36 A. thaliana

) and (

appears to be the active antiviral Dicer. However, genetic approaches have shown that 

dcl3
and vice versa).34,35

35S polycistronic RNA.36 Recently Rodriguez-Negrete et al.37 have provided evidence 

Pepper golden mosaic geminivirus 

First, while DCLs contain all the required RNase III domains to exercise their activity, 

38 
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Table 2.  
in sRNA pathways

Acronym  
Protein Name Activity Pathway

Plant proteins
AGO1 Argonaute1 miRNA slicer siRNA 

slicer vsiRNA slicer
miRNAs 
sense transgene 
PTGS ta-siRNAs 

63-68, 70-72

AGO2 Argonaute2 unclear 63, 79
AGO4 Argonaute4 unclear RdRM miRNAs 

(miR172, miR390) 
63, 84, 90

AGO5 Argonaute5 Unclear 63, 79

AGO7 Argonaute7 unclear ta-siRNA (TAS3) 
miRNAs (miR390) 

43, 63

DCL1 Dicer-like1 RNaseIII endonuclease 

long sRNAs

miRNAs 
nat-siRNAs

12, 16, 18, 
19, 20, 21, 23, 
28, 133, 134

DCL2 Dicer-like2 RNaseIII endonuclease 

long sRNAs

nat-siRNAs vsiR-
NAs

16, 18, 19, 20, 
21, 22, 23, 
25, 28, 133, 
134

DCL3 Dicer-like3 RNaseIII endonuclease 

long sRNAs

RdDM vsiRNAs 12, 16, 21, 33, 
34, 35, 133, 
134

DCL4 Dicer-like4 RNaseIII endonuclease 

long sRNAs

ta-siRNA vsiRNAs 26, 28, 133, 
134

DRB1 dsRNA-bind-
ing protein1

dsRNA binding in 
 association with DCL1

miRNAs 37, 45, 135, 
136

DRB4 dsRNA-bind-
ing protein4

dsRNA binding in 
 association with DCL4

ta-siRNAs vsiRNA 37, 38, 42, 
43, 45, 135

HEN1 Hua 
 enhancer1

sRNA All sRNA patways 
including vsiRNAs

33, 53, 54, 
55, 59

RDR1 RNA-di-
rected RNA 
polymerase1

RdRp secondary vsiRNAs 28, 86, 87, 
101, 102, 103

RDR2 RNA- 
directed 
RNA 
 polymerase2

RdRp RdRM secondary 28, 86, 87, 
103

RDR6 
(SGS2)

RNA- 
directed 
RNA 
 polymerase6

RdRp sense transgene 
PTGS ta-siRNA 
 secondary vsiRNAs

86, 87, 91-93, 
96, 98, 99, 
103, 106, 133, 
137

continued on next page
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12 
The DRB4 protein is localized in the nucleus39 and seems to be involved in the plant’s 

suppressor.40-42  pathway and 

24 nt vsiRNAs are enhanced.43

A. thaliana. 
drb4 mutant plants showed a consistent increase in viral RNA accumulation, 

44

origin may also be dictated by their mutual subcellular location. For instance the remarkable 

SGS3 Suppressor 

silencing3

RNA stabilization in 
RDR6 pathway

sense transgene 
PTGS secondary 
vsiRNAs

92, 96-98

Viral proteins
2b Viral movement VSR Ago1-interaction 

(CMV 2b) siRNA 
binding (TAV 2b)

70, 127

HcPro Viral movement 
 Polyprotein processing 
VSR

siRNA binding 59, 125, 126

P0 Pathogenic determinant 
VSR

Ago destabilization 72, 129

P19 Viral movement VSR siRNA binding 126, 128, 59
P21 Replication enhancer 

VSR
siRNA binding 126

P25 Viral movement VSR Systemic silencing 122
P38 Coat protein VSR dsRNA binding 23, 135
P6 Translational 

 transactivator VSR
RDB4 interaction 39, 40, 41, 42

V2 VSR SGS3 activity 130

sRNA  small RNA; miRNA  micro RNA; nat-siRNA  viral 
 trans-acting siRNAs; ds  double-stranded; RdRM  RNA-dependent 

DNA methylation; RdRp  RNA-dependent RNA polymerase; VSR

Table 2. Continued
Acronym  

Protein Name Activity Pathway
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replicating viruses should not be considered an accident. Notably, similar observations can 

RNAs; in contrast to chloroplastic replicating viroids, the nuclear replicating ones generate 
24 nt long siRNAs in addition to the 21 nt and 22 nt long species.136-138

Arabidopsis 
Dicers localize to the nucleus,28,45,46 where they most likely generate endogenous sRNAs. 
On the other hand, most RNA plant viruses replicate entirely in the cytoplasm; how these 
nuclear enzymes use cytoplasmic substrates to produce vsiRNAs is still a puzzle.

host mRNA translation.47-52

53 any pathological 

Figure 2.
These viruses replicate through negative-stranded RNA intermediates via the viral RNA-dependent RNA 

) rather than (

) strand-derived vsiRNAs). Instead, 

) and (
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the apparent discrepancy between cytoplasmic viral substrates and nuclear Dicers.

POST-DICING MODIFICATION OF vsiRNAs

3 - 2 nt overhangs in each strand.16

their 3 -terminal nucleotide at the 2 -hydroxyl group, mediated by HUA ENHANCER1 
(HEN1) (Table 2).54,55 -end 
methylation pathway have recently been elucidated by determining the crystal structure 

A. thaliana HEN1.56 In A. thaliana
57,58 

 and 3  OH 
57,59

Akbergenov and colleagues34

hen1-mutant A. thaliana

sensitive to 
vsiRNAs is consistent with the hypothesis that methylation prevents uridylation, thus 

complicated situation when analysing the Oilseed rape mosaic virus (ORMV) (Table 1) 

ORMV-derived vsiRNAs to -temini, was 
similar both in wild type plants and hen1 mutants. Later studies have explained this 

in silencing pathways mediated by vsiRNAs.
Tobacco etch virus 

HcPro and Carnation Italian ringspot virus (CIRV) p19 (Tables 1 and 2), has shown 
that the physical interaction (likely due to spatial and temporal co-expression) between 
the suppressor protein and the sRNA duplexes (either vsiRNAs or endogenous siRNAs), 
prevents their 3 60

tobamoviruses is also a strong silencing suppressor whose activity is based on binding 
siRNAs61,62 and this could explain the observations on ORMV-derived vsiRNAs. Similarly, 
the methylation prevention mediated by viral suppressors may sometimes engage the 
sRNA endogenous pathways, since both Tobacco mosaic virus (TMV) and ORMV 

not.63

role in RNA silencing.

ANTIVIRAL EFFECTOR COMPLEXES

C-terminal PAZ, MID and PIWI domains. While the MID and the PAZ domains bind the 
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endonuclease activity that cleaves ssRNAs in the region complementary to the sRNA 
guide (Table 2).64,65 In Arabidopsis 66 among 

Arabidopsis ago1 mutants show 

accumulation.67,68 Biochemical studies have shown that Ago1 cleaves mRNAs and is 

transgene siRNAs and ta-siRNAs.69,70

observation that ago1 A. thaliana
67 Later, Flag-Ago1 

Turnip yellow mosaic 
virus (TYMV) (Table 1) were shown to be enriched in vsiRNAs.71 Moreover, the polerovirus 

72,73

An in vivo CymRSV-Nicotiana benthamiana system, has given additional support 
to the idea that Ago1-loaded vsiRNAs cleave viral RNAs. CymRSV-derived vsiRNAs 

sequences were characterised and carried nontemplate uracil residues at predicted cut 
74,75

N. benthamiana has shown that vsiRNAs are loaded 

74 
Alternatively the larger complex may correspond to a Dicer complex.19 One model 

proteins.76,77 In plants, Jones-Rhoades and colleagues have proposed a similar mechanism 
78 Recent experiments with A. thaliana show that the 

Ago2 and Ago4 select those having a terminal A79 and Ago5 those with a terminal C.80 

Ago proteins.79

and the nascent DCL-generated small RNA might enter into the nearest Ago protein 

81-83

Finally, although the previous considerations indicate that Ago1 may play a 

bind vsiRNAs in A. thaliana.80 In addition, in A. thaliana, ago7 mutants support the 
44 suggesting that 

Ago7 loaded with vsiRNAs may play some role in viral inactivation.
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Ago proteins may also be involved in other plant antiviral pathways. Indeed, silencing 
Ago4 in N. benthamiana

84 suggested 

To date, RNA silencing-based viral inactivation has been ascribed to RISC-mediated 

be an alternative to viral cleavage, since Ago proteins are implicated in some examples 
85,86 Another 

intriguing question is whether vsiRNAs can enter into RISC complex and can target 

be post-transcriptionally regulated by vsiRNAs33,36

phenomena.
To summarize, how vsiRNAs are selected and incorporated into the RISC complex 

AMPLIFICATION AND SPREAD OF ANTIVIRAL DEFENCE

A. thaliana possesses six putative RNA-directed RNA polymerase proteins (RDR1-6), 

direct orthologs in many plant species (Table 2).87 In vitro and in vivo studies show 

88 In vitro, the cRNA remains annealed to the RNA 
89

and in its absence.90 RDR1 and RDR6 are primer-independent polymerases, but their 
homology with RDR2 suggests that primer-dependence and primer-independence are 

88

RNA-directed DNA methylation (RdDM) and chromatin remodelling, likely the basic 
12 In this regard, RDR2, DCL3, Ago4 and 

other proteins involved in RdDM colocalize in distinct nuclear compartments.91 RDR6 

Ago1, until the TAS primary RNAs have been cleaved by the miRNA. Next, RDR6 
extends a cRNA on cleaved TAS RNA, generating a dsRNA molecule. RDR6-derived 
TAS dsRNAs are sequentially cut into phased 21 nt ta-siRNAs by DCL4.92-94 In the 
nat-siRNAs pathway, RDR6 seems to act both upstream, in concert with DCL2 and 

95

the RNA silencing-based antiviral response. A. thaliana
and 3 (SGS2 and SGS3) (Table 2) were later described respectively as RDR6 and as an 

92,96,97 By microscopic 
analyses and complementation experiments Kumakura and colleagues98 have recently 
suggested that SGS3 stabilizes RNAs and recruits them to RDR6 to initiate the dsRNA 
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97 Notably, A. thaliana mutants 
dcl2-dcl4 mutant plants 

22,23 Conversely, neither sgs2 nor sgs3
Turnip mosaic virus (TuMV) or the 

Tobacco crinkle virus (TCV) (Table 1).97 N. benthamiana 
with Potato virus Y

Tobacco rattle virus 
99 Likewise, in N. benthamiana primary vsiRNAs 

Plum pox virus (Table 1) did not evoke an antiviral 
response unless RDR6-dependent secondary vsiRNAs were produced.100 Conversely, 

N. benthamiana (both wild 
type and rdr6
CymRSV-derived vsiRNAs.30

during aggression by pathogens, including many viruses.28 In A. thaliana RDR1 mutants, 
TMV and TRV viral RNAs accumulate 4 to 15 times more than in wild type plants both 

101

constructs containing N. benthamiana N. benthamiana, 

endogenous NbRDR1 mRNA transcripts.102

2b) 

A. thaliana plants are 
challenged with CMV 2b (but not with CMV wild type).25 Given that CMV 2b impairs 

71

rdr
A. thaliana

A. thaliana belongs) small 
rdr1 or rdr6 mutants, show that both rdr1 and rdr6 

rdr mutants. Importantly, all phased sense but not 
rdr6 mutant.33 More recently, 

Garcia-Ruiz and collaborators have provided evidences that Arabidopsis RDR1 RDR2 

103
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origin in generating vsiRNAs (i.e., RdRp-dependent dsRNAs or secondary structures 
103) (Fig. 2).

MOVEMENT OF ANTIVIRAL SILENCING

cell-to-cell movement occurs exclusively through plasmodesmata (the channels traversing 
cell walls and enabling the transport between cells) and requires viral-encoded proteins, 

complexes.104

105

23

106

107,108

109 Even the involvement 

Another intriguing and still unclear question is whether enlarged plasmodesmata are 

110

111

112 Interestingly, TMV MP expressed in plants 

113 Yoo and colleagues114 raised the 

sRNAs. Indeed, they have shown that single-stranded sRNAs, rather than double-stranded 

plasmodesmata channels.114
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organs and displays kinetics similar to photo-assimilates moving through the plant via 

corresponding transgene in the scion.115-117

initially systemically invaded. Later, when the plant recovers, symptoms on new leaves 
are attenuated and the virus accumulates at lower levels in upper non-inoculated tissues. 
Moreover, the recovered tissues are resistant to re-inoculation.74,118-121

122 Arabidopsis123 

instead the signal is a long dsRNA precursor. On the other hand, small RNAs generated 
Cucumber yellows virus (CuYV) (Table 1) can be detected 

in the phloem and these sRNAs may be carrying the long distance signals.114 With 

more directly involved in systemic signalling,106

the phloem sap.114

appears to be highly complex. How the systemic signal or signals are produced, what is 

VIRAL SUPPRESSORS OF RNA SILENCING

among most plant virus types, including those with ( ) and ( ) ssRNA, ssDNA and dsDNA 
genomes (reviewed by Csorba et al124). The data shows that viruses have evolved many 

replication).124

antiviral pathway. For example, the potyviral silencing suppressor HcPro most likely 
125 by binding them126, P25 

122 and 
Beet yellows virus Tomato 

aspermy virus (TAV) inhibit RNA silencing by binding siRNAs and preventing their 
processing or incorporation into the RISC (Table 2).126

127,128
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Tomato yellow leaf curl virus 

71 P0 targets 
73,129 p6 physically interacts with DRB443 and V2 interacts with 

the A. thaliana SGS3 or its homolog in tomato (Table 2).130

antiviral response to the virus. Some plant viruses produce several VSRs, such as the 
Citrus tristeza virus 131,132 

CONCLUSION

still unclear, probably because the same cell-to-cell and long-distance viral transport is 

models generally involve strong symptom expression and high viral multiplication. RNA 
silencing, besides its important regulatory role in endogenous pathways, is also an antiviral 
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Abstract: Gene expression is a highly controlled process which is known to occur at 
several levels in eukaryotic organisms. Although RNAs have been traditionally 

small noncoding RNAs called MicroRNAs (miRNAs). MicroRNAs (miRNAs) 
control essential gene regulatory pathways in both plants and animals however 

components is only beginning to be elucidated. In this chapter, we provide an 

present our current understanding on these post-transcriptional networks in the 

been under-appreciated over the past decades, but would also allow us to use the 
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INTRODUCTION

For a long time, RNA was thought to have a supplementary role in genome 

22 nucleotides in 
length, namely microRNA (miRNA), are able to negatively regulate protein-coding 

 untranslated 
region (3
mRNA degradation.1-4

in diverse plants, animals, some viruses and even algae, and it now seems likely that 
all multicellular eukaryotes and perhaps some unicellular eukaryotes utilize them to 

might be regulated by miRNAs.1

MicroRNAs regulate many key biological processes, including cell growth, 

lacking some mature miRNAs are unable to survive or reproduce.5-7 For instance, a single 
8 These discoveries in 

same time underscore the important role noncoding mRNAs play in the cells. MicroRNAs 

and their targets can be densely interconnected with other cellular networks. Thus, it is 

in years to come.



61POST-TRANSCRIPTIONAL CONTROL BY MicroRNAs

BIOGENESIS, GENOMIC ORGANIZATION AND EVOLUTION OF miRNAs

RNA molecules have been thought to be important players in regulating gene 

Caenorhabditis elegans.9,10 Genes encoding miRNAs contain many 
similarities and distinctions compared to protein-coding genes. Typically, one miRNA 

single polycistronic transcript.11,12 MicroRNAs in the same cluster may not necessarily 

co-expressed.13,14

should appear within an existing transcription unit, it immediately expresses its new 

duplication supporting this notion.15 Most miRNAs are located in either the intergenic 

antisense orientation, and expressed as independent transcription units.11,12 Some intronic 
miRNA genes, however, are arranged in the sense orientation with respect to the protein 
or RNA-coding genes, and are cotranscribed with their precursor mRNAs.14 This type 

MicroRNAs are transcribed by RNA polymerase II as long precursor transcripts, 
which are called primary miRNAs (pri-miRNAs). The pri-miRNAs are capped and 
polyadenylated, and can reach several kilobases in length.16 A single pri-miRNA might 

17,18 which initially recognize pri-miRNAs and then excise 

stem-loop hairpin structure containing the mature miRNA. Exportin-5, a nuclear export 
19,20 In the cytoplasm, 

Dicer, a second RNase-III enzyme, cleaves the pre-miRNAs to generate double-stranded 
18-24 nucleotide long RNA molecules—mature miRNAs.16,21,22 RNA-induced silencing 

16 incorporates 

pairing to the 3
mRNA degradation.1,4

mechanism occurs when the complementarity within miRNA-target duplex is nearly 

23 or 5 24,25 This dichotomy has been 

have indeed been documented in both humans and C. elegans.26-29 However, a recent 
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accounted by the lowered mRNA levels.30

within biological sequences and to understand the contribution they make to the 

ubiquitous in all the metazoans.31 In addition, most miRNAs share almost identical 

32 to show that miRNA 
33-35 These 

morphological complexity. It is possible to imagine that miRNA’s can act as important 

related species.33,36,37 For instance, in a large scale study comparing the miRNA repertoires 
37

in the current genome sequences.15

usually indicating a single polycistronic primary precursor transcript, which may carry 

38 whose 
members are independently transcribed by pol-III. It is now becoming clear that miRNA 

(discussed above).15,39-41

(1) local duplications leading to additional copies on the same primary transcript, and 

duplication events in early vertebrate evolution.41 Mature miRNA paralogs usually acquire 
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42

41,43-45

miRNAs are indeed evolutionarily recent.

METHODS TO IDENTIFY miRNAs AND THEIR TARGETS

11

category and use sequence homology to experimentally known miRNAs as well as the 
11 However, conservation is high at 

under stabilizing selection and hence exhibit the characteristic variations in sequence 
conservation between stems, loop and mature miRNA (see Chapter 2, Figure 3, page 

46 Some approaches such as 

miRNAs usually appear in genomic clusters.47,48 More complicated approaches in this 

to predict novel ones.11

candidates.49 50
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miRNAs.51,52 Finally, experimental driven-approaches can be considered to be the result 

analyze and understand the resulting sequences. For instance, Mirdeep uses a probabilistic 

idea being to detect miRNAs by analyzing how sequenced RNAs are compatible with 
miRNA precursors processed in the cell, by comparing with published datasets.53 Other 

54 (Table 2). More recent studies 

model organisms.55,56

MicroRNAs act as guide molecules that program the RISC complex to recognize a target 
miRNA, so it is essential to understand the mechanism by which miRNAs recognize their 

approaches to accurately predict the targets. For instance, Tarbase,57 a database dedicated 

reports 1333 mRNAs targeted by 150 animal miRNAs. These known interactions have 

complementarity to the miRNAs.58 However, in animals, extensive complementarity is 
not a common phenomenon.59

Current prediction methods are diverse in both the adopted approach and 

miRNA and mRNA; (2) miRNA:mRNA duplexes are asymmetric with the 5  end 

evolutionary conserved seed regions tend to be more likely true sites and show stronger 
regulatory impact than nonconserved ones, and (5) highly conserved miRNAs have 
many conserved targets (see Fig. 1).60-66

MicroRNA INTERPLAY WITH OTHER CELLULAR NETWORKS

complex regulatory network intertwined with other cellular networks such as signal 
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cellular networks.

cell. Signaling networks are typically represented as graphs containing both directed 
and undirected edges, with the nodes representing proteins. In such a representation 
directed links represent activation or inactivation relationships between proteins, while 
the undirected links represent physical interactions between proteins. In a large-scale 

67 the authors collected publicly available dataset on 
signaling interactions in human68 and extended it by manually curating additional 
signaling interactions to construct the largest known signaling interactome. By 
employing already available miRNA target predictions in human, Cui and coworkers 

Table 2.

Tool Supported Organisms Website

TargetScan,  
TargetScanS

Vertebrates,  65

miRanda Flies, Vertebrates 98
DIANA-microT Vertebrates 99
RNA hybrid Flies  100

PicTar Nematodes,  101

Rna22 Nematodes,   102

EIMMo Vertebrates,   103

PITA Top Vertebrates,   104

TargetBoost  105

mirWIP C. elegans  106

miRDeep Vertebrates,   
 

 
 

53

miRanalyzer Vertebrates,   54
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receptors, intracellular signaling proteins to nuclear proteins. In other words, only 

homolog) and SNAP25 (synaptosome-associated protein) have higher probability to be 
targeted by miRNAs. More generally, this study67 showed that miRNAs avoid targeting 

processes because these common proteins are highly shared by basic cellular machines 

67 By selectively regulating 

transcripts to construct transcriptional or post-transcriptional networks, while more 

69 to show 

Figure 1.

to be completely complementary to the 3  untranslated region (UTR) on the target transcript, where 
the miRNA binds and represses its activity by translational inhibition or by destabilization. Base 

addition to the match on the seed region. The vertical dashes represent the match (complementarity) 
between the seed region and mRNA transcript using Watson-Crick base pairing and is commonly 

region) on the 3
60 Multiple miRNAs 
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computationally predicted binding sites in human to show that a gene that is regulated 
70 This 

observation suggests that genes which are more complexly regulated at transcriptional 

71,72 For instance, a commonly 

Forward Loop (FFL).72,73

between TFs and miRNAs by using computational approaches.74 These computational 

74-76 These 

miRNA and the target gene, while the miRNA represses the target transcript; and (2) 

target gene (or the other way around) with the miRNA also repressing the expression 

MicroRNA, miR-17-5p represses the target gene, E2F1 and both the miRNA and E2F1 
are transcriptionally activated by c-Myc in human cells.77

77

TF activating another TF and a target gene; with the second TF activating a miRNA, 

been studied experimentally.

showed that analogous to the transcriptional networks discussed above, proteins with more 
78 In other words, 

protein connectivity in the human protein interaction network was shown to be positively 

regulatory molecules. The study also showed that inter-modular hubs i.e., proteins which 
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be regulated by miRNAs.

EXPRESSION DYNAMICS AND CROSSTALK OF miRNAs WITH OTHER 
REGULATORY FACTORS

Analogous to transcriptional regulatory networks, wherein TFs regulate their target 
genes in a combinatorial manner,79

1 This combinatorial 

Figure 2.
Darker nodes correspond to regulators, either Transcription Factors (TFs) or miRNAs, while light 
colored nodes correspond to the target genes controlled by them. Oval arrows always correspond to the 

A) In a type 1 Feed Forward Loop (FFL), TF sends either an activation or inhibition signal, at the same 

expression. B) In type 2 FFL, likewise there are two possibilities, one where TF activates miRNA and 
inhibits TG at the same time and the other where TF inhibits miRNA and activates TG. This results 

achieved when TF1 activates a TG and TF2, which in succession activates miRNA. MicroRNA then 
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 UTR region although regulation by multiple miRNAs in 
coding sequences has also been reported;80,81 (2) MicroRNAs which are clustered and are 

82-85 These computational and experimental 

whether the combinatorial interplay is conserved across species or there would have 

tissues or conditions in related organisms is unclear. MicroRNAs, in addition to their 
interplay with other miRNAs, are also known to combinatorially control genes with the 

86-90 Precise roles 

expression noise. Since miRNAs can tune a protein’s expression level more rapidly by 
targeting the encoded transcript at the post-transcriptional level compared to transcription 

91 senseless’s 

senseless,
produce extra sense organs. MicroRNA miR-9a has been suggested to set a threshold 
that senseless expression has to overcome to induce the normal developmental program. 

their regulatory circuitry across organisms with similar developmental programs. It is also 

gene expression divergence between organisms, as was shown in a study comparing the 
92 It is possible that 

CONCLUSION

complex than the simple linear pathways that one would have imagined these micromanagers 
to be controlling a decade ago. It is now becoming clear that miRNAs not only control 

metabolism. In addition to their core roles in controlling cellular mRNA pool by managing 
the protein output, miRNAs have also been shown to work in mediating cross-talk between 
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CHAPTER 5

SPATIOTEMPORAL ASPECTS OF 
MicroRNA-MEDIATED GENE REGULATION
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Abstract:
new dimension in gene expression regulation. In this chapter we review how this 

steps on the one hand and the slow transcriptional reprogramming associated 
with more stable changes in gene expression patterns on the other hand. We also 

the RNA silencing machinery in subcellular structures. Various stress conditions 

INTRODUCTION

stem cell due to an extracellular signal) requires stable changes in the cell’s molecular 
make-up, but transient changes in the environment (e.g., exposure to toxins) should 
cause a transient response, which reverts to its original situation when the environmental 
stress disappears. All these situations trigger various regulation mechanisms in the cell. 

RNA Infrastructure and Networks, edited by Lesley J. Collins. 
©2011 Landes Bioscience and Springer Science+Business Media.
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Stable changes in gene expression generally require transcriptional reprogramming, 

more transient way.

noncoding RNAs.1 Among all these small noncoding RNA classes, microRNAs have 

are endogenous, small, noncoding RNAs that are encoded in the genome. They are either 

are transcribed by RNA polymerase II as primary microRNAs,2 which are subsequently 
processed into precursor microRNAs by a complex containing the Drosha and DGCR8 
proteins3

Figure 1.
schematically drawn as black arrows. MicroRNAs are encoded in the genome and transcribed by RNA 

precursor microRNAs, which are then exported to the cytoplasm. Subsequently DICER processes these 
precursor microRNAs into mature microRNAs that are then incorporated in RISC. Dashed arrows with 

and 5) microRNA degradation.
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cytoplasm and processed by Dicer into mature 22 nucleotide long microRNAs.4 Mature 
microRNAs are then incorporated in the RNA Induced Silencing Complex (RISC), which 

5

degradation.6,7

without RNA degradation. MicroRNA loaded RISC complexes bind complementary 
sites in mRNAs, primarily located in 3  untranslated regions (3 UTR), thereby inducing 
mRNA degradation or translation inhibition. Currently, more than 1000 mammalian 

genes in the genome.8

be under microRNA control. In this chapter, we will highlight the spatiotemporal aspects 

is easy to control in cells. However, it is to be expected that similar mechanisms also 

DNA DAMAGE RESPONSE AS AN EXAMPLE OF MULTILAYERED 
REGULATION

such as ultraviolet (UV) radiation in sunlight and genotoxic chemicals. Failure to repair 
DNA damage correctly results in mutations and gross chromosomal rearrangements, which 

9,10 On the other hand, persistent unrepaired 
11,12

which operate directly to repair the DNA damage.9

10

chromosomes during mitosis. To establish a cell cycle block, the checkpoint kinases 

13 In another 

program.14,15 Initially, TP53 induces cell cycle control genes, such as p21, that maintain 
the cell cycle block. At later stages, various critical pro-apoptotic genes are induced, 
which in the end induces cell death when damage is beyond repair. Alternatively, some 

excessive DNA damage.16

the normal cell cycle.
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may lead to increased cell death or senescence, which contributes to the aging process. 

17 thereby altering their activity or expression levels. 

regulation.10,18

was recently discovered to operate mainly at intermediate time points.

MicroRNA-MEDIATED GENE SILENCING IN THE DDR

microRNA biogenesis and mRNA silencing, results in sensitivity to UV light and altered 
19 These results indicate that microRNAs 

Figure 2.
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DNA damage induction by UV, ionizing radiation or topoisomerase inhibitors (such as 
etoposide).19,20 These DNA damage regulated microRNAs target several genes that have 

resistance to DNA damage. For example, UV-inducible microRNAs miR-16, 21, 34a 
21

levels within 24 hours.19

Table 1
damage response

Description

DDR
DNA damage (DNA repair, cell cycle checkpoints and apoptosis or 
senescence).

NER Nucleotide Excision Repair. Repairs UV-induced 6-4 photoproducts 
and cyclobutane pyrimidine dimers, but also other DNA helix distort-

Cockayne’s Syndrome or Trichothiodystrophy.
HRR Homologous Recombination Repair. Repairs double stranded DNA 

cause hereditary breast cancer.
NHEJ Nonhomologous End Joining. Repairs double stranded DNA breaks in 

receptor gene recombination).
Fanconi pathway

this pathway cause Fanconi Anemia.
BER Base Excision Repair. Repairs damaged bases.
ATM Ataxia Telangiectasia Mutated. Initial DNA damage signal transduc-

ing protein.
ATR Ataxia Telangiectasia-mutated and Rad3-related. Initial DNA damage 

CDC25a Cell Division Cycle 25a. Cell cycle control protein.
CDK Cyclin Dependent Kinase. Cell cycle protein.
TP53 P53. Central checkpoint gene that regulates prolonged cell cycle arrest, 

programmed cell death and senescence.
P21 Key p53 target gene involved in cell cycle control.
BRCA1 BReast CAncer 1. Involved in HRR and the DNA damage checkpoint.
DNA damage 
Checkpoints

Signal transduction pathway that signals to the cell cycle control ma-
chinery to halt the cell cycle upon DNA damage.

Cell cycle arrest
Apoptosis Programmed cell death.
Senescence

damage and other stresses.
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the relatively slow transcriptional response (Fig. 3).

checkpoint gene CDC25a
phosphorylated by the DNA damage kinases ATM or ATR, leading to its degradation.13 

DNA damage depends on TP53.22,23 However, CDC25a mRNA downregulation was 
24

enables a coordinated response in gene expression. Later, transcriptional regulation can 
take over and establish more permanent changes. Furthermore, quick regulation at the 

normal gene expression when only microRNA levels have been altered without changes 
in promoter activity.

Figure 3.

gene transcriptional responses.
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MECHANISM OF FAST MicroRNA REGULATION

The observation that the DDR is partly regulated by microRNAs leads to the question 
how microRNA expression is regulated. Several steps in the microRNA biogenesis could 

the various possible regulation mechanisms as summarized in Figure 1 and go over the 
limited evidence that exists to date.

primary microRNAs have small transcripts (e.g., the miR-15a—miR-16 cluster 
contains less than 1000 nucleotides,25

is 

microRNAs that are located within introns and are thus coregulated (at least 

which has a 30 kilobase primary transcript,26

observed at 24 hours), suggesting that transcriptional regulation may be primarily 

example, within the DDR, TP53 has been shown to regulate microRNAs at the 
27 This RNA 

helicase is present in a protein complex associated with Drosha and DGCR8.28 

TGF-
29 In addition, the 

30

31

Dicer.32

33

34 It is tempting to speculate that 
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regulating precursor microRNAs. Although there is no evidence that Dicer 

35 Since RHA interacts with the DNA damage 
checkpoint gene BRCA1,36 it is possible that this step in the microRNA pathway 

microRNA levels. It is conceivable that not all microRNAs are equally sensitive to 

a tool to react rapidly via protein-protein interactions to DNA damage or other cues, 

LOCALIZATION OF THE MicroRNA-MEDIATED GENE SILENCING 
MACHINERY

5 As only 

have used this protein as a marker. AGO2-containing RISC exists as a soluble complex 
throughout the cytosol, but it is enriched in Processing Bodies (PBs; also called GW 

37 PBs and 

38 

protein composition than PBs.39

it is generally assumed that PBs are more involved in degradation, while SGs may be 
mainly involved in translational silencing.40

very close together and may even touch each other, suggesting that mRNAs might be 
41
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stress, which can be induced by Arsenite or the translation inhibitor hippuristanol.37,42 
Under these conditions all cells develop SGs with translationally inhibited mRNAs 
within 30 minutes. However, SGs can also be induced by exposure to DNA damaging 
agents, such as UV light or H2O2

19,21

and not all cells acquire these granules (
this phenomenon was cell cycle dependent: cells that were irradiated in the G2 phase 

cycle phase.

However, more research will be required to address this point experimentally.

Figure 4.
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CONCLUSION

in this chapter.

REFERENCES

25(3):120-128.
2. Lee Y, Kim M, Han J et al. MicroRNA genes are transcribed by RNA polymerase II. EMBO J 2004; 

23(20):4051-4060.
3. Lee Y, Ahn C, Han J et al. The nuclear RNase III Drosha initiates microRNA processing. Nature 2003; 

425(6956):415-419.

5. Hutvagner G, Simard MJ. Argonaute proteins: key players in RNA silencing. Nat Rev Mol Cell Biol 2008; 
9(1):22-32.

305(5689):1437-1441.
7. Meister G, Landthaler M, Patkaniowska A et al. Human Argonaute2 mediates RNA cleavage targeted by 

miRNAs and siRNAs. Mol Cell 2004; 15(2):185-197.

10. Jackson SP, Bartek J. The DNA-damage response in human biology and disease. Nature 2009; 
461(7267):1071-1078.

Science 2002; 296(5571):1276-1279.

suppresses the somatotroph axis. Nature 2006; 444(7122):1038-1043.



85SPATIOTEMPORAL ASPECTS OF MicroRNA-MEDIATED GENE REGULATION

Science 2000; 288(5470):1425-1429.

stress. Mutat Res 2000; 462(2-3):179-188.

16. Busuttil RA, Doll M, Campisi J et al. Genomic Instability, Aging and Cellular Senescence. Ann N Y Acad 

Be Foreseeable):245-255.

2001; 490(3):117-122.

DNA-damage response. EMBO J 2009; 28(14):2090-2099.
20. Simone NL, Soule BP, Ly D et al. Ionizing Radiation-Induced Oxidative Stress Alters miRNA Expression. 

PLoS ONE 2009; 4(7):e6377.

the DNA damage response. Cell Cycle 2009; 8(21):3462-3468.

upon DNA damage and induces transcriptional repression. J Biol Chem 2006; 281(46):34742-34750.

Cdc25A. Oncogene 2006; 26(13):1949-1953.
24. Garinis GA, Mitchell JR, Moorhouse MJ et al. Transcriptome analysis reveals cyclobutane pyrimidine 

25. Calin GA, Ferracin M, Cimmino A et al. A MicroRNA signature associated with prognosis and progression 
in chronic lymphocytic leukemia. N Engl J Med 2005; 353(17):1793-1801.

expression and promotes apoptosis. Molecular Cell 2007; 26(5):745-752.

460(7254):529-533.

Nature 2004; 432(7014):235-240.
29. Davis BN, Hilyard AC, Lagna G et al. SMAD proteins control DROSHA-mediated microRNA maturation. 

Nature 2008; 454(7200):56-61.
30. Trabucchi M, Briata P, Garcia-Mayoral M et al. The RNA-binding protein KSRP promotes the biogenesis 

hairpin RNAs. Genes Dev 2003; 17(24):3011-3016.

2008; 320(5872):97-100.
33. Weidhaas JB, Babar I, Nallur SM et al. MicroRNAs as potential agents to alter resistance to cytotoxic 

anticancer therapy. Cancer Res 2007; 67(23):11111-11116.

35. Robb GB, Rana TM. RNA Helicase A Interacts with RISC in Human Cells and Functions in RISC Loading. 
Mol Cell 2007; 26(4):523-537.

complex via RNA helicase A. Nat Genet 1998; 19(3):254-256.

microRNA-dependent localization to stress granules. Proc Natl Acad Sci U S A 2006; 
103(48):18125-18130.

36(6):932-941.

Nat Rev Mol Cell Biol 2009; 10(6):430-436.

translatability. Biochem Soc Trans 2002; 30(Pt 6):963-969.
42. Kedersha N, Anderson P, Jon L. Mammalian stress granules and processing bodies. Methods Enzymol 

2007; 431:61-81.



86

CHAPTER 6 

SPLICEOSOMAL RNA INFRASTRUCTURE:
The Network of Splicing Components 

and Their Regulation by miRNAs

Lesley J. Collins
Institute of Fundamental Sciences, Massey University, Palmerston North, New Zealand 
Email: l.j.collins@massey.ac.nz

Abstract:

their processes in a temporal (over the cell cycle) and spatial (across the cell, or 

and RNA-RNA interactions, as well as temporal and spatial networking to other 

that involve RNPs and illustrate how current networking tools can be used to dissect 

INTRODUCTION

cells.1-3 Studies continue to reveal enormous genetic complexity through processes such 

massive challenge in mapping this RNA complexity onto already known molecular 
biology.2,4

RNA Infrastructure and Networks, edited by Lesley J. Collins. 
©2011 Landes Bioscience and Springer Science+Business Media.
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only rRNA, snRNA and tRNA, but they are now suspected to be more important in the 
200 nucleotides) implicated 

1

7 
8 plant development9 and cancer studies.10,11 

14

we need to also consider RNA-protein and RNA-RNA interactions in order to use gene 

Saccharomyces 
cerevisiae

15

For model species such as humans and S. cerevisiae we can examine networks produced 
16), RNA-RNA and RNA-protein 

literature and our own studies to highlight how network analysis is even more relevant 

THE SPLICEOSOME AS AN EXAMPLE OF THE RNA-INFRASTRUCTURE

gene transcripts (pre-mRNA) prior to translation.17

the spliceosome during the splicing cycle,17,18

nuclear RNAs (snRNAs) which allow catalysis in the actual splicing reactions.19,20 These 

interactions with the U4 snRNA and instead binds to the U2 snRNA. Both the U1 snRNP 

on the ligated exons which signals that splicing is complete. The spliced mRNA then 

components (e.g., U1, U2, U5 interacting with the mRNA) and some between supporting 
components (e.g., snRNAs and their proteins).
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clearer.21 Although the cycle is similar, other snRNAs (U11, U12, U4atac and U6atac) 

role in alternative splicing.

it cannot presently be investigated in its entirety. Instead we have to break it into either 

partitions. In a similar manner we can also break our network analysis into physical 
interactions (spatial) and regulatory interactions (temporal). Many proteomic studies 

Figure 1.
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However, we are still limited in how we can peek into the working spliceosome as most 

interactions are not collated into any database (especially the non-mRNA interactions) 

RNP networks can get very complicated.

RNA-PROTEIN INTERACTION NETWORKS

(TAP-MS) and yeast two-hybrid methods.25 Currently the most studied PPI organism 
is the yeast S.cerevisiae,7

as humans, mice, Drosophila mealanogaster Caenorhabditis 
elegans),16 Bacillus anthracis, Francisella tularensis 
and Yersina pestis.26

representing the interaction with other nodes. The connectivity (or degree, k) or a node 

due to experimental biases. This can be applied to RNP networks where RNA-protein 
interactions are included. However, generally in these cases the RNA-associated nodes 

27

25,28
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25

networks and they are also applicable to RNP networks. These are described in Table 1.

where most nodes carry an average degree and hence it could be surmised that the graph 

 

0.3). On our example in 

with Network Analyzer29).
It is interesting in how adding ncRNAs such as regulatory RNAs, change PPI 

Figure 2.
connected by edges (solid lines) indicating an interaction between them. F is an unconnected node. In 

as a hierarchical network (B) indicating again how central node k is to the network. This representation 

31,32 A 
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Table 1. Network terms and characteristics used in this chapter
Network Term

Node Represents a gene (generally protein or RNA)
Edge Represents the interaction between nodes. Edges are graphically 

can be displayed either by a number on the edge or by edge colour
Hub A node that has many connections to other nodes

Undirected This term can apply to an edge or the entire network. It implies that 
nodes interact but not regulation or direction

Directed This term can apply to an edge or the entire network. It implies direction 
to the connection between nodes (e.g., regulation)

Scale-Free  
network

Network characterised by a power law degree distribution. I.e. there are 

Random  network

Hierarchical 
network sub-networks within the entire network

Degree (k)

Clustering 

Assortativity 
(NC)  correlation indicates that hubs tend to interact with nodes with a low 

 degree. A positive correlation suggests a modular mode with hubs 
 linking to other hubs

Shortest path (SP)
 connecting two nodes)

Betweenness (B)

Proteomic seed

Network  
crosstalk

proteins n a PPI network
Sub-graph or 
Graphlets by random
RGF Distance

GGDA statistic

networks being compared
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30-32 We can see here many 
patterns common to miRNA-based regulation. Some proteins (e.g., RBM8a) are regulated 
by a single miRNA whereas others (e.g., SIP1, SNRPE and SFRS1) are regulated by 
many miRNAs. It should be noted that these networks indicate overall interactions and 

RHEB, HNRNPK and PNN) whereas these proteins may remain unconnected nodes 
in a strictly PPI network (this is not really the case with these proteins as connecting 

One downside with these networks is that computational approaches are presently 
limited in their ability to resolve the connections in an RNA-centric manner. Typically 
miRNAs are known to target the 3  
UTR region.33 Although these are still all miRNA-mRNA interactions, they are quite 

and their miRNA regulators, but not other ncRNAs) display characteristics similar to that 
34 This study34

E.coli, yeast-S.cerevisae, 
nematode-C.elegans D.melanogaster

Figure 3.
have a simple one to one relationship whereas other proteins are regulated by many miRNAs and some 

35 miRbase,36 
37,38 and miRecords.39 miRNAs are in light nodes and proteins are in dark nodes. PPI interactions are 

solid lines and RNA-Protein interactions are dashed lines. Network visualised with Cytoscape 2.7.0.31,32 
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35 miRbase,36 
37,38 miRecords39) have since swelled especially with newly reported interactions 

27 because 

them. Because cellular biology is hierarchical we can examine a network by splitting 

duplication (or perhaps genome duplication). For RNP networks, a duplicated protein 

copies may cross-regulate until such time as the individual miRNA and their targets 
40 that 

into how such networks represent the way that each organism has evolved.

34,40 Counting small connected 
subgraphs especially in large PPI networks can be computationally demanding as the 

27 Additional statistics such as 
the Relative Graphlet Frequency (RGF) and the Graphlet Degree Distribution Agreement 

which in turn can be used to compare networks.27,41 These local approaches to network 

40,41

REGULATORY (EXPRESSION MODULATED) NETWORKS

protein to its interacting partners (both protein and RNA) can we see possible large scale 

pseudouridylation), alternative transcription initiation and termination.2 We concentrate 
here on miRNA-based regulation, but similar RNA-target and network issues apply 
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and mix-regulation where a gene is up-regulated in one instance but down-regulated in 
another.42

42,43

single gene level by painstaking (or sometimes accidental) molecular biology experiments. 

Nowadays we have on the experimental side, high-throughput sequencing which can 

more accurate connection edges becomes a little more accurate. In one example MacLean 
et al 201028

Arabidopsis
RNA nodes (primary transcripts) was connected by 38,149 source edges (a match to the 

44 where 

graphs were high degree nodes are connected to other high degree nodes, as seen in 
internet social networks.44

pathways.14

pathways.14 High-throughput sequencing does not distinguish between the pathways 

in estimating which process was used to produce each sequence.

network that displays more assortive behaviour. The SF3B complex is a multi-protein 

and SF3B14, also known as SF3b155, SF3b145, SF3b130, SF3b49, SF3b10, SF3b14b 

neighbour interacting proteins and miRNAs (Fig. 4) we can see that all but one protein 

RNPS1) which interact with more than one SF3B protein, whereas the SF3B proteins 

tightly bound multi-protein complex as opposed to a general protein interaction network.



95SPLICEOSOMAL RNA INFRASTRUCTURE

any known regulating miRNAs (as yet). This protein is thought to be positioned within the 
45 It is thus likely 

complex. It is suggested that SF3B plays a critical role near or at the spliceosome catalytic 
core,46 since SF3a and SF3b reside at around the intron branchpoint are present prior to 

47 One 

interaction networks becoming available, we are discovering that there is a high level 

Figure 4.
the proteins SF3B1, SF3B2, SF3B3, SF3B4, SF3B5 and PHF5A have interactions with many miRNAs 
and some other proteins. However, SF3B14 has interactions only with proteins SF3B1 and SF3B2 and 

interacting both with the U2 snRNA and the mRNA (any interaction with the U12 snRNA is not known). 
Other proteins that have interactions with more than one SF3B protein are also indicated. miRNAs 
are in light nodes and proteins are in dark nodes. PPI interactions are dark lines and RNA-Protein 

35 miRbase,36 
37,38 and miRecords.39 Network visualised with Cytoscape 2.7.0.31,32 
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40 miRNAs, the up-regulated hsa-miR-7 (miR-7).48 Figure 5A is a simple representation 

miR-7 represses SFRS1 by binding to the 3

49

indicated graphically and it is not hard to understand the pathways involved. However, 

to be repressed by miR-7 including BL2 and MAPK3 (both very prominent in cancer 

that three other miRNAs (miR-29b, miR-221 and miR-222) are up-regulated by SFRS1 
and not all at the Drosha-cleavage step.48

pri-miR-29 were observed upon SFRS1 induction indicating that this regulation occurs 

(IRS1 and IRS2)49 are also regulated by miR-7 and have connections to the BCL2 and 

With all these mechanisms to take into account our network graphs could get even more 

detailed, but clearer picture.
RNA interaction networks have been studied using Bayesian analysis, integrating 

42 This is because predictions 

on these states aids in network accuracy. In Bayesian network analysis,42 the interactions 

graphical representation with miRNA and mRNA nodes connected by directed edges. The 

Table 2.

Protein Alias pp
pr 
miRNA U2 snRNA mRNA

SF3B1 SF3b155 23 53 -
SF3B2 SF3b145 10 26 - -
SF3B3 SF3b130 10 30 - -
SF3B4 SF3b49 11 41 -
SF3B5 SF3b10 2 70 - -
SF3B14 P14 2 0
PHF5A SF3b14b 2 28 - -
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score is used to represent the relationship. This method uses expression values between 

sequencing data, giving an example where incorporating other biological knowledge into 
42

SPATIOTEMPORAL DYNAMIC RNA NETWORKS

In order to investigate how RNAs really interact in cellular mechanisms, networks need 
to be analysed in a spatiotemporal manner (i.e., they must take in both the cellular location 

studying multicellular organisms, where there are many signals passed between the cells. 
This extracellular signalling not only permits the cells to be organised, it also permits signals 

is not limited to multicellular situations. The eukaryotic cell is organised into numerous 

others considered more dynamic (e.g., nucleolus and spliceosome). Prokaryotes also have 

particle) which targets signal peptides and conducts them to the protein-conducting channel 
50 Dynamic 

The spliceosome is also a dynamic compartment in which initial components recognise 
the exon-intron boundaries then other splicing components are recruited to complete the 

protein is involved in the spliceosome, but not which interactions are only present during 

(Complex A,22 Complex B,23 Complex C24 16 
17,51 we can examine 

proteins. This can leave a network with supposedly unconnected components. However, 

connections that can occur with other splicing and nonsplicing proteins. It is also likely 
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spliceosome is a massive complex where in humans over 200 proteins can be involved. 
 capping 

and 3

CONCLUSION

splicing proteins and medical conditions such as Alzheimer’s disease,52 retinal disorders,53 
spinal muscular atrophy54 and especially cancer.55 Indeed the spliceosome is already under 

56

There are two main issues surrounding RNP networks; visualisation and interpretation. 
Common graphical visualization tools such as Cytoscape and BioLayout have evolved 

to make sense.11,40 However when we come to interpretation, in general the larger the 

predictions, we require accurate and biologically relevant networks that are large enough to 

with noise. For the moment we can concentrate on sub-networks such as those with the 

57 Issues surrounding transcriptomic analysis58 
59 means that the proteins discovered in 

a sample by mass spectrometry may not match the transcripts deemed to be present 
by transcriptomic sequencing. One approach has been to break down the networks by 

11

conditions) and using Synergistic dysregulation11

epigenetic and metabolomic12
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Abstract: Gene expression is a highly controlled process which is known to occur at several 
levels in eukaryotic organisms. Although messenger RNAs have been traditionally 

a model eukaryote using currently available data and discuss the implications 

across diverse model systems accumulates. We argue that such developments 

has been under-appreciated over the past decades, but would also allow us to use 

and disease across organisms.
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INTRODUCTION

Gene expression is a highly regulated process controlled at several levels. In all 
Escherichia coli to the multi-cellular eukaryote human, 

1-4 On the other 

contrast to prokaryotes where transcription and translation are coupled, in eukaryotes 
transcription usually takes place in the nucleus and translation in the cytoplasm. This 

showed that in general, there is a poor correlation between the mRNA and protein pools 
in eukaryotic cells.5-7 It is now increasingly accepted that this level is controlled by a 

RNA-binding proteins (RBPs).8-11 In this chapter, we provide a comprehensive overview 

post-transcriptional networks based on recent publicly available data.

RNA BINDING PROTEINS AND POST-TRANSCRIPTIONAL REGULATION

pre-mRNA which includes splicing, poly-adenylation and capping to produce mature 

(RNP). Depending upon whether RBPs are bound to pre-mRNA or mRNA, RNPs are 

RNPs are inherently highly dynamic complexes due to their ability to associate and 

RBPs associated with RNP complexes are known to remain bound to their target RNA 

12,13 Similarly Npl3, a yeast SR protein, 

to translational elongation.14

to translation.15
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splicing in neuronal cells.16,17 Tap protein, like its yeast homolog Mex67, was reported 
to be a 18 All these examples highlight (1) the role 

temporally.

FBF (PUF domain) and Sm.8

domains in the yeast, Saccharomyces cerevisiae, along with the commonly appearing 

Figure 1.

which are then exported into the cytoplasm by various other RBPs. Depending upon whether RBPs 

as Heteronuclear RNPs (hnRNPs) or messenger RNPs (mRNPs) respectively. In addition, RBPs are 

at post-transcriptional level.
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coworkers.19

Caenorhabditis elegans approximately 500 proteins are annotated as RBPs on the basis 
S. cerevisiae about 

560 proteins have been reported as putative RBPs till date (Table 2). In human, more 
than 1000 proteins are considered to be RBPs, with 497 containing at least one RRM 
domain.20

domains), several metabolic enzymes have also been shown to bind to RNA molecules.21 
For example Aco1, a TCA cycle enzyme, in yeast S. cerevisiae binds to several RNAs 
encoded by the mitochondrial genome.19 Likewise, recent studies have also shown the 

unconventional DNA-binding proteins.22

Table 1.
S. cerevisiae19

62 
domain database

Domain Accession Description
Protein 

Frequency

Frequently 
Occurring 

Partner Domains

PF00076
Many eukaryotic proteins 
containing one or more copies 

acids. They are known to bind 
single-stranded RNAs.

0.105
interact

DEAD PF00270

the DEAD and DEAH box 
helicases.

0.042 Helicase C,

PF00013 K homology (KH) is a domain 

in diverse RBPs.

0.015

PUF PF00806

eight domains.

0.013

WD40 PF00400 WD-40 repeats (also known as 
WD or beta-transducin repeats) 
are short 40 amino acid 

Trp-Asp (W-D) dipeptide.

0.013 WD40
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METHODS TO IDENTIFY RBPs AND THEIR TARGETS

23,24 More 
recently, one hybrid25 and three hybrid assays26

and immunoprecipitation (CLIP) and RNP immunoprecipitation-microarray (RIP-ChIP). 
These high-throughput immunoprecipitation assays usually work on a similar concept 

and immunoprecipitation (CLIP) method, cells are exposed to ultraviolet light to crosslink 
RBP-RNA molecules inside the cells. Then cells are lysed and cross-linked RBP-RNA 

the CLIP method.16 In contrast, in the RNP immunoprecipitation-microarray (RIP-ChIP) 

S. cerevisiae

immunoprecipitation step.19,27

rRNA processing, has 2 RNA targets whereas Npl3 and Mex67, both involved in mRNA 
export, have 1266 and 1150 RNA targets respectively.19,28

both computational and experimental have been developed in recent years. Computational 

Table 2.
  Approximate Number

S. cerevisiae (Yeast) 561 7000 19
C. elegans (Nematode) 500 20000 63
D. melanogaster  300 13290 64
Mus musculus (Mouse) 380 28287 65
Homo sapiens (Human) 800 30000 66
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Table 3.
interactions

Method Description

Three 
hybrid

In vivo yeast genetic method to detect and analyze the RNA-RBP 26

RNA 
compete

hence this technique gets its name. RBP-RNA complexes are 

67

RIP-ChIP
are lysed and RBP-RNA complexes are immunoprecipitated 

68

CLIP
Cells are treated with ultraviolet light to covalently crosslink 
RBP-RNA complexes. Cells are then lysed and RBP-RNA 

PCR.

16

PAIR
probe is delivered into the cells. Cells are then exposed to 
ultraviolet light that enables PNA to bind with RBP. Cells are 
lysed and PNA-RNA-RBP complexes are immunoprecipitated 

34

SERF

on nitrocellulose membrane. Selection cycle is repeated several 

the consensus sequences binding to RBP.

69

TRAP 70

SNAAP 71

proteomics sequences. An RNA aptamer is tagged with an RNA sequence 
then incubated with cell lysate. The RNA aptamer-RNA-RBPs 

spectrometry.

72
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19,29 Experimental techniques comprise 

22,30-32

33

the photoactivable amino acid adduct p-benzophenylalaline (Bpa) which can covalently 

isolated by using sense oligo (bound to PNA)-coupled magnetic beads. Following which 

associated with ankylosis (ank) RNA, a panneuronal dendritically localized RNA.34 The 

35

36

elucidating the post-transcriptional events controlled by them.

RBPs AND POST-TRANSCRIPTIONAL OPERONS

In prokaryotes, it has been long known that the genes involved in similar processes 
tend to cluster on chromosomes and are transcribed together using the same promoter 

post-transcriptional operons has been proposed in eukaryotes,37 which has become 

According to this concept, diverse RNAs related to a common biological process are 

27

RNAs.38

extensively elsewhere.10,39

in eukaryotes. Given the advantages involved in spatially and temporally controlling the 
post-transcriptional events by selectively binding to compartment or location or process 
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POST-TRANSCRIPTIONAL NETWORK FORMED BY RBPs

RBPs and their targets can be utilized to construct RBP-RNA interaction network which is 

to a regulatory link between the nodes as shown in Figure 2A. In this directed network, 

starting at the regulator node and directing towards the target node. The target RNA 

its own RNA and control its metabolism at transcript level. There are several examples 

humans, RBPs such as AUF1, HuR, KSRP, NF90, TIA-1 and TIAR were reported to 
associate with their own mRNA and other RBPs.40

S. cerevisiae,19 makes it possible to address 

transcriptome encoded by about 

Figure 2.
(Regulator) and light (Target) grey circles denote nodes in the network. These nodes are linked to each 

towards target (which may be an RNA or miRNA) in the directional network. These linked nodes 
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Table 4.
and their target RNAs in the model eukaryote, S. cerevisiae. The dataset employed 

19 and all the 
network properties are calculated using igraph

Property

Each edge corresponds to a single RBP-RNA interac-
tion. Hence, total edges represent all the interactions in 
the post-transcriptional network.

19396

nodes
coding and noncoding genes. This network comprises 

5398

Degree or 
connectivity interactions a protein or RNA has in this network—the 

higher the connectivity (i.e., hub nodes) the more the 

controlling it.

7.18

Clustering 

among themselves to what is expected theoretically 
and indicates the cohesiveness or local modularity 

0.37

Betweenness

the more important it is.

43.11

Average path 
length

2.65

Closeness

higher the closeness value, the higher the importance 

0.38

Diameter

between nodes in the network.

6

Graph density 1.33x10 3

(exponent- alpha)

structure.

1.77
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7 indicating that most nodes 

trend [see41

42 

42

to as hubs in the network.

EXPRESSION DYNAMICS OF RBPs IN POST-TRANSCRIPTIONAL 
NETWORKS

Due to their central role in controlling gene expression at the post-transcriptional 
level, alteration in expression or mutations in either RBPs or their RNA targets (i.e.,the 

several human diseases such as muscular atrophies, neurological disorders and cancer.43-46 
In particular, disorders such as myotonic dystrophy (DM) and oculopharyngeal muscular 

45 
43 

opsoclonus-myoclonus ataxia (POMA) and spinal muscular atrophy (SMA) have been 
43 suggesting that mutations in either RBP 

that variations in RBPs can bring about in cells, it has been recently shown in yeast that 
47 Prions are proteins that convert 

levels.48
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connected RBPs are more abundant and ubiquitously present within the cell.48

Figure 3.
et al.48

S. cerevisiae. Dark (blue) and light (red) colored 

57-61 In each case, P-values 

48 
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49 and are known 

mis-expression or mutations in the sequences that are employed to recognize their cognate 

Opsoclonus-Myoclonus Ataxia (POMA).16 In line with this and other observations on 

43,44

variation in their expression across cells suggesting the importance in tightly controlling 

CONCLUSION

50 

(PTMs) such as phosphorylation, arginine methylation and sumoylation, which have been 
reported to occur in several well-studied RBPs.51-53

48

that RBPs which are central to the cell are not only required in large quantities but are 

54-56

S. 
cerevisiae
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molecules. Such advances would undoubtedly allow us to gain a deeper understanding 

unprecedented detail at which these high-throughput technologies can reveal the link 
between the regulatory elements on the target RNAs and the RNA-binding proteins 

to physiology and disease in diverse model systems.
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CHAPTER 8

SAFE KEEPING THE MESSAGE:
mRNP Complexes Tweaking after Transcription

,1 1 and David Honys1,2

1Laboratory of Pollen Biology, Institute of Experimental Botany AS CR, Rozvojová, Czech Republic. 2Department 
 

Abstract: The mRNA-protein complexes (mRNPs, Messenger ribonucleoprotein particles) 

Per se, mRNP complexes sub-optimize 

to cellular activities. A dedicated section is also integrated discussing the recent 

Nicotiana tabaccum

RNA Infrastructure and Networks, edited by Lesley J. Collins. 
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INTRODUCTION

with epigenetic patterns has allowed eukaryotic cells to select and modulate the amount 

gene expression regulating protein-coding RNAs through transcription, splicing, 

48 The building 

are assembled into RNA-protein complexes, ribonucleoprotein particles (RNPs), 

RNP-INFRASTRUCTURE; POSTTRANSCRIPTIONAL 
MODULATOR OF GENE EXPRESSION

modulated transcriptional initiation and RNA processing, RNA localization and storage 

time and at the right dosage.

trans
cis
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Figure 1, viewed on previous page.

purple) to the appropriate cis  and 3 -UTR 

Once cytoplasmic, additional proteins (sky blue and brown) are recruited to the mRNP that 

might be recruited to the complex and remodel the mRNP into a translationally active polysomal 
mRNP. (2) Emerging mRNP complexes can be aggregated into dormant translationally sequestered 
granules (stored RNPs) either to be transported or stored to be utilized at later times. (3) Similarly, 
mRNPs can be aggregated and stored in a miRNA-induced translationally-silent state. (4) For 

Occasionally under stress conditions, mRNPs are assembled into stress granules and sequestered 

to scale. Abbreviations: mRNP, mRNA ribonucleoprotein; RBPs, RNA binding proteins; UTR, 
un-translated region; miRNA, micro-RNA; miRNP, microRNA ribonucleoprotein complex; PBs, 
processing bodies; SGs, stress granules.

specialized proteins prior to its migration to the cytoplasm. Such a routine is renowned to 

1,2 Furthermore, their 

particularly in response to external stimuli. Aberrant transcripts or those accumulated in 
excess are directed to processing bodies (PBs) and undergo RNA degradation.3 As such the 

Drosophila melanogaster 
during oogenesis. mRNA encoded by bicoid [bcd nanos [nos

oogenesis.4,5

4 Localization studies have 
bcd

located within the 3
microtubule cytoskeleton.6

and globulin-like glutelins.7 These two proteins are both synthesised on the endoplasmic 
reticulum (ER) and then translocated to the ER lumen. Whereas prolamines are retained 
and arranged into protein bodies, glutelins are transported and stored in protein storage 
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vacuoles.7
RNA-embedded subcellular RNA localization signal.7,8

Nicotiana tabacum).1,9 In all 

orchestrated cellular activities leading to developmental maturity accompanied by cellular 

by underlying molecular changes including chromatin remodelling, gene expression 
10 Once matured, the male gametophyte (pollen) 

gene expression, protein accumulation and cell signalling with respect to mRNA storage 

ollen development.11,12 Studies 

13 but, their translation 
10,14

1

PRE-mRNA PROCESSING AND THE INITIATION OF mRNP FORMATION

cis

other nuclear RNA-binding proteins (RBPs) are involved in pre-mRNA 5 - capping and 

3
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Drosophila OSKAR
neurons. EJC protein composition between the two organisms remained conserved and the 

Nashi and Tsunagi (Y14) (as well as the human orthologs MLN51, Magoh and Y14).15 In the 

the OSKAR
16 OSKAR mRNA requires the inclusion 

-UTR.15

1 retention in OSKAR
15

OSKAR
15 As such, precise 

OSKAR mRNA, linking 

the mRNP complex still remains to be scrutinised.

63 

intracellular protein distribution and storage, but also provides an opportunity to study a 

cis-acting elements, 

zipcodes are located in the 3
and are sometimes present as multiple repeats. Vg1
good example.17 Occasionally, the zipcodes can also be located in the 5 -UTR or even in the 

ASH1

embossed in the 3 -UTR.18 Each ASH1

19

localization.19

elements is the chicken zipcode binding protein 1 (ZBP1) which binds to a conserved zipcode 
-actin mRNA in its 3

22
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RNA binding domains.23 The authors23

the 
24

and Argonaute-like Piwi proteins which together with Piwi interacting RNAs (piRNAs) 

transposon translocation in somatic cells and germ cells respectively (Fig. 1).25,57,58 These 
proteins are known to interact with miRNAs, siRNAs or piRNAs preloaded in the mRNP 
to induce transcript cleavage via the RISC complex. Alternatively, some (e.g., human let-7 
miRNA)59

elF4E.26

between miRNA and the miRNA binding sites, which leads to translational repression 

were demonstrated to be sequestered to PBs and many translationally repressed mRNAs 
have been localized within these granules.59-61 Under certain conditions such as stress, 

machinery. A well-demonstrated example is the human CAT-1 gene that is expressed in 
the hepatoma Huh7 cells. The CAT-1

CAT-1 mRNA to polysomes and subsequent translation.62

MOBILIZATION TO THE SITE OF STORAGE 
AND mRNA LOCALIZATION

localization have been proposed that concurrently accomplish the subcellular localization 

6

Arabidopsis 
thaliana and rice.27 It is likely that hnRNPs are recruited to the mRNP particles via 
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Table 1.
Name Localization General Description RNA Processing Role

Polysomes 
(Polyribo-
somes)

Cytoplasm
bound to mRNA. Exist 

Involved in protein 
synthesis on the associ-
ated mRNA. Can initiate 

-

25,37

mRNA 
ribonu-
cleoprotein 
particles 
(mRNPs)

Cytoplasm
bound to mRNA as-
sociated with ribosomes 
(polysomal mRNPs) or 

Splicing, cytoplasmic 
translocation, subcellular 
localization, transcript 

translation and protein 
abundance.

9,37

puromycin- 
resistant 
particles 
(EPPs)

Cytoplasm Aggregated mRNPs with 
preloaded translation 

-

gametophyte as large 
RNPs co-sedimenting 
with polysomes and 
resistant to polysome- 
destabilising substances.

translationally silenced 
mRNAs in the early 

-
ment and promotes im-
mediate translation upon 
pollen tube growth.

1,9

Stress gran-
ules (SGs)

Cytoplasm Generated in response to 
stress- induced poly-
somes disassembly and 
translational  silencing.

Stores silenced 
 aggregated mRNPs and 

translation.

3,37,48

Processing 
bodies (PBs)

Cytoplasm -
ity control and de-
cay driven by 5 3  
 exoribonuclease

Decapping, degradation 

and aberrant RNA’s. In-
terplay with translation 
machinery.

3,25,37, 
48

-
tion com-

Nucleus Associate with precur-
sor RNA and possess 
helicase activities

Intron splicing, mRNA 16

Cytoskeleton Cytoplasm

and  microtubules.
RNA and proteins.

6,20,28, 
29,30,49

Endoplas-
mic reticu-

Cytoplasm Interconnected network 

and vesicles with an 
extension to Golgi ap-
paratus (cisternae).

-
tein synthesis, packaging 
and transport.

7,8,20, 
27,49

-

(regulate calcium concentration).
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27

Once the nuclear mRNPs are translocated into the cytoplasm (cytoplasmic mRNPs), 

involved in mRNA translocation, anchoring and those involved in translational regulation 

CYTOSKELETON: ACTIN AND MICROTUBULE DYNAMICS 
AS A FLOATING RAFT FOR mRNPs SUBCELLULAR LOCALIZATION

The cytoplasmic mRNPs are conveyed to their destination via the cytoskeleton, most 

biochemical studies together with advances in cellular imaging, has allocated a central role 
Per se, this promotes on-site 

28 

in other directionally growing structures utilizes microtubules to move along the mRNP 
granules.29 It is not yet known how the mRNPs are translocated along the cytoskeleton in 

ash1
yeast is known to be mediated by myosin, whereas, similar mechanisms involving kinesin 
and dynein-mediated movement have been proposed in the Drosophila oocyte and human 
oligodendrocytes.30

along the cytoskeleton in plants remains to be unravelled. It is tempting to envision and 

along actin and microtubule railings to promote their localization.

INTRA- AND INTERCELLULAR TRANSLOCATION OF mRNPs

induce necessary physiological changes, means that cell-to-cell signalling becomes one 
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31 In another 
example, KNOTTED1 (KN1) and SUCROSE TRANSPORTER1 (SUT1) are two plant 
genes whereby their encoded transcripts are also translocated between neighbouring 

KN1 has been shown to mimic the mechanism 
imposed by viral movement proteins and it is now known to be involved in the initiation 

32 In situ hybridization studies have localized SUT1 mRNA in companion cells and 
SUT1 

mRNA is transcribed in companion cells and then translocated to the SE with an as yet 

32 Similarly, the plant vascular 

which these small molecules can be transported. Indeed, Bartel et al33 and Kidner et al34 

Fowering locus T (FT), which responds to day length and induces 
FT gene 

shoot apex.35 FT transcript along the phloem was later demonstrated 
by transiently expressing FT

StBEL5
36 Thus, plants have developed sophisticated mechanisms 

The co-existence and the symbiotic relationship between plant cells and cellular 

imported into the chloroplasts and mitochondria (represent 
trans

envelope membrane channel import complex (protein translocons). Nonetheless, nuclear 
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encoded RNAs such as ATM1
targeted to these organelles. The ATM1
located in the 3

STORAGE OF mRNPs AND mRNA TURNOVER

processing bodies where they undergo a nonsense-mediated decay and eventually are 

37

translational repression predominantly in response to stress (Table 1). Stress response 

proteins includes T-cell intracellular antigen 1 (TIA1), TOA1-related (TIA1R), eIF4E, 
eIF4G, eIF4A, eIF3, PABP, G3BP1 and 40S ribosomal subunits.3 TIA1 has been 

and a mutation in Nicotiana plumbaginafolia TIA1-like oligouridylate-binding protein 1 
3

prompted by the polyA-tail deadenylation, RNA-mediated gene silencing and translational 
-m7G decapping enzymes 

(DCPs), 5 -3
in animals cells.37 Arabidopsis null mutant xrn4-5 which has reduced cytosolic 5 -3  

3

respect to their protein and RNA constituents in many organisms showed that they 

Mammalian germ cell granules (chromatoids) possess several components involved 
in small RNAs processes and mRNA decay. The Dicer enzyme, Argonaute proteins, 
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25 In part, it is 
hypothesised that the mammalian germ cell granules are equipped to modulate gene 

much wider role has been also implemented. Similar germ cell granules have been also 

Caenorhabditis elegans have been annotated to be compositionally similar 
to both PBs and SGs.25 They contain PB markers CGH-1 (conserved germline helicase 1) 
and CAR-1 (cytokinesis, apoptosis, RNA-associated 1) as well as SG-associated proteins 

possible dual role in stabilizing maternal mRNAs and simultaneously repressing their 
translation.38

remains to be demonstrated, however, their presence is imminent.

(germ cell) is enclosed within a larger daughter cell (vegetative cell), provides a unique 

stored mRNP particles.9

1,9 With NTP303 as a model example,1,9,13,39 

ntp303 mRNP particles.

1 Just like the role played by 
Drosophila germinal granules in delivering maternal mRNAs and its role during initial 

morphological changes in response to activating stimulus (Fig. 2). EPP particles represent 
preloaded complex machinery devoted to mRNA processing, transport, subcellular 

4 precursor) and protein transport (Rab11a, Ras related protein) and those associated 
with RNA localization and translation including cytoskeletal proteins, protein kinases 
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neuronal granules are also preloaded with translational machinery and several regulatory 

25 As such, 

growth. Such a role is already emerging in plant EPPs and pollen tube growth,1 though 

Moreover, a recent study by Bayer et al40

SHORT SUSPENSOR (SSP
cells by activating YODA-MAPK pathway (YDA). SSP is expressed at the mature pollen 
stage however the protein can only be detected in the zygote and the endosperm post 

SSP transcript is likely 
to be governed by a similar mechanism as the NTP303

notion that EPPs are likely to be a step higher to the role played by regular mRNPs and thus 

41 An insight into the mechanisms that regulates mRNA shuttling 

posttranscriptionally.

SYSTEMATIC TRANSLATION REPRESSION BY SMALL RNAs

phenomenon in plants, research studies over the last decade have evidently proven that 

42

43

development in animals and it is regulated by miR-130a.43 Northern analysis showed 
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FOG-2 RNA transcripts predominantly in the heart and brain, 

at embryonic day 16.5 and its diminution at the neonate stage. This dynamic accumulation 

43 Another good example 

44 The miRNA-134 promotes this outgrowth 
PUMILIO-2. Until recently, 

APETALA2 (AP2) 
and AP2 45,46

miRNA172 controls AP2 activity by modulating AP2 mRNA levels through cleavage 

47

REINITIATING TRANSLATION OF THE LOCALIZED, 
TRANSLATIONALLY SEQUESTERED mRNAs

expression and mRNA translation might have occurred primarily to sequester mRNAs 

the cytoplasm is a must, otherwise preloaded translational machinery would initiate 

subcellular localization and preventing delivery to other intended destinations. This 
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48 Once 

-actin mRNA 

49 Binding 
-actin zipcodes represses untimed translation during the localization 

-actin. On-site 

(Src), thereby spatially and temporally separates localization and translational initiation.50 
Ash1

yeast Saccharomyces cerevisiae Ash1 

Ash1
results in en-route Ash1 51 In 

is routed back to the active translational machinery. However, what is known is that in 

7G) cap and, through eIF4G, its interaction with 

52

prompted by miRNA binding.

CONCLUSION

signalling simulating developmental and environmental response, as well as concentrating 

Arabidopsis thaliana in which several 
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53-56

mRNP-mediated posttranscriptional regulation deserve additional attention to appreciate 

genomic and proteomic technologies, together with modern histological techniques, is 

with gametophytic development.
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CHAPTER 9 

UNEXPECTED FUNCTIONS OF tRNA 
AND tRNA PROCESSING ENZYMES

Rebecca L. Hurto
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Abstract: tRNA and tRNA processing enzymes impact more than protein production. Studies 

promote morphological changes. Similarly, tRNA processing enzymes, such as 

INTRODUCTION

the ribosome, participate in peptide synthesis, to exit the ribosome and then repeat these 

RNA Infrastructure and Networks, edited by Lesley J. Collins. 
©2011 Landes Bioscience and Springer Science+Business Media.
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activities.1,2 Met has been shown to be oncogenic,3 

BRCAI mutants and other 
disease related mutations.

tRNAS AND TRANSCRIPTION

model (Fig. 2A).4

anti-termination switches. These processes are explained in more detail below.
Initial pre-tRNA transcripts usually contain extra sequences at the 5  and 3  ends that 

 extra sequences is 
usually catalyzed by a conserved endonuclease called RNase P.5 The 3  extra sequences 

6

 extra sequences is tRNase Z.5 When 
di- or polycistronic messages contain pre-tRNAs that are interspersed between other 

transcripts,4

Drosophila melanogaster, has 5 
mitochondrial polycistronic primary transcripts containing 11 mRNAs, 22 tRNAs and 
2 rRNAs, that are largely processed as predicted.7 In the plant, Arabidopsis thaliana, 

Figure 1.
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which contains 12 nuclear dicistronic tRNA-snoRNA (small nucleolar RNA) precursor 
RNAs, the tRNAGly-snoR43 precursor was shown to be cleaved by tRNase Z, and snoR43 

8 
9

acid synthesis (FAS) is connected to mitochondrial tRNA processing. In the budding 
yeast, Saccharomyces cerevisiae

RNase P.10

humans, the dicistronic RPR14-HTD2 message encodes a RNase P component and FAS 
10 Transcription 

the mRNA10 or the tRNA.11

Figure 2.
messages containing pre-tRNAs that are interspersed between other RNAs are cleaved by RNase P and 

sequences (open circles) at the 5  end (removed by RNaseP), at the 3  end (removed by tRNaseZ or 
exonucleases) and sometimes internal to the mature sequence (intron; removed by splicing endonuclease 



140 RNA INFRASTRUCTURE AND NETWORKS

with other cellular processes.

acid control or amino acid response pathway. Uncharged tRNAs activate translation 
 (eIF2 ) kinase, which in turn, phosphorylates eIF2  resulting in 

genes including amino acid biosynthetic genes.12,13

ways. During the stringent response, uncharged tRNAs enter the ribosomal A site and 

and tRNAs and inhibits DNA replication.14 A second system by which tRNA alters 
E. coli

translation. As tRNATrp becomes increasingly uncharged, ribosomal pausing occurs at 

When tRNATrp is mostly charged, ribosomal pausing will not occur, the terminator 
15 Another way 

during transcription or translation. A recent, detailed review was published on T-box 
mechanisms;16

is transcribed, T-box sequences encoded in the 5  leader, have the opportunity to bind 

amino acids, aminoacylated-tRNAs, act as a non-inducing, binding site competitor. A 
B. 

subtilis

a T-box. T-boxes involved in translation regulation activate translation when uncharged 
tRNAs bind to sequences that include anti-Shine-Dalgarno sequences, thereby releasing 

16

In summary, eukaryotes and prokaryotes have systems that utilize tRNAs to directly 

structures is a common theme in prokaryotes that can be achieved by various mechanisms 
including second messengers, ribosomal pausing and T-boxes.

tRNA FRAGMENTS

Recent publications on tRNA cleavage in response to stress in ciliates,17 yeast18 and 
mammalian cells19

5
1,2,18-28 in the last 
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development, in response to stress and in nonstressed cells. The data indicate that tRNA 

novel tunes.2

Fragments Vary in Source, Size, Abundance and Composition

2B). Initial pre-tRNA transcripts contain extra sequences on the 5  and 3  ends and 

maturation process. Mature tRNAs have the extra sequences removed, have additional 

6) and many organisms add the 3  terminal C, C and A nucleotides posttranscriptionally.29 

cloned with 3

Tetrahymena thermophila, 
 end containing clones lack CCA.17 There are a several 

a phenomenon observed in E. coli .30 Consistent with the expected mature tRNA cleavage 

, 3
Tetrahymena 

thermophila
Asp and pre-tRNASer generated 

by tRNase Z (ELAC2).2

Sequence alignments and Northern analyses have revealed that the tRNA cleavage 
sites are not random.1,2,18-28

18,19,22,23 Other tRNA 

tRNA that contains the anticodon,25,26 the variable loop,17 the D-loop22 and the T-loop 
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(Fig. 2C).19

Arabidopsis 
thaliana

Gly(UCC).26 
In contrast, both 5  and 3

S. cerevisiae undergoing oxidative stress.18  
2,19,22 While there are 

64 possible codons, wobble base pairing allows most cells to have 
mature tRNAs within each cell.31

cell-type to cell-type.2,19,24

Fragments and Development

were observed in stress conditions that induced morphological changes in several species 
20 bacteria27 and protists.17,25

Aspergillus fumigatus, tRNA halves were observed during conidiogenesis 

recovered during germination.20 In a second study, Hasier et al27 noted that the appearance 

Streptomyces coelicolor
Met

inducing the mating pathway is Tetrahymena thermophila. Starvation and mating pathways 
can be chemically uncoupled allowing the cells to experience starvation but preventing 

17 In another 

protozoan, Giardia lamblia 25 
The 46 nt 3
encystation initiation and both the 3

37 nt) and the 

24 These data show that the appearance 
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Stress-Induced Fragments in Fungi and Plants

can also act as long distance messengers and guide RNAs. In S. cerevisiae, oxidative 

32

Arg in S. cerevisiae

pathway in mating-type 
impaired cell growth. Cumulatively, the data indicated that tRNA cleavage may allow 

below) in S. cerevisiae.33

Cucurbita maxima,
messengers22 similar to the micro RNA, miR399.34

22 

the phloem where it acts to suppress phosphate uptake,34

A. thaliana
tRNAGly

26 In contrast, oxidative 
Arg 18

Fragments in Mammalian Cells

 and 3  ends providing evidence that most 
2 

respectively.19
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Dicer Cleaves Mature tRNAs in Human Cells

35

sequences aligned at the 5  end with the 5  end 
19 

1

observed in mouse ES cells.28 The RNA-induced silencing complex (RISC) incorporates 

in HeLa cells.1 Glu

Schizosaccharomyces pombe, TRAMP mutants. 
This would not usually occur as the TRAMP complex, a polyA polymerase complex 

association with RNAi machinery in wild type cells.36 This data led to the proposal that 

1,36 By extension, 

tRNase Z is Involved in Pre-tRNA Fragment Production

tRNA and occurs in short (tRNase ZS) and long (tRNase ZL 37 The human tRNase 
ZL

gene.38 When Lee et al2  and 3  tRNA halves in small RNA clones, they also 
 extra 

Ser 

but no change in pre or mature serine-tRNATGA

tRNase ZL caused a reduction in tRF-1001. While the authors were unable to determine 

2 Surprisingly, tRF-1001 and pre-tRNASer

Ser 
(TGA) has two possible ends, either processed to become a mature tRNA or be exported 
to become a small RNA.2

been shown to have biological activity. While this is an exciting and novel result, 
perhaps one should not be surprised as previously published data has provided clues 

39
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Fragment Guided tRNase Z Cleaves mRNA

L degrades mRNAs in a process that is 
guided by tRNA halves. An early study recognized that 3  truncated tRNA could be used 

40 The studies with pig tRNase Z demonstrated 
that simple double stranded RNAs are not substrates and that DNA is not cleaved. 

lin-4 and lin-14 C. elegans, is 
41 Recently, human tRNase ZL

5
tRNase ZL

Glu L L complexes 
were evaluated.39

L mediated 
cleavage, which demonstrates its potential as a therapeutic approach.42 This alternative 

cancer do not inhibit its pre-tRNA 3  end-processing activity.43 Perhaps these mutations 
inhibit tRNase ZL

regulate target mRNA stability.

Angiogenin Cleaves Mature tRNAs

Oxidative stress,18,23 heat shock, UV exposure,23 PBS treatment, nonserum starvation, 
hypoxia and hypothermia24 33nt). While 

-Fas, gamma-irradiation24 23,24

cell death. Mature tRNAs are cut near the anticodon loop (Fig. 2C) by stress-activated 
angiogenin.23,24 Angiogenin is a ribonuclease that is secreted, endocytosed by endothelial 

23 S. cerevisiae Rny1), 
RNase L, or tRNase Z (ELAC2) did not prevent stress-induced tRNA cleavage, however 

cleavage.23

tRNA cleavage.

tRNA Halves Can Inhibit Translation

cleaved tRNAs to mature tRNAs is less than 0.1 in arsenite treated U2OS (human bone 

maintained in S. cerevisiae during oxidative stress44 and in A. thaliana during phosphate 
starvation,26



146 RNA INFRASTRUCTURE AND NETWORKS

In contrast, E. coli
45 and the 

3 30

the anticodon loop,33

observed reduction in translation, then how is translation being repressed in this U2OS 
 tRNA halves into U2OS and MEF (mouse embryonic 

23 This data indicates that tRNA halves can cause 
translation repression and are not a merely side product. Additionally, tRNA halves have 
been shown to inhibit translation in wheat germ lysate.22

The eIF2  kinase activity can be induced directly through interactions with uncharged 

 at selected sites results in a reduction 

with nonphosphorylatible eIF2  (S51A). This indicates that eIF2  phosphorylation is 

 kinases induced by arsenite (oxidative stressor), caused increased 
23 

T. thermophila

composition.17 In S. cerevisiae,

to be addressed in yeast, the translational apparatus has been evaluated under conditions 
 kinase in S. cerevisiae and Eap1, a regulator 

oxidative stress caused by peroxide, or cadmium and diamide, respectively.46

it is possible that proteins may recognize the tRNA halves and alter global translation. 

47 

Tetrahymena

L

48

Met promotes cell 
3 There are 

that these data sets may hold.
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AMINOACYL-tRNA FUNCTIONS BEYOND TRANSLATION

49 To circumvent this issue, some aaRSs will mis-acylate 
the tRNA and then a second enzyme will complete the process by converting it to the 

converts a Glu-tRNAGln to Gln-tRNAGln

50

acid converting enzymes acting as a specialized amino acid biosynthesis pathway. As 

activity ties translation to nitrogen availability via aminoaclyation. These indirect pathways 
49

cell walls,51 cell membranes52 and antibiotics53 and participate in protein degradation.54 

Ala, tRNASer, or tRNAGly is very important, as 

sensitivity,51

synthetases utilize aa-tRNAs to attach amino acids, such as lysine, alanine and proline, 

a growth advantage during acid or osmotic stress conditions.52 While aa-tRNAs are 

Additionally, Glu-tRNAGlu

53 Thus, cells 

Figure 3. Gln to 
Gln-tRNAGln
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 ClpA (prokaryotes) mediated 

utilize aa-tRNAs as amino acid donors.53 The N-end rule pathway not only contributes 
to general turnover, but also is known to mediate various cellular and developmental 

Arabidopsis 
AtATE1 and AtATE2

Arg to BREVIPEDICELLUS, a meristem promoting protein.54 

proceed at maximal rates. However, when amino acids are in low supply, substrate binding 

tRNA PROCESSING ENZYMES AFFECT MORE THAN tRNA

The enzymes involved in tRNA processing and aminoacylation have been shown to 

please see Chapter 1, Figure 2 page 5 and Chapter 14, Figure 1, page 222).55 Intriguingly, 

providing evidence to support the controversial protein-only mitochondrial enzyme. This 
is in sharp contrast to the mitochondrial RNase P in S. cerevisiae and other organisms 

56

proteins, MRPP2, is also known as HSD17B10 (hydroxysteroid [17-
10) due to its 3-hydroxyacyl-CoA dehydrogenase type 2 activity and known as ABAD 
(amyloid- -binding protein) demonstrating its association with Alzheimer’s disease, 

57 
HSD17B10 have been linked to mental retardation.58 However, 

HSD17B10 are altered in the disease states. As 

pre-tRNAs in several organisms,4,7,10

MALAT1 (metastasis-associated lung adenocarcinoma transcript-1) 
by RNase P produces a nuclear long noncoding RNA and a tRNA-like cytoplasmic RNA. 
Men-

59 In S.cerevisiae, RNase P is also involved in the 
60 Some RNase P targets 

contain tRNA-like structures, while other targets do not.59,60 Similarly, tRNase Z targets 
39
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61,62

small RNAs associated with cancer.48 The highly conserved tRNA splicing endonuclease 

 end 
processing.63

causative roles in pontocerebellar hypoplasia, a developmental neural disorder resulting in 
small, underdeveloped cerebellum and pons leading to severe retrandation, spinal muscular 

64

AMINOACYL-tRNA SYNTHETASES, tRNA AND DISEASE

65 
cytokine activity,66 and immune responses.67 For example, yeast and Neurospora 
mitochondrial aaRSs can act to splice group I introns.65 Several aaRSs have shown to 

has cytokine activities that allow it to participate in cell migration and angiogenesis by 
66

67

tyrosyl-synthetase (TyrRS)66 and glycyl-synthetase (GlyRS)68

that lead to diseases such as Charcot-Marie-Tooth disease, that involves a progressive 

synthetase that is predicted to block editing, the process that removes misacylated amino 
acids.69

pontocerebellar hypoplasia, respectively.70

its role in pathogenesis.

their aminoacylation activities in vitro.66,71

data by Antonellis and Green70
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is activated by MEK, LysRS increases its second messenger production and dissociates 
67 What happens to the in vivo Lys-tRNALys 

species in S. cerevisiae,72

to impact translation and contribute to the disease state.

translation cause mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like 
73 

Sec by conditional knockout 

tRNASec

stress.74

Studies in S. cerevisiae
increased sensitivity to 5-FU and that 5-FU sensitivity increases with temperature.75 

76 are 
inhibited by 5-FU.77,78

75 These data 
are consistent with the observation that 5-FU is more cytotoxic in hyperthermic conditions, 

79 Cumulatively, the data indicate 
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understanding disease states. For example, individuals with BRCA1 mutations are more 
likely to develop breast cancer.80 BRCA1

TFIIIB complex that recruits Pol III to promoters (Fig. 4), there is increased expression 
81

Met, but not elongator tRNAMet, 

Met, 
but not elongator tRNAMet 3

BRCA1 BRCA1
82

likely contributes to the disease state. However, these data provide novel questions. 

initiator tRNAMet, but not elongator tRNAMet

Met is somehow limiting or regulated 

Met

tRNAMet Met may promote degradation or translational 

consequences are not well described.

CONCLUSION

From their well-known role in translation to their more recently discovered roles in 
transcription and mRNA cleavage, tRNAs actively participate in numerous cellular activities 

Figure 4.
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eukaryotes, uncharged tRNAs regulate translational repressors such as Gcn212 13 

involved in amino acid biosynthesis and import. In prokaryotes, uncharged tRNAs can 

14 
15 

16 Another way that cells 

depending on organism, tissue type and current cellular environment. Fragments are 

49 

51 cell membranes,52 and antibiotics,53 and in prokaryotic and 
eukaryotic protein turnover pathways.54,82
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Abstract
silencing mechanism in which short RNAs are used to target complementary 

that RNAi-related processes are also involved in transcriptional gene silencing 

Tetrahymena provides an 

transposons, and DNA elimination in Tetrahymena is also believed to have 

the somatic genome. Because DNA elimination is achieved by the coordinated 

RNA-RNA and RNA-protein interactions, RNA degradation and RNA-directed 
Tetrahymena
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INTRODUCTION

be inactivated because they are otherwise potentially detrimental to genome stability. 

bacteriophages).1 Recently, the CRISPR (Clustered Regularly Interspaced Short Palindromic 
2-4 

similarly-sized unique spacer sequences that are homologous to bacteriophage genomes and 
plasmid sequences. The entire CRISPR loci are transcribed as primary transcripts containing 

clusters. Each small RNA includes a unique spacer sequence. The small RNA associates 

DNA as well as possibly the RNA product that is complementary to the small RNA.5-7 In 

8

RNA-based CRISPR system provides a heritable acquired immunity against bacteriophages 

small RNA production is most likely evolutionarily unrelated to that employed by the 
CRISPR system.4

mRNAs.9 In this pathway, dsRNA is processed by a Dicer enzyme into small (20-30 nt) 

small RNA-directed RNA degradation.10 An RNAi-related mechanism can also induce 

eukaryotes to plants and humans.11

12

13 

Some viruses possess a dsRNA genome, and single-stranded RNA viruses also have a 

14 These dsRNAs are processed to siRNAs by RNAi-related 
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Figure 1. 

germline. piRNA cluster produces single-stranded RNA that is processed to piRNAs, probably by Piwi 

transposons complementary to the piRNAs at the post-transcriptional and transcriptional levels. D) The 
scnRNA pathway in Tetrahymena

and transcripts, respectively.
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sequences (Fig. 1C).15,16 These loci, called piRNA clusters, produce single-stranded RNA 

16,17

piRNAs at the post-transcriptional and transcriptional levels. Although this is reminiscent 

The ciliated protozoan Tetrahymena thermophila employs a unique strategy to silence 
transposable elements, utilizing an evolutionarily conserved RNAi-related mechanism (Fig. 
1D). Its nuclear dimorphism allows Tetrahymena

in the newly developing vegetative nucleus. This small RNA-directed programmed DNA 
18, which is composed 

processing, RNA transport, RNA-RNA and RNA-protein interactions, RNA degradation 

in DNA elimination in Tetrahymena and discusses evolutionary relationship between 
RNA-directed DNA elimination and transposon-silencing mechanisms in other eukaryotes.

NUCLEAR DIMORPHISM IN TETRAHYMENA

Tetrahymena thermophila
Tetrahymena
nuclei within a single cell: a diploid micronucleus and a polyploid macronucleus (Fig. 2). 

Figure 2. Nuclear dimorphism in Tetrahymena thermophila. Tetrahymena possesses two distinct nuclei 
Tetrahymena shows the larger macronucleus (Mac) 

containing the somatic genome and the smaller micronucleus (Mic) containing the germline genome. 
A cilium stained with anti-alpha tubulin antibody is shown in (A), a nucleus stained with DAPI in (B) 
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The micronucleus is mostly inert transcriptionally (an exception to this generalization is 
described below), but it has the ability to make both the macro- and micronuclei during 

19

When enough nutrients are available, Tetrahymena vegetatively (asexually) 

Tetrahymena

Figure 3. Tetrahymena. A) In nutrient-rich conditions Tetrahymena grows vegetatively by 

The parental macronucleus is destroyed by an apoptosis-like DNA degradation process. I) The cells separate 
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divides once mitotically to produce two haploid pronuclei while the other three meiotic 

zygotic nucleus divides twice. In the second post-zygotic nuclear division, the spindles are 

become micronuclei (Fig. 3G,H). In parallel, the parental macronucleus is eliminated by 
an apoptosis-like process (Fig. 3H).

20-22 

new macronuclear chromosomes (Fig. 4).23 DNA destined to be eliminated is called an 
Internal Eliminated Sequence (IES). IESs are ~0.5-20 kb in size and it has been estimated 
that there are approximately 6000 IES loci in the micronuclear genome. IESs have not 

Tetrahymena, although some are located in 

24-26 

nonviable progeny.27-36 This may be because transposons in IESs are activated in the 

Figure 4. 

micronucleus always maintains the entire genome. The chromosome contains both macronucleus-destined 
sequences (gray line) and micronucleus-limited sequences (IES; boxes). Approximately 6000 IESs 

macronucleus; Mic, micronucleus.
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EPIGENETIC REGULATION OF DNA ELIMINATION BY SMALL RNAS

IES elimination in Tetrahymena occurs very precisely such that all given IESs 
are eliminated in each sexual reproductive event, and their boundaries are conserved 
to within several base pairs (Fig. 5A). However, no common sequence signature that 

Figure 5. 

37

in the parental micronucleus. When a bacteriophage neo
38,39 Mac, macronucleus; 

Mic, micronucleus.



163PROGRAMMED DNA ELIMINATION IN TETRAHYMENA

and Yao37 demonstrated that IES elimination in Tetrahymena is epigenetically controlled 

inserted (Fig. 5C).38,39

These observations indicate that the new macronucleus epigenetically inherits the 
Tetrahymena 

can compare micronuclear and parental macronuclear DNA sequences to remove 

inheritance.26

these small RNAs, produced by an RNAi-related mechanism, direct DNA elimination.32 
Indeed, later studies have revealed that these small RNAs (named scan RNAs or 

elimination,31,33 40 Moreover, it 

39

probably processed to small RNAs which then induce IESs elimination. These results 

how scnRNAs epigenetically direct DNA elimination event.

BIOGENESIS OF scnRNA

41,42 The micronuclear 

(Early Stage in Fig. 6).43 Although the exact mechanism that produces these transcripts 

prophase meiosis44 indicates that they are transcribed by RNAPII. Knockout strains 
DCL1

RNA,31, 33

prophase, it was proposed 27,43 that the entire micronuclear genome is transcribed in this 
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The scnRNAs produced by Dcl1p in the micronucleus are thought to be transported 

Stage in Fig. 6)40, since Dcl1p exclusively localizes to the micronucleus while Twi1p 
31-33 40 

The mechanisms by which scnRNAs are exported to the cytoplasm and loaded into Twi1p 
are not yet well understood.

35 Like other 
Argonaute proteins,45-50 Twi1p possesses endoribonuclease (Slicer) activity that cleaves the 

35

Stage in Fig. 6).51

51

HEN1 knockout 

to induce proper DNA elimination.51

both in vitro and in vivo,51

scnRNA SELECTION

32 In DCL1 KO 
TWI1 mutant strains, where Twi1p 

macronucleus and remains in the cytoplasm.35 According to these observations, it has been 

macronucleus where it induces DNA elimination (Late Stage in Fig. 6).
DNA elimination occurs in the new macronucleus. Why then does the scnRNA-Twi1p 

by Mochizuki and Gorovsky.40

and micronuclear DNA. This is consistent with the prediction that the entire micronuclear 
genome is transcribed to produce scnRNAs. In contrast, scnRNAs complementary to 

when the scnRNA-Twi1p was localized to the parental macronucleus, and those extracted 

although scnRNAs complementary to both macronuclear-destined sequences and IESs 
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macronucleus in order to interact with the macronuclear chromosome to induce scnRNA 
selection (Mid Stage in Fig. 6).

32,40

Schizosaccharomyces pombe and the plant Arabidopsis thaliana
Drosophila and mouse 

proteins.52

IESs may exist in Tetrahymena. 

to the macronuclear genome must interact by base pairing either directly to macronuclear 

macronucleus can be co-immunoprecipitated with Twi1p27 and the interaction between 
Twi1p and chromatin is RNA-dependent (KM, unpublished results). Moreover, the RNA 

the Twi1p-chromatin interaction, scnRNA selection and DNA elimination.27

results suggest that the scnRNA-Twi1p complex interacts with macronuclear chromatin via 
base-pairing between scnRNA and nascent macronuclear noncoding transcripts, and that 

scnRNA-INDUCED HETEROCHROMATIN FORMATION AND DNA 
ELIMINATION

Fig. 6).27,32 Like scnRNA selection in the parental macronucleus, it has been demonstrated 

Twi1p27 and Twi1p interacts with new macronuclear chromatin in an RNA-dependent 

hinders DNA elimination.27 These observations strongly suggest that the interaction 

in the newly developing macronucleus.30,53

immunoprecipitation analyses using anti-H3K9me and H3K27me antibodies reveal that 
these methylated histones accumulate on IESs but not on macronuclear-destined regions.30, 53 
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and H3K27 in Tetrahymena, as well as amino acid substitutions at H3K9 or H3K27, 
inhibit DNA elimination.30,54

DNA elimination. H3K9me and H3K27me bind to the chromodomain protein Pdd1p.30, 53 

29 PDD1 expression greatly 
reduces H3K9me level,53

DCL1 and the Argonaute gene 
TWI1 greatly inhibit H3K9me accumulation or its IES targeting31,33,54 the RNAi-related 

30

heterochromatin regulates the RNAi-related pathway in Tetrahymena although such 
55

How heterochromatin structure induces precise DNA elimination is largely unknown. 

induce its ectopic DNA elimination,53 Pdd1p can recruit all downstream proteins required 

when DNA elimination occurs.56,57

Tetrahymena 
and the other ciliate Paramecium.58,59

to excise IESs.

EVOLUTIONARY CONSIDERATIONS 

Tetrahymena bears a striking similarity 

RNAi-related pathways collaborate with siRNA, micro(mi)RNA and piRNA in eukaryotes, 
12

associated with AGO proteins while piRNAs bind Piwi proteins. piRNAs (~24-30 nt) 

60-65 In Tetrahymena, 
40 scnRNAs are about 28 to 

29 nt in length32 51

Tetrahymena
metazoans. 

silencing at post-transcriptional as well as at transcriptional levels.52,66,67 In Tetrahymena, 

to transposons, this process might have evolved as a transposon silencing mechanism 
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transposon silencing might be a task common to the scnRNA-Twi1p complex in 
Tetrahymena and piRNA-Piwi protein complexes in metazoans.

Tetrahymena 

14 

16,17 It is not yet clear how 
Tetrahymena 

mechanism. In this context, it would be interesting to know how Piwi-associated small 

Piwi proteins,68,69

because Tetrahymena has eleven Piwi proteins besides Twi1p,70

proteins have evolved in eukaryotes.
Tetrahymena is similar to RNAi-directed 

mammals.11, 71-73

S. pombe.11 In this process, 
siRNAs (20-22 nt) complementary to centromeric repeat sequences induce heterochromatin 

and interact with the Argonaute protein Ago1. The siRNA-Ago1 complex associates 
with centromeric repeat sequences through RNAPII-transcribed nascent transcripts. 

and induces H3K9me. This methylated histone recruits the chromodomain protein Swi6 
to establish heterochromatin. The siRNA-Ago1 complex also recruits an RNA-directed 

signals. As described in this chapter, the Tetrahymena scnRNA-Twi1p complex interacts 

Tetrahymena
in other eukaryotes. Since DNA elimination in Tetrahymena employs the E(z) ortholog 

this context, it is interesting to note that the RNAi pathway may be involved in Polycomb 
74,75

Developmentally programmed DNA elimination, also called chromatin or chromosome 
diminution, has long been observed not only in ciliates76 but also in several taxonomically 
diverged metazoans such as nematodes,77,78 79 copepods,80,81 lampreys82 and 

83,84 As in Tetrahymena, these DNA elimination events take place in the somatic 

repetitive sequences. Interestingly, most eliminated DNA in these programmed elimination 

Tetrahymena is related 
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lineages. Since DNA elimination occurs in several phylogenetically separated species, 
heterochromatin-mediated DNA excision processes might have independently arisen in 

organisms which are currently exist. PiggyBac-like proteins, which may be domesticated 
transposases, play an essential role in removing heterochromatinized IESs in the ciliates 
Paramecium58 and Tetrahymena.59 Investigating how these PiggyBac-like proteins have 
been domesticated and how they interact with heterochromatin will help to understand 
how ciliates have acquired a DNA excision mechanism during their evolution. Likewise, 

FUTURE PROSPECTS

this precision. We speculate that the enzyme (hypothetically called Excisase) that removes 

Besides transposon silencing, DNA elimination is thought to be involved in mating-type 
determination. An individual Tetrahymena

does not occur during vegetative growth, mating types are thought to be determined 
in the developing new macronucleus by alternative DNA rearrangements. Although a 
potential mating-type locus named mat 85 the gene encoded by the 
mat mat locus-encoding gene, as well 
as a genome-wide comparison between micro- and macronuclear genome sequences 

involved in mating-type determination and to understand how DNA rearrangements 
regulate gene expression.

scnRNAs are produced in the parental micronucleus and exported to the cytoplasm to 

86,87 Selective interactions between the scnRNA-Twi1p complex and 
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new macronucleus (KM, unpublished results), the scnRNA-Twi1p complex is not likely 

depends on cytoplasmic determinants that are maternally preserved in the egg.88 Although 
Tetrahymena has not been 

their locations within the cell at a critical time.89-91

into macronuclei while others that are posteriorly localized become micronuclei (Fig. 3G). 

Tetrahymena

transportation systems are established in Tetrahymena, but also yield unique insights into 
how germline-soma segregation has evolved in nonmetazoan eukaryotes. 

CONCLUSION

DNA elimination in Tetrahymena. Because the process leading to DNA elimination can 
readily be induced synchronously in several billion Tetrahymena cells92 and we are able 

this organism, DNA elimination in Tetrahymena
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Abstract: Accumulating evidence over the last decade has presented us with the intriguing 

related to physiology, embryology and development. Emerging evidence indicates 

This chapter will discuss how noncoding RNAs and the processes underlying their 
transcription mediate transcriptional regulation, by epigenetically regulating the 
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1 Recent evidence indicates that although 

throughout it.2,3 Several recent analyses have documented that widely transcribed 

4-9

200 bp to over several hundred kb. Medium length ncRNAs, measure between 31 and 

sized ncRNAs, long ncRNAs are not highly conserved at the primary sequence level. 

signatures, have been shown to be highly conserved at the sequence level.10 Small ncRNAs 

are 21-23-bp single-stranded RNA molecules that serve as posttranscriptional regulators 

siRNAs are double-stranded RNA molecules 20-25 nucleotides in length which have been 

11 
Piwi-interacting RNAs or piRNAs are poorly conserved at the primary sequence level and 
are longer than both siRNA and miRNA, measuring in size between 26-31 nucleotides. 

retrotransposons in germ line cells via methylating their promoters.12,13

14,15 genomic imprinting,16 
sub-cellular structural organization,17,18 telomere19 and centromere organization20,21 and 

22

cis or trans elements by modulating chromatin structure or transcriptional programs.6,23 In 
certain instances ncRNAs themselves have been observed to act as regulators, whereas in 

16,24,25
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implicated ncRNAs, as well as their target genes, are poorly conserved at the primary 

16,26 or chromosomes14 at the transcriptional level 
by targeting chromatin remodeling complexes as cis or trans elements. This mechanism 
has been described in relatively well-characterized biological phenomena such as genomic 

transcription.27 How does ncRNA transcription control two distinctly regulated processes 

the transcription initiation complex, thus silencing the protein-coding gene. Interestingly, 

human disease conditions28 and GAL1-10 clusters in yeast29 results in heterochromatinization 

it is induced by both sense30 and antisense31

(PcG) proteins.32  gene in yeast 
induces chromatin remodeling and gene activation,33 indicating that ncRNA transcription 
mediates transcriptional gene silencing or activation through chromatin-level regulation in 

transcription elicits transcriptional regulation through multiple pathways, transcriptional 

regulation by epigenetically regulating chromatin structure in various biological contexts 
S. pombe, Drosophila melanogaster, mouse and human.

LONG ncRNAs AND TUMOR SUPPRESSOR GENES

28,34

p15 and p21. Both p15 and p21 genes are overlapped by antisense ncRNAs and ncRNA 
transcription through the p15 and p21 promoters is correlated with DNA methylation in 
cis. Although both the promoters become methylated in response to antisense ncRNA 
transcription, the available evidence to date suggests that the underlying mechanisms 

p15 tumor suppressor gene, increased antisense ncRNA transcription 
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in disease conditions.28 Aberrant antisense transcription is associated with p15 promoter 

or its RNA product epigenetically silences the p15 promoter. By employing in vitro 
p15 promoter in cis or in trans 

p15 antisense RNA-mediated 
epigenetic silencing, indicating that the antisense RNA uses currently unknown mechanisms 

p21 p21 sense and 

p21 p21
34

p21 

or its transcription, suppresses p21 promoter activity by directing silent-state epigenetic 
p21 promoter by the antisense RNA 

is dependent on Argonaute-1 protein, a key player in the small RNA induced gene 

p21
the p21 promoter is also associated with promoter-associated RNAs (pRNAs) in both the 

Argonaute-1, indicating a strong link between the p21 antisense RNA and the Argonaute-1 

p21 promoter. However, it remains to be seen 
p21 promoter has any resemblance 

S. pombe. 
The above studies clearly demonstrate that the p21 and p15 antisense RNAs exploit 

per se p15 silencing through an 
p21

LONG ncRNAs AND HOMEOBOX GENES

Homeobox genes (Hox) genes (which control embryonic body development in all 
bilaterally symmetrical animals), are organized into gene clusters and are coordinately 
regulated by common long-range cis acting regulatory elements. Epigenetic mechanisms, 
involving histone methylation, demethylation and ncRNAs, have recently been shown 

Hox gene expression in a spatio-temporal manner along 
Hox gene expression occurs primarily 

due to the interplay between two protein complexes: trithorax- and polycomb-group 
proteins. Trithorax-group proteins, which possess enzymatic activity to mediate the 
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Hox 
gene activation, whereas polycomb-group proteins, comprising PRC2 complex members, 

Hox
H3 at lysine 27 (H3K27). Although cis acting DNA sequences (polycomb responsive 

in Drosophila melanogaster
Hox gene cluster in a spatio-temporal manner is poorly understood.35,36 The interplay 
between polycomb and trithorax proteins generates active or inactive chromatin 
domains in the Hox

Hox gene 
clusters, interweaving with genic and intergenic regions and that they have a key role 

26,37

Although ncRNAs were detected over two decades ago in Drosophila Hox gene 
Hox genes 
Hox gene 

Hox gene activation 

thoroughly characterized in the Drosophila bithorax complex (BX-C) region, which is 

bxd
(Ubx) Hox gene.38,39 Both studies implicate bxd

Ubx expression, but they contradict each other regarding how the regulation 
is brought about. One report suggests that bxd

Ubx

Ubx gene promoter.38 The RNA-mediated 
Ubx promoter, 

thus making it more accessible to transcription initiation machinery. Interestingly, this 
bxd transcripts in larval imaginal discs 

Ubx promoter, suggesting that the bxd
Ubx promoter activation (Fig. 1A). In contrast, the 

bxd region extends into the Ubx 
promoter region, which negatively regulates Ubx promoter activity.39 Importantly, ectopic 

bxd transcripts do not activate Ubx transcription, 

Ubx bxd transcripts 
in Ubx

the mouse and human Hox gene clusters.26,37 In many cases their expression correlated with 
Hox gene, indicating that Hox ncRNAs in mammals 

Hox ncRNAs, HOTAIR HOXC locus, revealed that 
HOXD locus in trans

complex members, Ezh2.26 Although trans
trans

HOTAIR mediates 
HOXD locus in trans
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the target sequences. The trans HOTAIR
the Ubx promoter by bxd

Evx1as and Hoxb5/6as, to Hox gene regulation.40 The Evx1as and Hoxb5/6as ncRNAs 
showed concordant expression with their sense partners Evx1 and Hox5/6, respectively, 

protein-coding genes by establishing active chromatin structures.

gene regulation by long ncRNAs is a conserved transcriptional regulatory mechanism 

LONG ncRNAs AND DOSAGE COMPENSATION

Drosophila, in which, 

Figure 1. Bxd
Ubx gene expression. A) Bxd ncRNAs are retained at the Ubx locus via RNA-DNA interactions and 

Ubx
Ubx gene expression. According 

to this model, Bxd ncRNA transcription through the 5 Ubx promoter results 
Ubx
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41,42

6,43,44 As 
Drosophila and mammals are distantly related organisms, it is interesting to note that 
the dosage compensation process is brought about by ncRNAs in both species, while 

inactivation has been investigated in depth using the mouse as a model system. In 

silencing in a chromosome-wide manner during early embryonic development, which 

the epiblast lineage i.e., the embryo.45

Xic) is implicated 

14

the Xic: Xist, Tsix, Xite, RepA and DXPas34. Xist is 15-17 kb in length and transcribed 
46 Tsix Xist, 

Xist gene and covers the entire Xist coding region 
as well as its promoter region. It is about 40 kb in length and exclusively expressed 

47 Xite, an upstream activator sequence, 
Tsix promoter and encodes several ncRNAs.48 

RepA Xist. RepA selectively 
transactivates the Xist 49 A 
microsatellite repeat element, DXPas34, at the 5 Tsix transcript encodes 
short bidirectional transcripts which have been shown to regulate Tsix transcription.50,51 
In addition, bidirectional transcription over the Xist
several 25-45-bp small RNAs (xiRNAs).52

Xist expression. Xist
Xist RNA 

53 
Xist expression coincides with transcriptional gene silencing and 

a link between Xist
Xist

Xist, because the genes on paternal chromosomes 
lacking the Xist gene were still repressed.54
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Xist

chromosome inactivation steps that occur during postimplantation development. In 
Tsix is expressed at high levels 

and Xist is expressed at low levels on both chromosomes. Pluripotent transcription 
Oct4, Nanog and Sox2 Xist, 

but it is not clear how Tsix transcript levels are maintained at higher levels in cells 
55 Abundant Tsix expression across the Xist locus 

Xist gene body, which is 

inactivation.56 In addition, a recent investigation has demonstrated that Tsix transcription 

Figure 2. Xic). 
Xist

Tsix activation, Xist
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into the Xist
Xist promoter (Fig. 2), indicating that Tsix transcription 

inactivation.57 Xite ncRNA positively regulates Tsix
Xite Tsix 
transcription,48 indicating that Xite transcription probably creates transcriptionally 
competent chromatin at the Tsix promoter.

process.58 Based on these observations, RNF12 has been speculated to directly activate 
Xist
no evidence to date has documented a direct interaction between RNF12 and the Xist 

such as OCT4, CTCF and YY1 by trans-activating Tsix transcription.59 Importantly, 
Tsix 60,61 indicating that RNA-protein 

are unclear. In addition to Xite, Xist and Tsix ncRNAs, RepA also been shown to play 

RepA
Tsix
mechanisms, while RepA remains active, interacts with the PRC2 complex and tethers 
it to the Xist
heterochromatin structure with H3K27me3 marks. Paradoxically, this tethering aids in 
the trans Xist Xist

49 However, 
Tsix is exclusively expressed and represses in cis 

the Xist and RepA promoters by targeting CpG methylation through interactions with 
heterochromatin machinery containing Dnmt3a.62

investigated in more depth than other biological pathways. However, several outstanding 
Xist 

in cis have yet to be determined. Furthermore, 
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Xist and Tsix become exclusively restricted to inactive 

rox1 and rox2, along 

Dosage Compensation Complex or the MSL complex.63 Like Xist, rox ncRNA blankets 
in cis (Fig. 3A). Surprisingly, rox

in trans even when the rox gene has been translocated onto an autosome, indicating 
Xist and rox

compensation. Rox ncRNAs are encoded by RNA polymerase II and localized to the 
nuclear compartment. Although both rox

rox1, the longer 
transcript and rox2 are 3.7 kb and 0.6 kb in length, respectively.

The rox
rox 

both rox ncRNAs demonstrated 

indicating that the rox 64 Both rox1 and 
rox2 harbor evolutionarily conserved short sequence stretches at the 3 end which can 

rox1 or rox2 44 These stem-loop structures are 

rox
MSL complex.

The question remains as to how rox ncRNAs target the MSL complex along the 

autosomes.65

then rox

66 The MSL complex could also be targeted by rox ncRNA through 
RNA-RNA or RNA-DNA interactions with the nascent transcripts or the promoter 

in cis to achieve hyper-transcription. However, 

rox
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transcriptional activation.

LONG ncRNAs AND PLURIPOTENCY

Oct4, Nanog, c-Myc and Sox2, has been well-established as playing an essential role 

regulates microRNAs such as miR-141, miR-200 and miR-429 in ES cells, but not in 

67

68

Figure 3.
active rox genes (rox1 and rox2 rox 

. rox RNAs are incorporated into the MSL complexes and the rox-MSL 

The rox



185LONG NONCODING RNA AND EPIGENOMICS

and Nanog.69

long ncRNAs, which in turn activates Oct4 transcription. These data establish another 

Figure 4.
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40 This study is indeed encouraging 

programs involving long ncRNAs.

LONG ncRNAs AND GENOMIC IMPRINTING

Genomic imprinting is an epigenetically controlled gene regulatory mechanism by 

and noncoding mRNA genes. The noncoding mRNA genes contain both small and 

to several hundred kb.70,71 Genes in imprinted clusters are coregulated by long-range 
cis

clusters.72

have been investigated. The mechanisms underlying the ICR-mediated long-range gene 
regulatory mechanism have been investigated intensely over the last several years. These 
studies have shown that ICRs regulate genomic imprinting in clusters either by acting as 
chromatin insulators73,74 24 Since ncRNA and 

Kcnq1, Igf2r and Gnas
the promoters that map to ICRs (Fig. 5).70 For example, Kcnq1ot1 ncRNA is a 91-kb, 
poorly spliced, moderately stable transcript localized to the nucleus. Its promoter maps 
to an imprinting control region (Kcnq1 Kcnq1 gene 
on mouse chromosome 7.75 Kcnq1ot1 transcribes in the antisense direction to the Kcnq1 
gene, starting in intron 10 and ending in intron 11 and thus it does not span across the 

Kcnq1 Kcnq1ot1 promoter 
Kcnq1ot1

Kcnq1ot1 promoter in several 
Kcnq1ot1 RNA is a bidirectional silencer.76-80 However, 

Kcnq1ot1 Kcnq1ot1 with the destabilizing domain 
c-fos transcript, Kcnq1ot1

in bidirectional silencing.75
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Figure 5. A-E) The mouse imprinted gene clusters Kcnq1 (A), Gnas (B), Igf2r (C), Snurf/Snrpn 
(D) and Dlk1/Gtl2
transcription. Maps are not drawn to scale.
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shown that Kcnq1ot1 interacts with chromatin and recruits heterochromatin complexes 
75 Kcnq1ot1 

Xist ncRNA, which mediates transcriptional gene 

Airn, an antisense transcript to Igf2r, is 108 kb in length and localized to the 
nuclear compartment. Airn

Airn transcription and moreover are localized to the cytoplasmic 
compartment.81 The Airn

Igf2r gene. Similar to Kcnq1ot1
the Airn

Slc22a3, Slc22a2 and Igf2r
Airn promoter, indicating that Airn is also a bidirectional silencer (Fig. 5C).82 It is not 

However, a recent investigation has documented that Airn interacts with G9a histone 
Slc22a3 promoter but not 

the overlapping Igf2r promoter, indicating that Airn
to silence the overlapping and nonoverlapping promoters.83 Airn is transcribed through the 
overlapping Igf2r promoter in all tissues and, unlike nonoverlapping genes silenced only 
in extra-embryonic tissues in a developmentally regulated manner, the overlapping Igf2r 
gene is constitutively silenced on the paternal chromosome. Based on these observations, 

in cis through 
Airn

16

The Gnas imprinted cluster is approximately 70 kb in length and accommodates three 
protein-coding (Gnasxl, Nesp and Gnas) and two noncoding mRNA (Exon1A and Nespas) 
genes (Fig. 5B).70 Unlike the Kcnq1 and Igf2r clusters, in which protein-coding mRNA 
is expressed only by the maternal allele, the Gnas cluster contains both paternally and 
maternally expressed protein-coding mRNAs. Its two ncRNAs are expressed exclusively 

Gnasxl Nespas 
Nespas could play 

Gnas cluster.84 However, no experiments have 
Nespas

process in imprint acquisition and maintenance.
The PWS/AS and Gtl2/Dlk1 imprinted clusters encode long ncRNAs containing large 

long ncRNA, Lncat.85

in situ hybridization with 
oligonucleotide probes, a recent investigation has demonstrated that MBII-52 and MBII-85 

independent noncoding transcripts.86
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that Lncat is pervasively transcribed through protein-coding and noncoding transcription 

been investigated.
Numerous imprinted microRNA genes are organized in two clusters at the Dlk1-Gtl2 

the paternally expressed Rtl1 (retrotransposon-like 1) gene.71,87

complementary to paternally expressed Rtl1 mRNA and, importantly, several cleavage 
sites have been experimentally mapped within the Rtl1 mRNA using 5  RACE technology, 

88 It remains to 
Rtl1 

in cis. In addition, the mechanism by which paternally expressed Rtl1 transcript escapes 
in trans

Dlk1/Gtl2 locus has not yet 

Rtl1 Dlk1/Gtl2 is 
also currently unknown.

LONG ncRNAs AND CENTROMERIC HETEROCHROMATIN

is conducive to active transcription, heterochromatin plays an important role in genome 

segregation and genome instability.89 For example, the centromeric heterochromatin 

90 

recruiting repressive chromatin remodeling complexes. Recent investigations have 

20,91,92 In S. pombe, RNAi-based 

centromeric heterochromatin.93-95 The centromere in S. pombe is compartmentalized 
imr) and outer (otr) repeats (Fig. 6). CENP-A 

centromere. The outer repeat region contains dg-dh repeats which upon bidirectional 
transcription produce long double-stranded RNAs that are tethered to RNAi substrates 

Otr region (Fig. 6).94 The heterochromatin at the Otr 
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Cnt 96

In eukaryotes, however, the molecular mechanisms by which the centromeric 
heterochromatin is established and maintained are not clear. In mammals, the centromere 

structure at pericentric heterochromatin by organizing heterochromatic components 

methylation and H3K9me3 in the pericentric heterochromatin.97 Whether Dicer plays a 

negative regulator miR-290.98 Since DNA methylation is associated with H3K9me3 

Figure 6. Centromere structure and organization in S.pombe S.pombe 
centromere and pericentromere regions. Centromere1 (cnt1

imr1L and imr1R) and outer repeats (otr1L and otr1R). Cnt1 
otr

otr
such as H3K9me2 and H3K9me3 in the otr region recruit Swi6 (HP1) and Chp1 heterochromatic 
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to the centromeres,20,97

Minor (alpha) satellite sequences are transcribed, with transcripts ranging between 
92

120-nt RNA molecules, blocking the 120-bp unit minor satellite sequence in mammalian 

proteins.92 In addition, minor satellite repeat RNA has been shown to directly interact 
with centromere-associated proteins such as CENPC1 and the centromere associated 
chromosomal passenger complex, which contains Aurora B kinase, Survivin and inner 
centromere protein (INCENP), indicating that this ribonucleoprotein complex is critical 

20,21 Taken together, the above data implicate ncRNA 

CONCLUSION

are conserved. For example, well-investigated ncRNAs such as Xist and Kcnq1ot1 

p15 and p21 promoters 

What triggers aberrant antisense ncRNA expression in certain diseases is not clear, 
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nor, importantly, is how their transcription across an overlapping or neighboring gene 

exposed a link between genome stability and some ncRNAs, which play an important 

and translocations, which, in turn, result in aberrant ncRNA transcription by cryptic 

ncRNA.

dedicated towards maintaining chromatin structure in time and space.

ncRNA as a hidden gene regulatory mechanism participating in diverse biological 
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CHAPTER 12 

PROMOTER-ASSOCIATED LONG  
NONCODING RNAs REPRESS TRANSCRIPTION 

THROUGH A RNA BINDING PROTEIN TLS
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Abstract:

as an ncRNA species containing more than 200 nucleotides. Recently, a long 

(Translocated in liposarcoma) and exerts transcriptional repression through histone 

in recognition by TLS. Taken together, TLS is a unique mediator between signals 

in living cells.1-3

RNA Infrastructure and Networks, edited by Lesley J. Collins . 
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INTRODUCTION

4-7

especially regarding micro (mi) RNAs and their related small ncRNAs including siRNAs 
8,9

5,6 miRNAs repress 

10,11 while HOTAIR and P15AS work as 
a corepressor,12,13

the cyclin D1 gene.14 The cyclin D1 promoter-associated ncRNAs (pncRNAs) bind an 

14 We have 

15 It has been shown to 
play roles in RNA processing, homologous DNA pairing and transcription.8,9

sensitivity to DNA damaging agents,9

showing that TLS plays a pivotal role in maintaining genomic integrity.16,17

18,19

as EWS-FLI1 in Ewing’s sarcoma.18 TAF15 was initially described as a component 
19

(TAFII68-CHN) in a chondrosarcoma patient20,21

cause mostly sarcomas.21-23

D1 promoter.14 This chapter reviews long ncRNA-dependent transcriptional repression 

1-3

THE TARGET RNA SEQUENCES RECOGNIZED BY TLS
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14 These 
24 

24

beads with a 32

the three clones (9, 60 and 75) turned out to possess the best bindings to TLS and the 
GGUG consensus TLS binding site (Table 1).24

with synthetic RNA oligos and bacterially expressed GST-TLS. However, the selected 
consensus sequence GGUG possesses a robust binding to TLS and also to other TET 

24 The GGUG RNA is bound with TLS to 
14

naturally occurring RNA sequences with the ability to enhance the HAT inhibition 
by TLS,14

irradiation (IR).14

the GGUG sequence at six regions (A, B, C, D, E and F). The RT-PCR experiments 

detail later.
Extensive biochemical experiments demonstrated that the cyclin D1 pncRNAs are 

transcribed through RNA polymerase II and have a poly A tail, but no CAP structure.14 
The transcription is induced by IR and other DNA-damaging reagent treatments, 

25 

long ncRNAs have not been well investigated.26-28 Understanding the transcriptional 

ncRNA transcription.14
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14,24,29 

HAT activity.14

14 Preliminary experiments showed 

(Kurokawa, unpublished data). In case that the double stranded pncRNAs are not bound 

pncRNA with sense-antisense strand has not been examined.14 The sense-antisense 

protein coding genes,30,31 

is a tumor suppressor gene p15.13

RNAs.13

14 The nuclear localization 

a role in transcriptional regulation.

DOMAIN STRUCTURE OF TLS

(pI: 2.6) and that the C-terminus (211-526) is a basic one (pI: 10.45) (Fig. 1A,B). The 

14

domain (Fig. 1A).19,32

a GAL4 reporter assay, indicating that the N-terminus is a transcriptional activation 
domain.32

above (Fig. 2).14

N-terminus is bound by CREB-binding protein CBP and adenovirus p300 that are potent 
transcriptional coactivators with the potent HAT activity.14

the N-terminus at least partly contributes to its transcription activity.
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C-terminus has several putative RNA interacting regions: RRM; the RGG-repeats that 

32,33 Lerga et al showed that the GGUG-RNA bound to 
the RRM (271-392; amino acid numbers shown), activation domain (AD)-RGG1 (1-271) 

CUC-GGUG RNA, UAG-RNA), while AD-RGG1 
is not able to bind these mutants (Table 1). These data imply that AD-RGG1, RRM 

Figure 1.
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-UAGUUUGGUGAU-3 ) that contain the 

(398-468) bound to the RNA oligos.29 There is a remarkable discrepancy regarding the 

24,29 

at the C-terminus,29 while Lerga et al utilized the RRM (271-392) that contains the 
C-terminal RGG repeat.24 Addition to this explanation, shorter RNA oligos used by 

24,29 

no interaction with or without the GGUG RNA. These data have indicated that TLS 

distinctive role to support the RNA binding.

34

been analyzed regarding the RNA-binding protein ZRANB2 showing that ZRANB2 

M and 2 M, 
respectively.34

34 Both F1 and 

M, 

target RNA.34

34 A protein 

Figure 2.
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34 The sequence alignment between 
ZRANB2-F2 and TET proteins also indicates exact matching at the amino acids (D425, 

the TET proteins than the homologous amino acids to ZRANB2-F2 are involved in 

32

TLS is 250 nM,24

TLS with the truncated GGUG-RNA (5 -UAGUUUGGUGAU-3 ) showed that Kd is 
10000 nM.29

GGUG-RNA. These data also imply that TLS is able to bind multiple RNA molecules 

TRANSCRIPTION-REGULATORY LONG ncRNA, CYCLIN D1 pncRNA

explore the naturally occurring RNA sequence bound by TLS and the cyclin D1 pncRNA 

-untranslated regulatory regions, promoters and enhancers.35,36 

reductase (DHFR).35

35 In the quiescent cells, the transcript 

37,38

the genes in these promoter contexts. The DHFR pncRNA does not need to bind any 

36 Genome-wide sequencing analysis with a 

activity-regulated enhancers that are bound by CBP in a neuronal activity-dependent 
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RNA polymerase II at enhancers transcribes bi-directionally eRNA within enhancer 

inducing mRNA synthesis. Experiments with the ARC gene, which regulates synaptic 
ARC promoter resulted in no eRNA synthesis 

although the ARC
ARC

the enhancer with a promoter. Given that the enhancers are interacted with the promoter 
to tether them to each other, eRNA might be bound with an RNA-binding protein like 
TLS to exert transcriptional regulations. Contrast to these two ncRNAs, the cyclin D1 
pncRNA has been proved to require TLS as a binding partner to exert transcriptional 

a unique machinery to exert transcriptional repression in eukaryotic transcriptional 
programs (Fig. 3).

Figure 3. Promoter-associated ncRNA-dependent transcriptional repression. At the cyclin D1 promoter, 

14
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coactivator complex.39 Unexpectedly, TLS only repressed two genes, cyclin D1 and E1. 

cyclin D1 promoter. Targeting only cyclin D1 and E2 by TLS indicates that every CREB 

ncRNA are not abundant. The cyclin D1-pncRNAs are also low copy number ncRNAs. 

observations with quantitative PCR.14

D1 gene.14

the cyclin D1-pncRNAs to work as a cis-acting agent, but not as a trans-acting one. 

promoter region in which the cyclin D1 pncRNAs are generated. Hence, the localization 

D1 expression.

24

the GGUG-RNA and the cyclin D1-pncRNAs A and B showed that TLS has similar 
14

14
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to the pncRNAs. Indeed, our mass spectrometric analysis showed that the protein arginine 
40 is a 

complex could be an essential process to enable TLS to play a pivotal role in mammalian 
transcription regulatory programs.

CONCLUSION

like TLS.

corresponding RNA binding proteins in transcription regulatory programs. This discussion 

the human genome.

long ncRNAs.41

lateral sclerosis (ALS).42,43 TLS has been reported to have multiple mutants to cause 

clinical and pathological similarity.44

42,43,45 This TLS association with ALS and other 

ACKNOWLEDGEMENTS
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RNA NETWORKS IN PROKARYOTES I:
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Abstract:

This chapter will detail prokaryotic molecular systems, such as riboswitches and 

INTRODUCTION

allow the produced and processed RNAs to act in concert with proteins to elicit the response 
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RIBOSWITCHES CONTROL GENE AND OPERON EXPRESSION VIA 
METABOLITE BINDING

other small molecule concentrations within the cell. The mechanism can be regarded as an 
1 This regulation 

2 but there are also classes that can be regarded 

Bacillus subtilis.3

the 5
bacterial genes.4 Riboswitches have also been seen in the 3

THIC gene in plants.5 
A new riboswitch called crcB has been reported in archaea, making it only the second 

4 the other example being the 

Neurospora crassa.6 
Studies on the NMT1 gene which is a gene involved in TPP metabolism, and known to 

6

Structurally, riboswitches have two regions, an aptamer domain containing the 

whose secondary structure regulates the response.7 The aptamer domain is transcribed 
2 Most riboswitches exist 

7 rather 

and the structural constraints that nucleic acids provide to the latter.

Cobalamin (co-enzyme B12 cob operon 
8 This operon 

cob 5  UTR 
is 462 nucleotides (nt) long, and highly structured, containing elements including a 
ribosomal binding site (RBS).8
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8 Interestingly, btu
import, is controlled by a similar riboswitch mechanism,9

The co-enzyme S-adenosylmethionine (SAM) is an important cellular metabolite and is 

10

Figure 1. Bacillus subtilis subsp. subtilis str. 168 (GenBank accession 
AL009126).59 60

riboswitch) and drawn with the Java® applet VARNA.61 A) Riboswitch structure with TPP bound, resulting 
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metA gene 5 UTR in Agrobacterium tumefaciens.11

11 The SAM-I structure has been solved, and it shows 
12

some do not. Examples include noncoding RNA elements, Mg2  concentration and 
temperature. Other riboswitches are also known to act as ribozymes, RNA molecules that 

glmS riboswitch, will be 

system) highlighting the way various systems within bacteria work together as a network. 

genes in Gram-positive bacteria, and use uncharged tRNAs as their signature molecule.13 

structure, and allowing subsequent downstream gene expression.13

The pathogen Salmonella enterica
cation concentrations. The Mg2  transporter mtgA has been shown to have a riboswitch 
in its 5 14 At high Mg2  concentrations, the 

14 Mg2

has also been shown that a single base mutation in the mtgA riboswitch, in a region not 
mgtA.15 

15

The agsA gene in Salmonella 16 In this case, 

heat shock protein, induced at high temperatures, is encoded by agsA, and a stable hairpin 
within the 5 -UTR blocks the SD sequence at normal temperatures (e.g., 30 C), but at higher 
temperatures (e.g., 45 16

gcvT 

riboswitch in B. subtilis showed that the two riboswitch copies (two aptamers and one 
17 each being able to bind a 

concentration changes, as there was co-operative ligand binding observed i.e., the binding 
17

However, more complex arrangements in tandem riboswitches have also been detected, 

the Bacillus clausii met 12 (also 
known as adenosylcobalamin, AdoCbl).18 metE and met

met
Hence this architecture allows the two ligands to independently repress the metE gene, and 

18

It should also be noted that as well as acting in tandem, riboswitches can also interact 
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approaches also mature, the interactions between what are now considered to be discrete 

THE CRISPR/Cas SYSTEM IS ANALOGOUS, BUT NOT HOMOLOGOUS, 
TO EUKARYOTIC RNAi

a decade ago.19

reported in the Escherichia coli
iap gene.20

and archaea have CRISPRs present.21

put the level at 

22

both viruses and eukaryotes.
CRISPRs have been thought to be involved in replicon partitioning,23 or to be mobile 

elements,19 or to be involved in DNA repair.24 However, it was shown independently by 
three groups in 2005 that the spacer sequences contained plasmid or phage derived DNA.25-27 

27 Two years later, the immunity hypothesis was shown to be 

to phage upon exposure.28-30

shown in Figure 2. First, there is adaptation or immunization, which is the incorporation 

bacteria in the process.

direct repeats (DRs), and intervening spacer sequences. The CRISPR locus which 

leader sequence.31,32

one locus,33

33-35 It has been observed that in a given CRISPR 
array, the DRs are nearly identical in size and sequence.19 DRs can vary between 24 
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Figure 2. cas 
genes indicated. The direct repeats (DRs) are in black diamonds, and the spacers are in boxes. The 
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36 A large study analysed the 

groups contained short palindromes.36

36

on sequence similarity.36 It is also known that spacers will have a homologue in 
extrachromosomal material. To look at why such spacer sequences are integrated, 

37 have analysed the sequences around proto-spacers (so-called proto-spacer 

them.37

37

The nomenclature surrounding the cas

the genes cas1 to cas6.34

34

34 
however nearly all have cas1 and cas2 present, making these genes universal markers 

35 34

34 The reader is 

Streptococcus thermophilus,28 but nothing similar could be seen in E. coli, which was 

phage sequences were seen in E. coli CRISPRs, meaning either that the E. coli CRISPR 
E. coli

are unknown. Recently, it has been shown that the histone-like nucleoid structuring 

circumvented.38 In E. coli hns disrupted strains, a protection to phage 
phage matching spacers.39

sequence, i.e., the oldest, showed no decrease in abundance compared to newer spacers, 
39 This is the current 

situation in E. coli, but whether it is universal in bacteria with very long spacers remains 
to be seen. The spacers tend to be unique in a given bacterial or archaeal genome, but 
show high homology to phage sequence or other extrachromosomal elements,25-27 and can 

29 Analyses have shown that only a small 

40 The leader sequence can be 
19 Leader 
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sequences are conserved within species, but not necessarily between species, and play 
a key role in the CRISPR system as new repeat-spacer units are introduced between the 
leader and the previous unit.28

dedicated to CRISPRs has only been relatively recently developed, and are available 
41 CRISPR Recognition Tool,42 to use on 

43 including precomputed databases 
to search against,43-45 46

47 and in so doing, partially 

gene regulation,48

49 

were the same.49

be the most recently incorporated spacers into the array. Incorporation would require 

prophages within bacterial genomes, such as in ,50 thereby suggesting 

the CRISPR genomic locus and proto-spacer in the invading phage will be the same 

Using Staphylococcus epidermis  to 

51

synthetase (hisS) in Pelobacter carbinolicus,52 and the role this had has in the evolution 
P. carbinolicus Geobacter genus and it cannot reduce 

P. carbinolicus
by a spacer within the bacteria that matches a proto-spacer within hisS, that has in turn 

52

An early prediction linked CRISPRs to RNAi35

homology to the CRISPR locus,32
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larger CRISPR transcript. Tang et al31 went on to show that crRNAs had approximately 

started to be investigated in E. coli, showing that a protein complex called Cascade 

into crRNAs.53

22 For example, 
the two systems have distinct protein machineries,35 and the CRISPR-Cas complex binds 
DNA, suggesting little phylogenetic relationship between the two systems.37 Also, no 

recognising DNA.37

to this apparent duality. Archaea show morphological similarity to bacteria, but also 

has shown that some species have genes involved in eukaryotic RNAi pathways, which 
is extremely interesting given that nearly all archaea have CRISPR systems present.54

central to the CRISPR immunity system. Recently, an endoribonuclease called Csy4 has 
Pseudomonas aeruginosa.55 

34 The structure shows interactions within the 

55 Mutational analysis also showed that there is a 

two other homologues in other subtypes, again indicating that co-evolution has occurred 
in shaping CRISPR recognition mechanisms.55

It has been realised that CRISPRs can be used to study epidemiological and 
co-evolutionary dynamics in microbial communities. Indeed, CRISPRs may provide 

environments.56

57 
As phage-derived spacers are integrated at the CRISPR 5  leader sequence, the order 

in host-pathogen systems.56

would take longer to replicate, and result in a reduced growth rate. Finally, there might 

organism that has the CRISPRs.56 However, as it is at present unknown how many CRISPRs 

Escherichia and 
Salmonella showed one locus was specialised in plasmid-based genes.58 In addition, 
relatively recently diverged species had almost identical CRISPRs, suggesting contrary 
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58 It was also 

locus by native cas
that might themselves harbour other cas genes. In eukaryotes we see a host-parasite war 

perhaps not so surprising. However, this recent discovery indicates that there is still much 

CONCLUSION

through riboswitch action is immense; complete multi-gene operons can be controlled 

providing even greater insight into how sophisticated bacteria really are.
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Abstract: 
as a network similar to what we have uncovered in eukaryotes. This chapter will 

INTRODUCTION

prokaryotes operate these mechanisms in their own way. In a similar way, this chapter 

are unique to prokaryotes and some with similar networks in eukaryotes.
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©2011 Landes Bioscience and Springer Science+Business Media.
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With new studies on prokaryotic RNAs being released almost daily, it is impossible 

RNase P AND tRNA PROCESSING IN BACTERIA AND ARCHAEA

cleave other substrates in bacteria such as pre-4.5S RNA, pre-tmRNA, polycistronic 

Figure 1.  leader 

cleaves the 5
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120 kDa) and a single 
protein (mass 15 kDa).2 Although this basic protein is small, it plays diverse roles 
such as enhancing substrate binding, altering substrate recognition, stabilising RNA 

by binding to the 5 1,2 In archaea multiple proteins 
5),bind to the single RNA.6 These archaeal 

proteins show some evolutionary relationship to eukaryotic RNase P proteins and 

Methanothermobacter thermoautotrophicus 

3,7

its accompanying proteins, but only with high salt and high cation conditions in vitro 

more than 80 pre-tRNA genes (Escherichia coli and Bacillus subtilis).8 In all cases the 

interactions are RNA-RNA between the RNase P RNA and the substrate RNA.

transcripts can be processed with RNase P in E. coli
typically required).9

only the RNase P activity is necessary to generate pre-tRNAs with mature 5  ends.9 The 

hairpin. The phage 80-induced RNA has a similar hairpin structure and is also cleaved 

Ant (antirepressor) synthesis.3

E. coli,10 thus leading to research 
11

RNase P has also been shown to cleave the 5
B. subtilis12 and co-enzyme B12 riboswitches (btu

E. coli and B. subtilis.13

not all riboswitches are cleaved by RNase P (e.g., TPP, FMN, SAM and lysine riboswitches 
E. coli13 and the xpt-pbuX B. subtilis12 are not cleaved). The 

riboswitches that are cleaved do not display a tRNA-like cleavage site or even a model 
cleavage site.13 The B. subtilis btuB riboswitch cleavage site is located in a region that 
has a short single-stranded region next to a putative double-stranded region but such a 

E. coli btuB riboswitch.13 The pbuE gene is controlled 

pbuE adenine riboswitch is 
cleaved at two sites C ( 27) and C (

12
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BACTERIAL SMALL RNAs AND SIGMA FACTORS

In bacteria small RNAs (sRNAs) typically 
( E. coli

14

E. coli and Salmonella, they have been associated with many metabolic pathways 
including stress responses to oxygen levels17 and drugs,18 carbohydrate uptake and 
metabolism,19 iron metabolism20 and quorum sensing,21 and act to regulate gene expression 
post-transcriptionally. Some sRNAs such as Spot42 have been known since the early 
1970s as an abundant RNA species,19

approaches using bacterialike E. coli

sRNA-mRNA interaction has shown that this is a good mechanism when quick responses 
to external stimuli are required, consistent with experimental results.22

E. coli s) 
responds to multiple stresses with almost 500 genes directly or indirectly under its 
control.17 RpoS is regulated by at least 

17

sRNAs DsrA and RprA also positively regulate rpoS translation by base pairing to the 

Figure 2.

small RNAs (OxyS, DsrA, RprA, ArcZ). ArcZ represses and is repressed by arcB transcription, but also 
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rpo
the ribosome binding site.17 OxyS, an sRNA expressed under oxidative stress, represses 

represses and is repressed by arc
RpoS.17 RpoS (ArcZ, DsrA 

may regulate Rpo 17 ArcZ has other targets than RpoS including tpx 
which encodes a lipid hydroperoxide peroxidise, and sdaC, a putative serine transporter 
in Salmonella.23

tpx and arc
E. coli.17,24

connections to RNA degradation via a multi-enzyme complex called the degradosome.25-27 

RNase E, and the exoribonuclease PNPase.27 The degradosome appears widespread in 

on a core that resembles PNPase.25,28

small RNAs.27,29

27 

30 E. coli and 
B. subtilis

In Pseudomonas aeruginosa, the small RNA CrcZ binds to the Crc protein, to come 
32

repression operating at the post-transcriptional level.32 Another small RNA CyaR is 
regulated by the Crp
when cyclic AMP (cAMP) levels are high.14

the cell,33

proteins are regulated by small RNAs, including OmpC regulated by the MicC RNA 
and OmpA regulated by MicA RNA.33

33

and mammalian cell interation protein) is down-regulated by the small RNA CyaR 
(discussed above) linking the starvation response to protein which aid in moving to a 

14

Another OMP-type protein ChiP (chitoporin) is down regulated by the small 
17,34

thought that it could act catalytically to degrade multiple mRNAs (Fig. 3B).17 However, 
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chb

17

19 
ptsG

ptsG gene transports and phosphoylates 

the cell causes sugar-phosphate toxicity (also called phospho-sugar stress19). The SgrS 
ptsG by 

35 SgrT has been shown to also 
PtsG protein, although its 

exact mechanism is not yet known.35 It is interesting to note that the topological network 

18

a rapid change in carbon source to be maximally exploited by the bacteria.

glucosamine-6-phosphate (GlcN6P) is regulated by two small RNAs GlmY and GlmZ36 

or by de novo synthesis with glucosamine-6-phosphate synthase (GlmS). GlmS is 
encoded with its partner GlmU in an operon and while GlmU is essential, GlmS is only 

Figure 3.

degraded. B) In response to starvation in Salmonella,17



227RNA NETWORKS IN PROKARYOTES II

GlmZ then pairs with the glmS mRNA transcript activating GlmS which resynthesizes 
GlcN6P. The glmS mRNA is normally unstable due to secondary structure which buries its 

glmS. GlmY is also processed 
36 In another interesting twist, 

GlmY is controlled by two overlapping promoters with the same transcription start site.36 
One promoter activates transcription during the cell’s exponential growth and the other 

being high during the stationary phase when GlcN6P is not required (when cell wall and 
outer membrane synthesis is not required).36

Another interesting point about glmS is that the 5 -UTR contains a ribozyme (a catalytic 

37

38 demonstrating 

binding stimulates cleavage near the 5 37

39

global mRNA decay in E. coli
e.g., B. subtilis B. subtilis, wherein 

 cleavage product upon ribozyme action.39

single run, we expect there to be many others yet to be characterised. How these networks 
have evolved within prokaryotes is also another question wide open to be explored.

TRANSFER MESSENGER RNA

10Sa RNA), a specialised tRNA molecule that along with a small protein (SmpB-small 

Figure 4.
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peptide.40

complete the translation.40-42 This process, known as trans-translation allows the tmRNA 
to act as both a tRNA and an mRNA as its name suggests.43

41

a typical tRNA and there is no anticodon loop. Instead an mRNA-like domain (MLD) 

41 Trans-translation appears to be conserved 
throughout bacteria and is also present in some mitochondria and chloroplasts.42,43 In some 

ssrA) is essential (e.g., Neisseria gonorrhoeae, 
Mycoplasma spp., Synechococcus spp.
surviving challenging growth conditions.41 As well as its typical tmRNA role tmRNA 
also binds in an antisense direction to the 5

Staphylococcus aureus.44

tmRNAs are involved in sporulation in some bacterial species. Under starvation 
conditions B. subtilis enters sporulation where the cell undergoes asymmetrical division into 

40

F and G E 
and K

B. subtilis cells lacking the tmRNA 
gene produced heat resistant spores.40

to nutrient starvation, this process may also lead to increased ribosome stalling which 
is rescued by tmRNA. Without tmRNA, stalled ribosomes may accumulate resulting in 
the cell unable to translate essential spore-related proteins.40 This may also be the case 

such as aza-C (5-azacytidine) which induces DNA-protein crosslinks between cytosine 

45

CONCLUSION

E. coli and B. subtilis). 
As these studies progress, in both model and non-model prokaryotes we may then be 
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However, it is possible that there is such diversity amongst the bacterial and archaeal 
groups that such a general picture cannot be drawn. RNA studies are still in their early 
days in prokaryotes and there is no doubt that there is exciting work ahead.
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INTRODUCTION

RNAs, such as sRNA, 6S RNA, CRISPR RNA, and tmRNA, are also involved in 
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the gene expression machinery, including ribosomes and RNA polymerase, are widely 

speculate on the roles localization plays in regulating key RNA processes.
Bacteria are small compared to eukaryotic cells, and their size imposes restrictions on 

are localized to regions such as the nucleolus, which are approximately the same size as an 

space, and most bacteria have no membrane-bound organelles. Nevertheless, bacteria 

addresses.1-3

2-4 

eukaryotic counterpart, but it is clear that there is extensive subcellular organization in 

bacterial model systems: the Gram-negative species Escherichia coli, the Gram-positive 
species Bacillus subtilis, and Caulobacter crescentus, a Gram-negative bacterium with 

LOCALIZED TRANSCRIPTION AND mRNA

E. coli and B. subtilis indicate that 

Figure 1

some RNA polymerase complexes are associated with the cytoskeletal protein MreB. Some mRNA 

nucleases which are also concentrated near the membrane. Translation occurs throughout the cytoplasm, 

degradosome complex, and RNase R, which degrades tmRNA, is also associated with the cytoskeleton.
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dispersed.5,6 

Golding, et al., used a transcript containing repeated MS2-binding aptamer sequences 

E. coli cells.7

cognate gene.7

as chains.7

E. coli and Caulobacter crescentus

8 It has been suggested that mRNAs may 
8 However, 

the simplest model to explain these data is that low-mobility mRNA is still tethered to 

FISH, but are evident in live cell studies. This model is attractive because many RNAs 

their transcription. In addition, many secreted proteins are transported as they are being 
translated, so the mRNAs encoding these proteins must be able to move to the membrane. 

cytoskeleton. Experiments using E. coli proteins showed that RNA polymerase binds 
the cytoskeletal protein MreB, both in vitro and in vivo.9 MreB is an actin homolog, 

10-12

and RNA polymerase in E. coli is intriguing, because both MreB and RNA polymerase 

9

localized transcription would impact DNA segregation as well as protein synthesis, and 
would play a crucial role in cell biology.

SPATIAL CONTROL OF RNA DEGRADATION AND PROCESSING

(Fig. 2). The degradosome contains RNase E, the RhlB RNA helicase, polynucleotide 
phosphorylase (PNPase), and enolase.13

rRNA, tmRNA, and RNase P RNA.13,14 Electron microscopy studies initially showed that 
RNase E is concentrated near the membrane in E. coli,15 and subsequent experiments with 
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16,17 

cytoskeletal elements.16,17

and the sequences that bind other degradosome components, inserts in the cytoplasmic 
membrane.18

degradosome and has severe physiological consequences, discussed below.17,19 RhlB 

a membrane targeting sequence or that it interacts with other cytoskeletal components 
as well as the degradosome.16,17 PNPase is localized through interactions with RNase E 
and RhlB, and enolase is localized by binding RNase E.16,17

16,17 

mRNA degradation and RNA processing activities, and disrupting these processes causes 
16,17,19

degradosome.20 A second, nonexclusive explanation would be to sequester the nuclease 

Figure 2

RhlB binds RNase E, but can localize independently, suggesting that it also associates with another 
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Other mRNA degradation and RNA processing activities are also localized. Poly(A) 
polymerase, RNase III and RNase P are localized near the membrane in E. coli,21,22 and 
RNase R is localized in a helix-like structure in C. crescentus.23

localizing these enzymes is not known, but it appears that most ribonucleases are not 

EF-Tu IS A COMPONENT OF THE CYTOSKELETON

Translation and transcription occur simultaneously in the bacterial cytoplasm, and 

poles and near the membrane in E. coli and B. subtilis.5,6,24 However, it is not known 

complicated. Cryoelectron tomography studies indicate that 70S ribosomes are distributed 
4,25

translation is widely dispersed in the cell.
On the other hand, EF-Tu, a key translation component and RNA-binding protein is 

26

26

26 

with the ribosome and tRNAs, it does suggest an ancient connection between the RNA 

27,28

LOCALIZATION OF TRANS-TRANSLATION COMPONENTS

The tmRNA-SmpB complex is also localized to helices in the cell. tmRNA is a 
29,30 The tRNA like 

structure is aminoacylated by alanine-tRNA synthetase, and is bound by SmpB and 

with multiple proteolytic determinants. The tmRNA-SmpB complex can enter translating 

trans-translation. The alanine-charged tmRNA acts like a tRNA to accept the nascent 

translational complex. trans-Translation is ubiquitous in bacteria, as genes encoding 
E. coli 
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approximately 1 in 250 translation initiation reactions ends in trans-translation.29,30 FISH, 

is localized in a helical structure in Caulobacter crescentus and .23 This 

that localization is not due to interaction with stalled ribosomes. In C. crescentus, tmRNA 

by RNase R, a highly conserved ribonuclease. RNase R is also localized in a helical 
structure in C. crescentus, but the tmRNA-SmpB and RNase R structures do not intersect.23 

C. crescentus to prevent 
inappropriate degradation by RNase R. Localization might also serve to sequester the 

SPATIAL CONTROL OF GENE EXPRESSION

31

E. 
coli.6,32

mRNAs encoding these proteins are localized to the membrane by cotranscriptional 

However, silencing by at least one sRNA, SrgS, suggests that localization regulates 
ptsG mRNA, which encodes the 

glucose transporter EIICBGlc.33 Stress caused by excess glucose-6-phosphate induces 
Glc ptsG mRNA by 

33,34 Kawamoto, 
ptsG was eliminated by mutations that prevent 

35 SgrS activity on ptsG could be restored by replacing 
Glc with the membrane targeting sequence 

35 These observations suggest that the ptsG 

CONCLUSION

and the cytoskeleton have already been established. The best data to date suggests that 
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machinery may interact with actin-like proteins. More compelling data indicate that 
systems that degrade mRNA and resolve stalled translational complexes are localized. 

degradosome and the tmRNA-SmpB complex might be localized to limit destructive 

REFERENCES

1. Shapiro L, McAdams HH, Losick R. Why and how bacteria localize proteins. Science 2009; 326:1225-1228.
2. Thanbichler M, Shapiro L. Getting organized--how bacterial cells move proteins and DNA. Nat Rev 

Microbiol 2008; 6:28-40.
3. Pogliano J. The bacterial cytoskeleton. Curr Opin Cell Biol 2008; 20:19-27.

cryotomography. Mol Microbiol 2006; 62:5-14.

EMBO J 2000; 19:710-718.

coli nucleoid. Genes Cells 2000; 5:613-626.
7. Golding I, Cox EC. RNA dynamics in live Escherichia coli cells. Proc Natl Acad Sci USA 2004; 

101:11310-11315.

bacteria. Nature 2010; 466:77-81.
9. Kruse T, Blagoev B, Lobner-Olesen A et al. Actin homolog MreB and RNA polymerase interact and are 

10. Gitai Z, Shapiro L. Bacterial cell division spirals into control. Proc Natl Acad Sci USA 2003; 100:7423-7424.

in Escherichia coli. EMBO J 2003; 22:5283-5292.

in Bacillus subtilis. Cell 2001; 104:913-922.

RNase E. Annu Rev Microbiol 2007; 61:71-87.
14. Kennell D. Processing endoribonucleases and mRNA degradation in bacteria. J Bacteriol 2002; 184:4645-4657.
15. Liou GG, Jane WN, Cohen SN et al. RNA degradosomes exist in vivo in Escherichia coli as multicomponent 

Natl Acad Sci USA 2001; 98:63-68.

Microbiol 2008; 70:799-813.

RNA in single bacterial cells. Proc Natl Acad Sci USA 2009; 106:16399-16404.

RNase P in the Escherichia coli cell. Mol Microbiol 1991; 5:1801-1810.

Biophys Res Commun 2005; 329:598-602.

106:16405-16409.

depends on active transcription. EMBO Rep 2001; 2:685-689.



238 RNA INFRASTRUCTURE AND NETWORKS

25. Ortiz JO, Forster F, Kurner J et al. Mapping 70S ribosomes in intact cells by cryoelectron tomography and 
pattern recognition. J Struct Biol 2006; 156:334-341.

with actin-like MreB protein. Proc Natl Acad Sci USA 2010; 107:3163-3168.

and cell morphology. Nat Struct Mol Biol 2005; 12:772-778.

aminoacyl-tRNA in a pH-dependent reaction. J Cell Biol 1996; 135:953-963.

Biochem 2007; 76:101-124.

Microbiol 2004; 54:1076-1089.

coli. Genes Dev 2005; 19:328-338.



239

CHAPTER 16 

SMALL RNA DISCOVERY AND 
CHARACTERISATION IN EUKARYOTES USING 

HIGH-THROUGHPUT APPROACHES
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Abstract:
noncoding RNAs, or small RNAs (sRNAs). Regulatory interactions are established 
based on nucleotide sequence complementarity between the sRNAs and their 

sRNAs can produce new sRNAs or the protein encoded by the target mRNA can 

and their targets.

INTRODUCTION

systems eukaryotic cells have in place to accomplish this task is RNA silencing, a process 

RNA Infrastructure and Networks, edited by Lesley J. Collins . 
©2011 Landes Bioscience and Springer Science+Business Media.
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or transcription. The RNA molecules present usually contain less than 30 nucleotides 
and are commonly called small RNAs (sRNAs). In this chapter we will adopt this 
convention, although we note that there are other noncoding small RNAs that are not 
involved in RNA silencing (e.g., tRNAs, snoRNAs) but they will not be described here. 
In prokaryotic organisms there are also noncoding RNAs that regulate gene expression, 

1-3.

comparison to conventional Sanger sequencing, these new technologies are characterised 
by producing shorter reads with very high-throughput. Researchers in the RNA silencing 

sequencing and other high-throughput methods, such as microarrays, have also been 

describe the small RNAs that are involved in this process and how high-throughput 

THE MECHANISMS OF RNA SILENCING

C. elegans.4,5

6,7 Meanwhile, work was being done on the 
8 The use 

9

RNAaseIII-type enzymes called Dicers are able to recognise these precursors and process 
them to produce double stranded sRNAs. These are then incorporated into an Argonaute 

10 Once the 

mRNA destabilisation without cleavage, inhibit protein translation or cause DNA and 
11-13

determines the class a sRNA belongs to (Fig. 1).
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individual small RNA conserved between animals and plants has been discovered.14,15 

diversity in sRNA producing mechanisms than in animals.7

15-17 Generally, pre-miRNAs are longer 

extensively describe miRNA biogenesis in animals,18-21 plants17,22 and both.15,23

Dicer enzyme.10,14,24,25

other loci with high sequence homology. siRNAs can act both by DNA transcriptional 

to be involved in transposon silencing.26

14,27 piRNAs are thought 
to be present exclusively in animals, seem to be expressed only in the germline and 

13 RISCs mediate 
posttranscriptional regulation and act by binding to messenger RNAs and either promoting 

12 Each sRNA 

complementarity between the sRNA and its target. The rules governing the interaction 

is also not always possible to say, a priori

28
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target degradation.10

29,30 and 
low-complementarity target sites.31,32

with protein coding genes, control can be exerted at many levels and with distinct 
33

34 Another example 

35

Arabidopsis 

36 An interesting 

37

38

promoter region.39

studied40,41

40

USING MICROARRAYS AND DNA SEQUENCING TO MEASURE RNA

other means.42,43

approaches that can be used to measure RNA, have been developed: microarrays and 
RNA sequencing (RNAseq).

44 The probes are designed 
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probe target. This approach has two limitations: it is possible to measure only molecules 

case hybridization to the probe might still occur.

to be developed is called massively parallel signature sequencing (MPSS)45 but is now 

46 Illumina’s Genome Analyzer47

and succeeded by Illumina’s more recent model the HiSeq 2000) and ABI’s SOLiD.48

sequences. Using the Genome Analyzer technology each nucleotide is sequenced 
individually, eliminating the problem that 454 technology has with homopolymeric 

the 3

with sequencing it is possible to measure both known and unknown products and in 
principle the measurements are independent. Furthermore, in high-throughput sequencing 

highlighted by two recent studies that indicate that there might be biases on the number 
49,50 That is, the expression levels, as measured by the count 

sRNAs is limited to ligation compatible sRNAs, in general with a 5  mono-phosphate 
group and a 3  hydroxyl group. This means that there are probably unknown sRNAs that 

HIGH-THROUGHPUT APPROACHES FOR THE DISCOVERY 
AND FUNCTIONAL CLASSIFICATION OF sRNAs

sRNA Discovery

computationally predict miRNA genes.30,51-55

56,57 
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under a certain model. miRNA candidates display predicted secondary structures with 

predictions, many algorithms30,53,54,58 employ a conservation rule, i.e., a candidate miRNA 

groups.59,60-63

20-22nt) and ligation into cloning vectors. 
This process was adopted in Arabidopsis

64 In animals 
65-67 Recently, the high-throughput 

least not widely conserved in related organisms. For example, this has been used to 
68

Neurospora crassa,69 70

novel miRNAs in Arabidopsis.71 Subsequently, 454 pyrosequencing,59,61,63,72,73, Illumina’s 
Genome Analyzer74-76 and ABI’s SOLiD77,78

Although high-throughput techniques have revolutionised sRNA sequencing they 

79 These new 
methods run in less time using less memory than other alignment tools, such as BLAST 

Bowtie and BWA80,81

82 Additionally, in contrast 
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mature miRNA in the same position where the read was mapped to. These regions are 

miRDeep83 84

package, miRanalyser, was released.85

84 and miRExpress.86

high-throughput sequencing data.76 87 

88 which 

sRNA sequencing to 14,197 in the latest release (15.0). With next generation sequencing 

will be covered later in this chapter.

a single-stranded RNA transcript which is targeted in two positions by a miRNA which 
89 

90

ta-siRNAs.91 This imprecise Dicer processing can give rise to highly complex sRNA 

even in high-throughput data sets. In order to try to overcome problems when comparing 
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sRNAs into transcriptional units or loci using either genome or transcript annotations. 

sRNAs and such that the gap between two consecutive sRNAs is below a maximum gap.84 
More recently the NiBLS algorithm, based on graph properties, has been developed.92 
This method builds a graph where its nodes are individual sRNAs and edges are created 

coordinates among the sequences in each subset.

Table 2.

Name Organism Functionalities

miRDeep Animals Find miRNAs 83
miRCat Plants and animals Find miRNAs 84
miRanalyzer Animals 85

miRExpress Animals and plants 80
Animals and plants 84

pssRNAMiner Plants 121
Phasing detection 
tool

Plants 84

SeqBuster Animals 87
SiLoCo Plants

loci
84

NiBLS Plants
loci

92

Table 1.

Technology Read Length
Nucleotides 
Read Per Day

Sanger sequencing 
(ABI3730)

Up to 900nt
com

series)
Up to 500nt

Genome Analyzer (IIe) Up to 100nt
SOLiD (version 4) Up to 50nt

com
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a very time-consuming and expensive process. In plants, sRNA mediated target site 

 cleavage 

to distinguish between cleavage products and other mRNA degradation products. 

cleavage products. Additionally, the 3  cleavage product contains a 5  mono-phosphate 

cleavage position.93 Traditionally this has been done using a process called 5  Rapid 
 RACE). In essence this process allows the sequencing 

was predicted to occur.
Recently a new high-throughput approach has been described which allows researchers 

to carry out a high-throughput target validation analysis.94,95 This degradome sequencing 

96

validation.97

The target site should contain not only the region complementary to the sRNA but also 

is taken into account: sequence complementarity between miRNAs and target sites, 

a paper by Schwab and colleagues.29 For the latter TargetScan98 and PicTar99 have been 

and Pita are widely used to predict nonconserved targets.100,101 The predictions generated 

higher in the low complementarity predictions.
Alternative hybrid target prediction methods using microarrays or high-throughput 
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contain potential target sites. mRNA concentrations can be estimated using microarrays 

proteins can be measured.102,103

104

was decreased, either by suppressing activity or deleting the miRNA gene.105-108 In both 

109

computational methods.

110-113 

complexes were immuno-precipitated in the same sample and both mRNAs and sRNAs 

114

Further sRNA Characterisation

72,115

the targeting pathways in which each sRNAs is involved.
High-throughput technologies have also been used to study the transcriptional 

or high-throughput sequencing. This method has been used to determine transcription 
start sites and promoter regions116 and to establish transcriptional regulatory interactions 

39

117,118
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CONCLUSION

has also been recently published,119 making it possible to generate much more accurate 

there will be a rapid increase in research in these areas. New sequencing technologies 

120 The expected throughput increase and cost 

tissues and developmental stages. These datasets will allow us not only to increase the 

processes by sRNAs.

ACKNOWLEDGEMENTS

Fundação Calouste Gulbenkian and Siemens SA Portugal) and was supported by FCT 

REFERENCES

microbiology 2004; 58:303-328.

microbiology 1994; 48:713-742.

changes. Cell 2002; 109(2):141-144.

5. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes small RNAs with 
antisense complementarity to lin-14. Cell 1993; 75(5):843-854.

6. Mueller E, Gilbert J, Davenport G et al. Homology-dependent resistance: transgenic virus resistance in plants 
related to homology-dependent gene silencing. Plant J. 1995; 7(6):1001-1013.



251SMALL RNA DISCOVERY AND CHARACTERISATION IN EUKARYOTES

Caenorhabditis elegans. Nature 1998; 391(6669):806-811.

132(1):9-14.
12. Filipowicz W, Jaskiewicz L, Kolb FA et al. Post-transcriptional gene silencing by siRNAs and miRNAs. 

Curr Opin Struct Biol 2005; 15(3):331-341.

2004; 303(5658):672-676.
14. Ghildiyal M, Zamore PD. Small silencing RNAs: an expanding universe. Nat Rev Genet 2009; 10(2):94-108.

16. Bushati N, Cohen SM. microRNA Functions. Annu Rev Cell Dev Biol 2007; 23(1):175-205.
17. Jones-Rhoades MW, Bartel DP, Bartel B. MicroRNAs and Their Regulatory Roles in Plants. Annu Rev 

Plant Biol 2006; 57:19-53.

132(21):4645-4652.
20. Faller M, Guo F. MicroRNA biogenesis: there’s more than one way to skin a cat. Biochim Biophys Acta 

2008; 1779(11):663-667.

23. Kim VN. MicroRNA biogenesis: coordinated cropping and dicing. Nat Rev Mol Cell Biol 2005; 6(5):376-385.

9(9):673-678.

Annu Rev Cell Dev Biol 2009; 25(1):355-376.

Cell 2005; 8(4):517-527.

a stress-induced miRNA. Mol Cell 2004; 14(6):787-799.

microRNAs. Trends in biotechnology 2009; 27(1):27-36.

microRNA-guided mRNA degradation. Current Biology 2003; 13(9):784-789.

2008; 14(5):814-821.

mRNAs. Science 2006; 312(5770):75-79.

39. Marson A, Levine SS, Cole MF et al. Connecting microRNA genes to the core transcriptional regulatory 

model species. PLoS Comput Biol 2007; 3(3).
41. Megraw M, Baev V, Rusinov V et al. MicroRNA promoter element discovery in Arabidopsis. RNA 2006; 

12(9):1612-1619.

diazobenzyloxymethyl-paper and hybridization with DNA probes. Proc Natl Acad Sci USA 1977; 
74(12):5350-5354.

(PCR). A novel approach by a PCR aided transcript titration assay (PATTY). Nucleic Acids Res 1989; 
17(22):9437-9446.



252 RNA INFRASTRUCTURE AND NETWORKS

21(1 Suppl):33-37.

reactors. Nature 2005; 437(7057):376-380.
47. Bennett S. Solexa Ltd. Pharmacogenomics 2004; 5(4):433-438.

genome. Science 2005; 309(5741):1728-1732.

with next-generation sequencing. RNA (New York, N.Y.) 2009; 15(11):2028-2034.

Genome Biol 2003; 4(7).
52. Lim LP, Glasner ME, Yekta S et al. Vertebrate microRNA genes. Science 2003; 299(5612).

17(8):991-1008.

31(13):3406-3415.

Genome Res 2005; 15(1):78-91.

2007; 51(6):991-1003.

microRNAs. Nat Genet 2005; 37(7):766-770.

L.). Genome Biol 2007; 8(6):R96.

17(6):1658-1673.

RNAs. Science (New York, N.Y.) 2001; 294(5543):853-858.

N.Y.) 2001; 294(5543):862-864.

caenorhabditis elegans. Science 2001; 294(5543):858-862.

Nat Genet 2006; 38(12):1375-1377.

damage. Nature 2009; 459(7244):274-277.

drosophila somatic cells. Science 2008; 320(5879):1077-1081.

their mRNA targets. Genome Biol 2004; 5(9).
72. Lu C, Kulkarni K, Souret FF et al. MicroRNAs and other small RNAs enriched in the Arabidopsis 

RNA-dependent RNA polymerase-2 mutant. Genome Res 2006; 16(10):1276-1288.

by a deep sequencing approach. Genome Res 2008; 18(6):957-964.



253SMALL RNA DISCOVERY AND CHARACTERISATION IN EUKARYOTES

in a leukemia progression model. Genome Res 2008; 18(11):1787-1797.

embryonic stem cells and neural precursors. PLoS ONE 2009; 4(9).

10(3):405-15.

to the human genome. Genome Biol 2009; 10(3).

miRDeep. Nat Biotech 2008; 26(4):407-415.

Res2010; 38(5):e34.

127(3):565-577.

trans-acting siRNA cascade in Arabidopsis. Proc Natl Acad Sci USA 2007; 104(9):3318-3323.

Genes Dev 2001; 15(2):188-200.

93. Llave C, Kasschau KD, Rector MA et al. Endogenous and silencing-associated small RNAs in plants. The 
Plant cell 2002; 14(7):1605-1619.

Nat Genet 2007; 39(10):1278-1284.

sites and their corresponding heteroduplexes. Cell 2006; 126(6):1203-1217.

microRNAs. Nature 2008; 455(7209):58-63.
104. Lim LP, Lau NC, Garrett-Engele P et al. Microarray analysis shows that some microRNAs downregulate 

2005; 438(7068):685-689.



254 RNA INFRASTRUCTURE AND NETWORKS

Nucleic Acids Res2007; 36(4):1153-1162.

2008; 452(7189):896-899.

lacking miRNA-1-2. Cell 2007; 129(2):303-317.

and overexpressing miR-140. RNA 2008; 14(12):2513-2520.

during C. elegans development. Development 2009; 136(18):3043-3055.

Natl Acad Sci USA 2007; 104(49):19291-19296.

2007; 13(8):1198-1204.

Nature 2009; 460(7254):479-486.
115. Babiarz JE, Ruby JG, Wang Y et al. Mouse ES cells express endogenous shRNAs, siRNAs and other 

Microprocessor-independent, Dicer-dependent small RNAs. Genes Dev 2008; 22(20):2773-2785.

Polymerase II Chromatin Immunoprecipitation Data. PLoS ONE 2009; 4(4).
117. Martinez NJ, Ow MC, Barrasa MI et al. A C. elegans genome-scale microRNA network contains composite 

throughput sequencing. BMC Genomics 2009; 10:116.
120. Ansorge WJ. Next-generation DNA sequencing techniques. N Biotechnol 2009; 25(4):195-203.

Acids Res2008; 36(Web Server issue):W114-W118.



255

CHAPTER 17 
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Abstract: 

networks that continue to be uncovered, especially in eukaryotes. It is increasingly 

archaea and eukaryotes and their ultimate origin is less certain, although perhaps 

INTRODUCTION

gene expression has been seen in both eukaryotes and prokaryotes and even viruses use 

accept the idea that some RNA-protein interactions are very old but when we get down 

such regulation only evolved when organisms became more complex (e.g., multicellular). 

RNA Infrastructure and Networks, edited by Lesley J. Collins. 
©2011 Landes Bioscience and Springer Science+Business Media.
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Ida (Initial Darwinian Ancestor), or in 
the later Luca (the Last Universal Common Ancestor), or in the even later Fred (Fairly 
Remote Eukaryotic Daddy).1,2

3 However, our interest here is at the other end 

example, Boria et al4

Ro

o

RNA networks evolve, and as we understand more about how RNA and its associated 
proteins evolve, we can begin to surmise how such regulation could have evolved much 

REGULATORY NETWORKS OF SMALL RNAs

Networks involving small RNAs can regulate translation with some proteins also 

mRNAs via cleavage, repression, up-regulation and also translational control via DNA 

5 (siRNA-based, miRNA-based and 

the transcript can be processed as either a miRNA or an mRNA) and some are even 

 untranslated regions and could 
6 miRNAs were once thought to be 

between cells and can control protein levels in remote tissue.7 In a viral example, the 

to pre-miRNAs in the host nucleus. They utilise the endogenous miRNA network using 
the host RNAse III endonuclease (Drosha) and a dsRNA binding protein (Pasha). These 
are then exported via the same pathway as endogenous miRNAs. These viral miRNAs 

8 miRNAs have an obligate nuclear processing 
phase, so viruses that enter the nucleus are more likely to encode them. HIV is an RNA 
retrovirus that encodes at least three miRNAs.9,10
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the plant bacterium Agrobacterium tumefaciens is enhanced by knocking out the siRNA 
pathway, but still requires an intact plant miRNA pathway.11

the dsRBP Loqs, (Drosophila) and trans-activator binding protein (TRBP) (in humans), 

homologue and instead use a nuclear Dicer-like endonuclease (DCL1), which makes 
similar cuts, but they also require a dsRBP (HYL1) to accurately process the miRNA 
precursors.12

 end 

Drosophila 
-O-methylation at the 3  end 

then loaded into Ago2 in the RISC complex, the domain usually occupied by siRNA.13

In animals, introns can be linearized by the lariat debranching enzyme and the 

Dicer and have been termed mirtrons. They have the same action as a miRNA, but do 
D. melanogaster 

and C. elegans
sets.14 Additionally the HIV virus encodes a miRNA; hiv1-miR-TAR that uses the cellular 
mirtron pathway.9 It has been suggested14 that this pathway could predate Drosha mediated 
cleavage. An alternate would be that they have evolved independently three times in 

Agos now lack cleavage ability15 and suppress mRNA translation by physical impedance, 
16

Animal miRNAs usually suppress translation by binding to the target mRNA, but 
the exact mechanism remains under debate. Three models17

However, miRNAs can also up-regulate translation (particularly when the cell is under 
stress).18

miR10a:RISC is within the 3
translation, but in the 5 UTR it could activate it.19

20

21 

indicates that they are processed in the nucleus. Cellular localisation also plays a part in 
the standard miRNA-processing network. The miRNA:RISC complex in the cytoplasm 
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22 Smaller complexes 

complementary miRNAs, the target is cleaved and the Ago2 is released and exported to 
the cytoplasm. In C. elegans,23 NRDE3 (an Ago) together with siRNA is necessary and 

are 27 Agos in nematodes, there appear to be little redundancy in that mutants lacking 
this protein (nrde3

in the processing pathway occur in the nucleus and requires export. In plants and worms, 

in related organisms but exo-siRNAs are rarely conserved.24

Endogenous-siRNA (endo-siRNA) is involved in a pathway that could evolutionarily 

Drosophila uses the 

partnership with Dicer 1.25

Piwi interacting RNAs (piRNAs) were originally detected in Drosophila germline cells 
and they are slightly larger (~24-31 nt) RNAs with the 2  O-methyl 3  ending reminiscent 

are generated at the same time as the mRNA is being translated in the cytoplasm26 and 

Drosophila at least, primary piRNAs that are 

mobilise initially by being copied into RNA, but are then processed into virus-like particles 
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in the cytoplasm.27,28 It is intriguing that the siRNA, pathway which specialises in dealing 

is again that there are many variations in details within eukaryotes, but the same basic 
mechanism seems to re-occur.

RNA REGULATION AND DEFENCE AGAINST THE DARK ARTS

endogenous nucleic acids including transposons, viruses, pseudogenes—essentially what 

involves RNA networks.29

an organism, but in most cases it will be deleterious and possibly lethal.

30 and that 
parasites would always have been present.31 Viruses have also evolved small-RNA based 

8

key proteins, the RNaseIII endonuclease—Dicer, an RNA dependant RNA polymerase 

C. elegans.32 The Ago proteins are 

system given the complex immune system available to them. There is some evidence 
that mammalian viruses encode RNAi suppressors and that implies that they could use 
exo-siR,33

exo-siRNA in mammals).34

Exo-siRNA deals with invading RNA, but eukaryote genomes are largely comprised 

transposons, thought to be produced by RNA pol IV. This produces long dsRNA which is 
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TAS locus, which then enters 

are natural antisense transcript-derived siRNAs (natsiRNA).35 This continued evolution 

pathway.36

in complex with RMRP has been shown to produce siRNAs in humans.37 Endogenous 

duplexes (Fig. 1A),38

across two genes (convergent transcription). Long single stranded RNA transcripts that 

these could result in hairpin duplex structures that can be processed using the siRNA 

cell, but is especially important in organisms (such as animals) where there is a division 
into somatic and germ-line cells. The matched endogenous repeat sequences were 

Table 1.
 
Species

RNase III 
Endonuclease

RNA Dependent RNA 
Polymerase

 
Argonaute-Like

 
Piwi-Like

S. pombe DCR1 RDRP1 Ago1
A. thaliensis DCL1-4 RDR1, RDR2, RDR6 Ago1-10
D. melongaster DCR1-2,  

Drosha
 

has RdRP capability
Ago1-2 Piwi, Aub, 

Ago3
C. elegans DCR1,  

Drosha
Alg1-2,  
T22B3.2,  
T23D8.7,  
ZK757.3

PRG1-2, 
ERGO1  
Plus at least 
18 group 3 
Argonautes

H. sapiens 
 

DCR1,  
Drosha hTERT in  complex  

with RMRP 37

Ago1-4 
 

HILI, HIWI, 
HIWI2  
PIWIL3
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known as Piwi, AUB (Aubergine) and Ago3 in Drosophila (MILI1, MIWI and MIWI2 

39 Their biogenesis is 

have retained their catalytic capability. Although precursor piRNAs are mostly antisense, 

retrotransposon transcripts or the antisense precursor piRNA leaving a 5  antisense product 

Figure 1. 
UTR. Parent and 
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Transcriptional Gene Silencing) complex containing Piwi and AUB. In mammals this 
epigenetic regulatory role is heritable through maternal transmission.40

Some genomic regions give rise to both endo-siRNA and piRNA and target the same 

and transposon. Alternatively, there could be some redundancy among the molecular 
machinery that keeps all pathways working. For instance, it is known that the plant 

Figure 2.

DNA is dealt with by the endo-siRNA pathway, sharing many proteins with the exo-siRNA and also the 
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Viral particles evolve rapidly and even miRNA genes within related viruses may 
have little homology although they maintain sequence similarity with their mRNA targets 

and siRNA pathways via RNA silencing suppressors (RSS) at many steps. Some DNA 

promoters. The plant cytoplasmic DCL4 slices these into siRNAs that suppress the viral 
transcripts. However, the Dark Arts are never idle; viruses have evolved RSS to turn 

41 The geminiviruses that give rise to convergent 
42 

and prevent RNA-directed DNA methylation (Fig. 3). Plants have counter-evolved a 

methylation via Ago4.43 Geminivirus counteracts by suppressing methylation globally. A 

Figure 3.

AC1
small (22nt) virus-derived RNAs (exo-siRNA) which load into Ago1 and slice mRNA transcripts arising 

AC1 gene. The cleaved mRNA can be converted by plant RDR6 into secondary siRNAs in 

the viral overlapping transcript is to be extended by RDR2 and diced by DCL3 in the nucleus, where 
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an evolutionary perspective the RNAi networks must be very old. Not only because 

44 

maintained strains. However, an alternate explanation is that some pathogenic bacteria, 

E. coli strains have CRISPR arrays containing 
cas

cas systems.45 These species lack endogenous cas genes yet 

Chapter 13, pages 213-218).

Figure 4. The CRISPR system is a combined exo and endo-siRNA that results in a dynamic, heritable 

how rapidly this can be utilised, it would seem that it would be slower than eukaryote exo-siRNA 
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phage gives resistance to that phage.46

cas
polymerases, helicases and nucleotide binding proteins47

that the core cas genes Cas1 and Cas2 occur at all CRISPR loci and are involved with 

cas 48

the very mechanism that they normally prevent.

which are processed into short crRNAs. Each crRNA corresponds to one spacer sequence 
47

to attach by Watson-Crick pairing along their entire length, whereas predatory DNA will 
49

Staphylococcus 
epidermidis, despite having the correct spacer sequence. This indicates that mRNA is not 
the target.50 Sulfolobus, suggesting 

RNA cleavage has been demonstrated in vitro in another archaeon Pyrococcus via 

Cas associated module known as RAMP (repeat associated mysterious protein, mainly 
51

and do not appear to move with the CRISPR array. DNA cleavage wasn’t detected in 
P. furiosus, this may mean that the Pyrococcus CRISPR system is directed at mRNA, 

P. furiosus have 

span, it is vital that the genome is small so that replication can be carried out quickly.52 

spacer deletion at the 3 47 This would allow historic invasions to be 

47 Such a strategy ensures protection 

Leptospirillum
25 nt blocks53
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insight into past host and pathogen encounters!

themselves. Furthermore, we expect that there always would have been viruses, so the 

network system is very old.

OTHER REGULATORY RNAs

the past decade.54-56

particles (RNPs) in eukaryotes have been well studied, including classical examples 
such as the small-nuclear RNPs (snRNPs) in mRNA splicing,57,58 small-nucleolar RNPs 
(snoRNPs) in rRNA processing—either the 2
or a uracil converted to pseudouracil,59 and the RNase P in tRNA processing.60 Genome 

extends well beyond what is currently known.61

62 Both experimental 

63,64

3 They are not restricted to rRNA biogenesis, snoRNAs in 
65

66 a human 
HBII-52 snoRNA (SNORD 115) is processed into smaller RNAs, which regulate 

67

very ancient in eukaryotes.68

is processed into smaller RNAs.69 Many snoRNAs in modern genomes appear to arise 
by duplications.70,71

72

73 suggest additional network 

ancient origin. In some eukaryotic lineages with smaller genomes (such as diplomonads 

74

3 and 
classic examples include riboswitches in bacteria and plants,75 iron-response elements 
(IREs),76 and the eukaryotic histone 3 UTR stem-loop.77 Cis-regulatory RNAs are usually 
located in the untranslated regions (UTRs) in mRNAs, though some are in coding regions.78 
In association with RNA-binding proteins they regulate translation, splicing, stability and 

79 
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the bud tip,80 81 
Drosophila embryo,82 and localization 

3,83 The noncoding 

at this network arising prior to the universal common ancestor (Luca).

HOW OLD ARE THE DIFFERENT INTERACTIONS OF RNA?

to arise relatively early in evolution,84,85

Current approaches attribute importance to several overlapping earlier stages86 during the 

Figure 5.

replication accuracy. The standard model suggests an earlier RNA-protein (RNP) world (B) where 

regulatory networks may date back to this time. At a still earlier stage (C), the standard model is an 

by short (noncoded) peptides. The error rate is assumed to be relatively high and thus only relatively 
short RNAs could be coded. Earlier still there must have been a chemical stage (D) where perhaps 
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proteins, RNA and DNA. On any evolutionary scenario there will have been earlier and 
simpler worlds and under the standard theory it is predicted that our modern world was 
preceded (Fig. 5B) by a ribonuclear protein world (RNP) with RNA having the coding 

to a deoxy-ribonucleotide.87

many regulatory roles.

RNA are much less accurate and have higher error rates than copying the double stranded 
DNA molecule. This lower accuracy means that RNA genomes would be much shorter 
than DNA-based organisms. Indeed, we see today that RNA viruses have much shorter 
genomes than double-stranded DNA viruses.88

89 But the 

Losing them and later re-establishing them, seems a less likely hypothesis.

has long been considered90

91 In this proposed RNA-world, RNA 
would have had coding, catalytic and regulatory roles. An interesting point is that some 

85

1

These include rRNA, tRNA, mRNA, RNase P, SRP RNA. A striking discovery was that 
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92 Thus the 

proteins can be synthesized. In an evolutionary context, we cannot evolve something 

with its associated RNAs involved in splicing, is ancestral to all modern eukaryotes.93 
Some RNAs and their interactions may yield progress relatively easily; others will be 

94 
the tRNA(Leu) has catalytic activity in removing a mischarged tRNA(Leu), even though 

means that we need to consider that tRNAs are not passive in amino acid recognition; 

involved in protein synthesis, the signal recognition particle, 7S in eukaryotes,95 also 
appears to occur in all living systems, so this RNA-protein network also appears ancient.

here, but have written on it89

96 our strategy93 has been to 

splicing, appears universal in all modern eukaryotes, so it is expected to have been in the 

97

CONCLUSION

Every eukaryote group appears to have networks that handle small RNAs a little 

to earlier stages.
Parasitic RNA would have been present in the RNA and RNP-worlds; that is the nature 

the siRNA system was present in Luca as the Argonautes are in all three domains and 
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are almost universally conserved, indicating their age and importance. The endo and 
piRNA pathways may have evolved to suppress parasitic nucleic acid that escaped or 
overrun the exo-siRNA pathway.

Increasingly, more RNAs seem to be universal. Bacteria and viruses have many 
cis-regulatory elements which bind proteins or metabolites (riboswitches), plants and 

- and 
3 -UTRs) are very common in eukaryotes too. Large scale transcription studies in human 

to contain cis-regulatory elements and they may work in a similar way as those in bacteria 

At present we must keep an open mind about how old the RNA and proteins systems 
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