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Small nucleolar RNAs (snoRNAs) are an ancient class of small non-coding RNAs present in all eukaryotes
and a subset of archaea that carry out a fundamental role in the modification and processing of ribosomal
RNA. In recent years, however, a large proportion of snoRNAs have been found to be further processed
into smaller molecules, some of which display different functionality. In parallel, several studies have
uncovered extensive similarities between snoRNAs and other types of small non-coding RNAs, and in
particular microRNAs. Here, we explore the extent of the relationship between these types of non-coding
RNA and the possible underlying evolutionary forces that shaped this subset of the current non-coding
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1. Small nucleolar RNAs, an ancient class of non-coding RNA

Small nucleolar RNAs (snoRNAs) are a large conserved group of
abundant small non-coding RNAs predominantly serving as guides
for the chemical modification of ribosomal RNA (rRNA) (reviewed
in [1]). Over the past three years however, snoRNAs have attracted
attention not only for their fundamental role in ribosome biogen-
esis but also because of their extensive processing and their likely
involvement in other cellular regulatory roles. And while some
snoRNAs may display only non-traditional functions, evidence is
also accumulating of a subset of snoRNAs showing duality in their
function.

Two main classes of snoRNAs have been defined, the box C/D
snoRNAs and the box H/ACA snoRNAs, that differ in terms of
sequence and structural elements, binding partners and nature of
the chemical modification catalyzed. Both types of snoRNAs bind
specific conserved protein partners, forming complexes referred to
as snoRNPs (small nucleolar ribonucleoprotein complexes). Box C/D
and H/ACA snoRNAs are highly conserved throughout evolution and
are present in all eukaryotic organisms examined thus far. They have
also been identified in some archaea where they are known as small
RNAs (sRNAs) [2,3]. In addition, core snoRNP proteins are highly
conserved in eukaryotes and have homologues in archaea, indi-
cating that traditional snoRNP functions are ancient and funda-
mental [4,5].
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Box C/D snoRNAs are molecules of approximately 60—200
nucleotides in length characterized by the presence of highly
conserved boxes referred to as C (canonical motif RUGAUGA where
R is a purine) and D (canonical motif CUGA). Box C/D snoRNPs carry
out the 2’-O-ribose methylation of specific rRNA residues [6]. The
boxes C and D, which are respectively found near the 5’ and 3’ ends
of the molecule, come into close proximity in the folded molecule,
forming a characteristic K-turn motif and serve as a binding site for
core box C/D snoRNP proteins, including, indirectly, the methyl-
transferase fibrillarin [1,5]. A second pair of characteristic boxes,
referred to as C' and D’ are found closer to the middle of the
molecule but display often lower sequence conservation than the
boxes C and D [5]. The guide region, which ensures the specificity of
the modification by base pairing to the target RNA, is a region of
10—20 nucleotides found immediately upstream of the boxes D
and/or D’ [5,7].

Box H/ACA snoRNAs are typically longer than box C/D snoRNAs
(approximately 120—250 nucleotides long) and serve as guides for
the pseudouridylation of specific rRNA residues (reviewed in [1,6]).
Box H/ACA snoRNAs generally fold to form two hairpins connected
by a hinge region characterized by the presence of the box H
(ANANNA where N can be any nucleotide). The second characteristic
box, consisting of the trinucleotide ‘ACA’ is located three residues
upstream of the 3’ end of the molecule, terminating the second
hairpin. Internal stem-loops in one or often both hairpins serve as
guides for the pseudouridylation of their substrates which is carried
out by the pseudouridine transferase dyskerin, a core H/ACA snoRNP
protein [5,6,8].

In addition to the two main types of snoRNA described above,
a third class, the small Cajal body-specific RNAs (scaRNAs) has also
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been described. As their name implies, scaRNAs accumulate and
function in Cajal bodies, small membrane-less sub-compartments
of the nucleus, where they have mainly been found involved in the
post-transcriptional modification of small nuclear RNAs (snRNAs).
scaRNAs are larger than the predominant classes of snoRNAs and
display characteristic boxes of both C/D and H/ACA snoRNAs as well
as CAB boxes (motif UGAG) which function as a Cajal body locali-
zation signal [9].

In eukaryotic genomes, snoRNAs have been found both encoded in
introns of protein-coding host genes as well as under the control of
independent promoters [ 10]. In vertebrates, most snoRNAs are intronic
and co-transcribed with the host gene transcripts, then processed out
of the excised introns [11,12] but a small number are transcribed from
either independent RNA polymerase II or III units [10,13]. The host
genes of intronic snoRNAs are often involved in processes related to
snoRNA function and more generally related to nucleolar function and
protein synthesis (for example genes encoding snoRNP core proteins,
ribosomal proteins and terminal oligo-pyrimidine (TOP) genes)
although a number of snoRNA host genes do not appear to encode
proteins [10,12]. Closely related snoRNA family members are often
encoded in different introns of the same host gene, although some host
genes encode several unrelated snoRNAs (even both box C/D and H/
ACA snoRNAs within the same gene).

Although most snoRNAs are involved in the chemical modifi-
cation of rRNA, a subset have been shown to target other substrates
including small nuclear RNAs (snRNAs) or are involved in rRNA
processing (reviewed in [1,6]). However, in addition to these roles
related to classical snoRNA functions, numerous orphan snoRNAs
have been described, with no known target [14,15], suggesting
other classes of targets exist. And recent years have indeed been
prolific in portraying snoRNAs under a new light.

2. Small RNAs derived from snoRNAs

In 2008, an unbiased sequencing study of human small RNAs
(19—40 nucleotides) led to the observation of specific processing
and the accumulation of small RNAs originating from well-
characterized non-coding RNAs including snoRNAs [16]. While
small RNAs were mapped to only a small number of snoRNAs, this
study demonstrated that some snoRNAs are further processed to
generate stably accumulating fragments. Later the same year, two
groups reported snoRNA-derived molecules associating with
Argonaute proteins and displaying microRNA (miRNA) capabilities
[17,18]. Deep sequencing of human small RNAs associated with
Argonaute proteins led to the identification of small fragments
derived from the scaRNA ACA45. Further characterization revealed
miRNA characteristics of the processed fragment, as well as addi-
tional human box H/ACA snoRNAs and scaRNAs displaying this
processing signature [17]. In parallel, a Giardia lamblia box C/D
snoRNA was also found to be processed into a smaller molecule
with miRNA capabilities and characteristics [18].

The following year, snoRNA processing was shown to be wide-
spread and conserved, through the description of snoRNA-derived
small RNAs (termed sdRNAs by the authors) originating from
a large number of snoRNAs in animal, plant and yeast genomes [19].
Since then, several reports have described other snoRNAs pro-
cessed to generate smaller fragments with miRNA-like function-
ality, as well as miRNAs and snoRNAs that co-localize in the genome
and known miRNAs with snoRNA-like features [20—23]. In addi-
tion, several other characteristics of these two families of small
RNAs display great similarity, as discussed below.

3. miRNAs, post-transcriptional regulators of translation

Initially discovered in C. elegans almost twenty years ago [24],
mature miRNAs are ~23 nucleotide-long RNAs that are widely
expressed in animals and plants and are processed out of precur-
sors of variable length (typically 70 nucleotide-long hairpins in
animals, but up to 300 nucleotide-long in plants) [25—28]. In
human, approximately 60% of miRNAs are encoded in introns
[10,29], of both protein-coding and non-protein-coding genes [30].
Intronic miRNAs are often co-expressed with their host genes and
excised out of introns [30—32]. Other miRNAs are encoded in
independent transcription units, some of which are under the
control of the RNA polymerase II [33] while others are transcribed
by the RNA polymerase III [34]. Primary miRNA transcripts are
cleaved by Drosha, a nuclear RNase of type IlIl, generating the
miRNA precursor hairpin [32,35] which is then exported to the
cytoplasm and further processed by the cytoplasmic RNase III
enzyme Dicer, generating the mature miRNA [36—38]. However,
numerous alternative pathways differing from the canonical
miRNA biogenesis pathway have been described recently and
subsets of several diverse longer non-coding RNAs can serve as
precursors for miRNAs (reviewed in [39]).

Mature miRNAs are complexed to Argonaute proteins [27,40],
forming an RNP complex involved in translation regulation through
base pairing with its targets. In animals, mature miRNAs often
incompletely base pair with regions in the 3’UTR of their targets
and trigger deadenylation of the mRNA followed either by main-
tenance in a translation repressed state or decapping and 5’-to-3’
decay [41—43]. However, a small number of miRNAs have also been
reported to activate translation [44]. In plants, mature miRNAs are
typically highly complementary to regions mainly in the coding
sequence of their targets and often instigate target cleavage [28,45].

4. Similarities between snoRNAs and miRNAs
4.1. Processing pathways and binding partners

As observed by Mattick in 2003, intronic snoRNAs and miRNAs
utilize a similar set of processing enzymes to progress from encoded
in an intron in a pre-mRNA, to the fully functional small RNA molecule
[46]. Although several different processing pathways and sets of
enzymes have been described for the processing of both snoRNAs and
miRNAs, subsets of both types require the exosome functionality,
followed by the action of exo and endonucleases [11,47,48]. And after
processing out of introns, polycistronic snoRNAs in plant and yeast
require the activity of the RNA endonuclease Rnt1 (the yeast ortholog
of bacterial RNase IIl) to generate the individual molecules [48,49]
while miRNAs are further processed by two RNase IIl enzymes, Dro-
sha and Dicer as described above. In addition, as discussed above,
Dicer has been shown to accept some snoRNAs as substrates
including the human scaRNA ACA45 [17] and the Giardia lamblia box
C/D snoRNA GIsR17 [18]. Thus the processing steps of subsets of
snoRNAs and miRNAs (in particular the intronic members of these
families) show great similarities and might share some components
or be influenced by cross-talk between these related pathways.

In addition to similarities in processing pathways, unrelated
observations have shown relationships between the protein inter-
action partners of snoRNAs and miRNAs. The box C/D snoRNP
component fibrillarin responsible for the methyltransferase activity
of the complex has been identified in AGO2 complexes and another
box C/D snoRNP core protein, NOP56, in AGO1 complexes [50,51].
AGO1 and AGO2 are Argonaute proteins, known binding partners of
miRNAs and members of the RNA-induced silencing complex
(RISC) which carries out the silencing function in complex with
miRNAs [52]. In addition, various Argonaute proteins have been
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found to associate with smaller fragments derived from snoRNAs,
including AGO7 in Arabidopsis and Ago1 in Schizosaccharomyces
pombe [19]. In human, as mentioned above, several box H/ACA
snoRNA-derived fragments were identified in AGO complexes [17]
and more recently, several processed snoRNAs were shown incor-
porated into RISC complexes [20].

4.2. Subcellular localization

In addition to a partial overlap and interaction of snoRNA and
miRNA processing enzymes and functional binding partners, the
subcellular localizations of many of these proteins and a subset of
these RNA species also display commonalities between miRNAs
and snoRNAs. In mammals, the miRNA processing enzyme Drosha
has been detected in the nucleolus [53—55] and Dicer was found to
encode several cryptic nuclear localization signals [56]. Moreover,
while processing of miRNA precursors and release of mature miR-
NAs is believed to take place in the cytoplasm, a large proportion of
human mature miRNAs have been detected in the nucleus, some
accumulating predominantly in this compartment [57]. In addition,
many mammalian mature miRNAs as well as miRNA precursors
have specifically been detected in the nucleolus, subsets of which
accumulate strongly in this compartment [21—23]. Conversely,
a subset of small RNAs derived from snoRNAs have been detected in
the cytoplasm in G. lamblia [18] and human [20].

4.3. Genomic organization and location

Similarity in the genomic organization and location of snoRNAs
and miRNAs is striking. As described above, both groups have
members encoded in introns and others encoded in independent
transcription units [46,48). Furthermore, the proportion of intronic
miRNAs generally correlates with the proportion of intronic snoRNAs
across numerous organisms. So while the majority of both snoRNAs
and miRNAs are intronic in most vertebrates, most are encoded in
independent transcription units in plants [48]. In addition, both
snoRNAs and miRNAs can be found clustered in genomes although the
positional nature of the clusters (whether intronic or in independent
transcription units) is not highly correlated for miRNAs and snoRNAs
[10,48]. In mammals, several examples exist of protein-coding host
genes that encode both snoRNAs and miRNAs in distinct introns (for
example the human serotonin receptor 2C (HTR2C) gene encodes the
box H/ACA snoRNA HBI-36 as well as the miRNAs miR-448, miR-1264,
miR-1298, miR-1911 and miR-1912 and the gene encoding the box C/D
snoRNP core protein NOP56 also encodes the snoRNAs HBII-55, ACA51,
U86, U56, U57 and the miRNA miR-1292).

4.4. Duplication and evolution

Members of both the snoRNA and miRNA classes show high
levels of conservation [58—60]. snoRNAs are believed to be the
most ancient, with members found throughout Eukaryota as well
as in a subset of Archaea [2]. miRNAs have not been traced to such
distant organisms although several families are well conserved in
metazoans [60,61]. In contrast however, numerous studies also
show the existence of recently evolved snoRNA and miRNA
members that only exist in one or a small number of organisms
[60,62,63], suggesting these families are dynamic and evolving at
a fast rate. For both snoRNAs and miRNAs, many of the most
recently evolved members are believed to be derived from trans-
posable elements (TEs).

TEs are highly abundant elements in many mammalian and plant
genomes which have the capacity of moving or copying themselves
from one genomic site to another [64,65]. Through computational
searches and sequence analyses, several groups have identified
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Fig. 1. Proposed hypothesis for the evolution of snoRNAs. snoRNAs have been
described as mobile genetic elements that can copy themselves to other genomic
locations, whether on the same or different chromosomes [62,63]. These snoRNA
retrogenes and their parental copies are subjected to evolutionary forces and might
either retain snoRNA functionality (if they do not gain deleterious mutations and are in
the right genomic context), become inactive (due to deleterious mutations or improper
expression) or gain new functionality. Here, chromosomes are represented by blue
lines, snoRNAs by pink boxes, mutated snoRNAs by pink and grey boxes and non-
coding RNA elements with new functionality with green boxes.

hundreds of human snoRNAs and miRNAs displaying characteristics
and sequence elements of TEs suggesting these molecules were
derived from retroposition of existing molecules that were inserted
into new genomic locations [34,58,62,63,66—69]. Many such human
snoRNA-like molecules, which were named snoRTs (snoRNA retro-
genes), have been identified surrounded by retrogene features
including flanking target site duplications, L1 consensus recognition
sites and 3’ end poly (A) tails suggesting they used long interspersed
nuclear element (LINE) machinery for retroposition [62,63]. Consis-
tent with this, several snoRNAs have been found to change their
host genes in the course of evolution, resulting in orthologous snoR-
NAs residing in different host genes when different organisms are
compared [70,71]. While some snoRTs are likely non-functional,
others were reported as functional snoRNAs [62]. Similarly,
hundreds of miRNAs have also been identified encoded within TEs, of
both LINE and SINE (short interspersed nuclear element) types
[34,66,67]. These copies of snoRNAs and miRNAs might serve to
safeguard against mutations in parental molecules. In addition,
however, because they are under less evolutionary pressure to remain
intact, being redundant, they likely also lead to the rapid evolution of
snoRNAs and miRNAs with new targets [63,67,68,72].

5. Evolutionary intermediate versus dual function molecule

The similarity on numerous levels of snoRNAs and miRNAs
offers new evolutionary hypotheses to contemplate. While this
similarity might be the result of convergent evolution due to the
availability of duplication mechanisms and processing enzymes in
the cell, it might also stem from evolution from a common ancestral
RNA molecule or evolution from one small RNA type to the other.

The extent of stable association of snoRNAs and miRNAs with
their host genes was investigated in a very insightful study [73] and
might provide clues to address this question. The authors found
that 21% of snoRNAs and 11% of miRNAs can be traced back to the
mammalian ancestor and are referred to as ancestral positional
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conserved (APC). APC snoRNA host genes are highly over-
represented in the cellular processes of translation and ribosome
biogenesis while other (non-APC) snoRNA host genes show no such
strong enrichment suggesting an ongoing functional diversification
of snoRNAs from their ancestral role in the biogenesis of ribosomes
[73]. Interestingly, the authors found no such functional association
for APC or other miRNA host genes. This analysis and the ancient
lineage of snoRNAs which likely arose over 2—3 billion years ago [1]
allows the formulation of the hypothesis that when snoRNAs
started diversifying by copying themselves to other genomic loca-
tions and likely acquiring new targets, a subset progressively lost
snoRNA functionality and gained new (and possibly miRNA) capa-
bilities (illustrated in Fig. 1).

In support of this hypothesis, miRNA precursors displaying
snoRNA characteristics on multiple levels from genomic context
similarity to sequence and structural similarity have recently been
reported [21,23]. Using computational approaches, 20 and 84
human miRNA precursors were identified showing characteristic
boxes as well as regions of complementarity to rRNA and structural
characteristics typical of H/ACA and C/D snoRNAs respectively. In
the case of box H/ACA snoRNA-like miRNA precursors, five such
molecules were further experimentally analysed showing H/ACA
functionality through binding to dyskerin, a core H/ACA snoRNP
protein [23]. Similarly, five miRNA precursors with box C/D snoRNA
characteristics were found to bind to fibrillarin, a core box C/D
snoRNP [21]. Interestingly, it was also recently found that the loss of
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= complexed to snoRNP core proteins
= modify validated rRNA targets
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U19, U23 (box H/ACA snoRNAs)
:
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= no experimentally validated miRNA targets
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Dual function sno-miRNAs

dyskerin led to reduced levels of H/ACA snoRNA-derived miRNA-
like molecules [74].

In the list of known miRNA precursors showing strong snoRNA
characteristics, some molecules were actually poorly characterized
as miRNAs. For example, the precursor of human miR-549 is pre-
dicted with high score to be a box H/ACA snoRNA. It displays the
characteristic features and structure of a box H/ACA snoRNA, is
predicted to target an experimentally validated rRNA pseudour-
idylation site for which no guide is known in human (and thus the
miR-549 precursor is the best current candidate to fulfil this role in
the human genome) and its mature miRNA was detected at a very
low count [23,75], suggesting it might be better annotated as
a snoRNA or could be at the beginning of the process of evolving
into a miRNA. However, amongst the snoRNA-like miRNA precur-
sors that display sequence, structural and functional snoRNA
characteristics, there are well-characterized and validated miRNAs
(eg let-7g, miR-140, miR-215 and miR-28 [21,23]), offering
convincing examples of molecules that function both as snoRNAs
and miRNAs. In addition, recent reports are providing strong
support for the functions of both snoRNAs and miRNAs within the
same molecule. For example, the precursor of human miR-605 was
found to display strong box H/ACA snoRNA characteristics and
structure, is predicted with high score to target an experimentally
validated rRNA pseudouridylation site for which no guide is known
in human and binds to dyskerin, a core snoRNP protein, suggesting
it is actually a box H/ACA snoRNA [23]. However, miR-605 has

Prototypical miRNAs

= prototypical processing

= prototypical binding partners

= abundant mature miRNA

= experimentally validated targets

= examples: miR-21, miR-106a,
miR-34a

miRNAs with snoRNA features

= prototypical miRNA processing

= prototypical binding partners

= abundant mature miRNA

= experimentally validated miRNA targets
= most characteristic snoRNA features

= predicted to target validated rRNA sites
known to be targeted by other snoRNAs
= examples: miR-151, miR-25, miR-18a

= characteristic snoRNA features

= complexed to snoRNP core proteins

= complementary to rRNA targets

= miRNA processing and binding
characteristics (processing by Dicer, binding

to Ago proteins)

= experimentally validated miRNA targets
= examples: ACA45, miR-140, miR-605

Fig. 2. The snoRNA-miRNA spectrum in human. Through numerous independent studies, we now have many examples of small RNA molecules displaying both snoRNA and miRNA
characteristics, suggesting a possible evolution from one type to the other. Here, the typical structure of box C/D snoRNAs (molecule shown in blue) is used to represent any type of
snoRNA. Green lines represent complementary rRNA molecules. miRNAs (hairpin and mature fragment) are represented in red. Classical snoRNAs were chosen from their
description in snoRNAbase [81]. SnoRNAs with miRNA features are described in [20,21,23,82]. The dual function sno-miRNAs were described in [17,23]. The snoRNA characteristics
of the miRNAs with snoRNA features were described in [21,23] while their miRNA features are described in [83—85]. Human prototypical miRNAs were chosen from the list defined
in [86] for which experimentally validated targets have been reported according to version 5c of TarBase [87]. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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also recently been found involved in the p53 network and its
overexpression caused the post-transcriptional reduction of Mdm2
expression while its knockdown had the opposite effect, thus
suggesting miRNA functionality [76]. We now have several such
examples of dual function snoRNA-miRNAs, as well as snoRNAs
with miRNA features and miRNAs with snoRNA features (illustrated
in Fig. 2).

Another recent study provides evidence of specific accumula-
tion of snoRNA-derived small RNAs (sdRNAs) in a physiological
setting. The up-regulation of small RNAs derived from several types
of non-coding RNAs was detected in the adult mouse hippocampus
during olfactory discrimination training [77]. In particular, in mice
trained by the use of rewards to recognize specific odours, but not
in control animals, strong increases of approximately 100-fold of
specific SARNAs of size 25—30 nucleotides were detected. Although
these sdRNAs might be involved in supporting protein synthesis
during this task, the fact that not all snoRNAs with known rRNA
targets accumulate at such a high level rather suggests that they
might participate in alternative functions, possibly involved in
learning [77]. Some of the snoRNAs from which small RNAs are
derived in this context are well-characterized molecules with
known rRNA targets, suggesting that these snoRNAs are indeed bi-
functional.

Given the spectrum of molecules displaying snoRNA and miRNA
characteristics (Fig. 2), it is interesting to consider where the
orphan snoRNAs fit in. These molecules have typical snoRNA
features (characteristic boxes and structure, binding to core snoRNP
proteins) but they do not have a region of complementarity to
classical snoRNA targets. Many orphan snoRNAs were found to
generate sdRNAs and it has been suggested that they might func-
tion as intermediates in this pathway [19]. Many orphan snoRNAs
are also known to be snoRNA retrogenes [62] and might represent
copies of functional parental snoRNAs which have lost their guide
region and acquired (or always had) the capability of serving as
a substrate for the sdRNA pathway and might have the potential of
evolving to gain miRNA functionality.

It should also be noted that sdRNAs with functional cellular roles
do not all function in translation regulation. A large family of box C/
D snoRNAs, the HBII-52s in human and MBII-52s in mouse, have
been found processed into smaller RNAs and were shown to
regulate splicing of several different transcripts including the
serotonin receptor 2C [78,79]. Through computational searches, it
was also found that other orphan snoRNAs have likely targets near
alternative splice junctions [80] suggesting the regulation of
splicing might be another common function carried out by snoR-
NAs or sdRNAs. As only orphan snoRNAs have been described
involved in the regulation of splicing, such molecules would likely
not be annotated as dual function although they might be described
in this light in the future.

6. Future perspectives

Recent years have been rich in reports highlighting diverse new
characteristics and functions for previously described small non-
coding RNAs. Subsets of two such classes, snoRNAs and miRNAs,
increasingly display overlapping and common features. Thanks to
rapid improvements in sequencing technologies, the next few years
will likely provide a deluge of information that can address the
extent of this commonality and which molecules are involved,
leading to a better classification and understanding of these groups.

The true dual function sno-miRNA molecules will provide
interesting subjects to study. These regulatory molecules are
themselves likely to be under the control of other layers of regu-
lation to ensure the appropriate balance of the different species
originating from these molecules in different cell types and

physiological conditions. In addition to providing a fascinating
puzzle to decipher, they will likely be of relevance for human health
issues.

Acknowledgements

The authors wish to thank Professors Angus Lamond and Geoff
Barton for insightful discussions. MSS is supported by a Caledonian
Research Foundation Fellowship. Funding was provided by a Well-
come Trust Programme Grant to Angus Lamond (Ref: 073980/Z/03/Z),
by an MRC Milstein Award to Angus Lamond (Ref: G0801738) and by
a Wellcome Trust infrastructure grant (WT083481).

References

[1] A.G. Matera, R.M. Terns, M.P. Terns, Non-coding RNAs: lessons from the small
nuclear and small nucleolar RNAs, Nat. Rev. Mol. Cell Biol. 8 (2007) 209—220.
P.P. Dennis, A. Omer, Small non-coding RNAs in Archaea, Curr. Opin. Microbiol.
8 (2005) 685—694.

[3] AD. Omer, T.M. Lowe, A.G. Russell, H. Ebhardt, S.R. Eddy, P.P. Dennis,

Homologs of small nucleolar RNAs in Archaea, Science 288 (2000) 517—522.

[4] A.D.Omer, S. Ziesche, W.A. Decatur, M.J. Fournier, P.P. Dennis, RNA-modifying

machines in archaea, Mol. Microbiol. 48 (2003) 617—629.

S.L. Reichow, T. Hamma, A.R. Ferre-D’Amare, G. Varani, The structure and

function of small nucleolar ribonucleoproteins, Nucleic Acids Res. 35 (2007)

1452—1464.

[6] T. Kiss, Small nucleolar RNA-guided post-transcriptional modification of

cellular RNAs, Embo J. 20 (2001) 3617—3622.

Z. Kiss-Laszlo, Y. Henry, T. Kiss, Sequence and structural elements of meth-

ylation guide snoRNAs essential for site-specific ribose methylation of pre-

rRNA, Embo J. 17 (1998) 797—807.

P. Ganot, M. Caizergues-Ferrer, T. Kiss, The family of box ACA small nucleolar

RNAs is defined by an evolutionarily conserved secondary structure and

ubiquitous sequence elements essential for RNA accumulation, Genes Dev. 11

(1997) 941-956.

[9] AK. Henras, C. Dez, Y. Henry, RNA structure and function in C/D and H/ACA
s(no)RNPs, Curr. Opin. Struct. Biol. 14 (2004) 335—343.

[10] G. Dieci, M. Preti, B. Montanini, Eukaryotic snoRNAs: a paradigm for gene
expression flexibility, Genomics 94 (2009) 83—88.

[11] W. Filipowicz, V. Pogacic, Biogenesis of small nucleolar ribonucleoproteins,
Curr. Opin. Cell Biol. 14 (2002) 319—327.

[12] K.T. Tycowski, J.A. Steitz, Non-coding snoRNA host genes in Drosophila:
expression strategies for modification guide snoRNAs, Eur. J. Cell Biol. 80
(2001) 119-125.

[13] K.T. Tycowski, A. Aab, J.A. Steitz, Guide RNAs with 5’ caps and novel box C/D
snoRNA-like domains for modification of snRNAs in metazoa, Curr. Biol. 14
(2004) 1985—1995.

[14] A. Huttenhofer, M. Kiefmann, S. Meier-Ewert, ]. O'Brien, H. Lehrach,
J.P. Bachellerie, J. Brosius, RNomics: an experimental approach that identifies
201 candidates for novel, small, non-messenger RNAs in mouse, Embo J. 20
(2001) 2943—-2953.

[15] A.M. Kiss, B.E. Jady, E. Bertrand, T. Kiss, Human box H/ACA pseudouridylation
guide RNA machinery, Mol. Cell Biol. 24 (2004) 5797—5807.

[16] H. Kawaji, M. Nakamura, Y. Takahashi, A. Sandelin, S. Katayama, S. Fukuda,
C.0. Daub, C. Kai, J. Kawai, J. Yasuda, P. Carninci, Y. Hayashizaki, Hidden layers
of human small RNAs, BMC Genomics 9 (2008) 157.

[17] C. Ender, A. Krek, M.R. Friedlander, M. Beitzinger, L. Weinmann, W. Chen,
S. Pfeffer, N. Rajewsky, G. Meister, A human snoRNA with MicroRNA-like
functions, Mol. Cell 32 (2008) 519—528.

[18] A.A. Saraiya, C.C. Wang, snoRNA, a Novel Precursor of microRNA in Giardia
lamblia, PLoS Pathog. 4 (2008) e1000224.

[19] RJ. Taft, E.A. Glazov, T. Lassmann, Y. Hayashizaki, P. Carninci, J.S. Mattick,
Small RNAs derived from snoRNAs, Rna 15 (2009) 1233—1240.

[20] M. Brameier, A. Herwig, R. Reinhardt, L. Walter, ]J. Gruber, Human box C/D
snoRNAs with miRNA like functions: expanding the range of regulatory RNAs,
Nucleic Acids Res. 39 (2011) 675—686.

[21] M. Ono, M.S. Scott, K. Yamada, F. Avolio, G.J. Barton, A.l. Lamond, Identification
of human miRNA precursors that resemble box C/D snoRNAs, Nucleic Acids
Res. 39 (2011) 3879—3891.

[22] J.C. Politz, E.M. Hogan, T. Pederson, MicroRNAs with a nucleolar location, Rna
15 (2009) 1705—-1715.

[23] M.S. Scott, F. Avolio, M. Ono, Al Lamond, GJ. Barton, Human miRNA
precursors with box H/ACA snoRNA features, PLoS Comput. Biol. 5 (2009)
e1000507.

[24] R.C. Lee, R.L. Feinbaum, V. Ambros, The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14, Cell 75
(1993) 843—854.

[25] E.C. Lai, miRNAs: whys and wherefores of miRNA-mediated regulation, Curr.
Biol. 15 (2005) R458—R460.

2

[5

(7

[8



1992

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]
[42]
[43]
[44]
[45]
[46]

[47]

[48]

[49]

[50]

[51]
[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

M.S. Scott, M. Ono / Biochimie 93 (2011) 1987—1992

D.P. Bartel, MicroRNAs: target recognition and regulatory functions, Cell 136
(2009) 215—-233.

Z. Mourelatos, ]. Dostie, S. Paushkin, A. Sharma, B. Charroux, L. Abel,
J. Rappsilber, M. Mann, G. Dreyfuss, miRNPs: a novel class of ribonucleopro-
teins containing numerous microRNAs, Genes Dev. 16 (2002) 720—728.

B.J. Reinhart, E.G. Weinstein, M.W. Rhoades, B. Bartel, D.P. Bartel, MicroRNAs
in plants, Genes Dev. 16 (2002) 1616—1626.

M. Morlando, M. Ballarino, N. Gromak, F. Pagano, 1. Bozzoni, N.J. Proudfoot,
Primary microRNA transcripts are processed co-transcriptionally, Nat. Struct.
Mol. Biol. 15 (2008) 902—909.

A. Rodriguez, S. Griffiths-Jones, J.L. Ashurst, A. Bradley, Identification of
mammalian microRNA host genes and transcription units, Genome Res. 14
(2004) 1902—-1910.

S. Baskerville, D.P. Bartel, Microarray profiling of microRNAs reveals frequent
coexpression with neighboring miRNAs and host genes, Rna 11 (2005) 241—247.
Y.K. Kim, V.N. Kim, Processing of intronic microRNAs, Embo J. 26 (2007) 775—783.
Y. Lee, M. Kim, ]. Han, K.H. Yeom, S. Lee, S.H. Baek, V.N. Kim, MicroRNA genes
are transcribed by RNA polymerase II, Embo J. 23 (2004) 4051—4060.

G.M. Borchert, W. Lanier, B.L. Davidson, RNA polymerase III transcribes human
microRNAs, Nat. Struct. Mol. Biol. 13 (2006) 1097—1101.

Y. Lee, C. Ahn, J. Han, H. Choi, J. Kim, J. Yim, ]. Lee, P. Provost, O. Radmark,
S. Kim, V.N. Kim, The nuclear RNase III Drosha initiates microRNA processing,
Nature 425 (2003) 415—419.

R.F. Ketting, S.E. Fischer, E. Bernstein, T. Sijen, G.]. Hannon, R.H. Plasterk, Dicer
functions in RNA interference and in synthesis of small RNA involved in
developmental timing in C. elegans, Genes Dev. 15 (2001) 2654—2659.

G. Hutvagner, J. McLachlan, A.E. Pasquinelli, E. Balint, T. Tuschl, P.D. Zamore,
A cellular function for the RNA-interference enzyme Dicer in the maturation
of the let-7 small temporal RNA, Science 293 (2001) 834—838.

E. Bernstein, A.A. Caudy, S.M. Hammond, G.J. Hannon, Role for a bidentate
ribonuclease in the initiation step of RNA interference, Nature 409 (2001)
363—-366.

K. Miyoshi, T. Miyoshi, H. Siomi, Many ways to generate microRNA-like small
RNAs: non-canonical pathways for microRNA production, Mol. Genet. Geno-
mics 284 (2010) 95—103.

G. Hutvagner, P.D. Zamore, A microRNA in a multiple-turnover RNAi enzyme
complex, Science 297 (2002) 2056—2060.

E.C. Lai, microRNAs: runts of the genome assert themselves, Curr. Biol. 13
(2003) R925—R936.

AE. Williams, Functional aspects of animal microRNAs, Cell Mol. Life Sci. 65
(2008) 545—562.

E. Huntzinger, E. 1zaurralde, Gene silencing by microRNAs: contributions of
translational repression and mRNA decay, Nat. Rev. Genet. 12 (2011) 99—110.
S. Vasudevan, Y. Tong, J.A. Steitz, Switching from repression to activation:
microRNAs can up-regulate translation, Science 318 (2007) 1931-1934.

C. Llave, K.D. Kasschau, M.A. Rector, ].C. Carrington, Endogenous and silencing-
associated small RNAs in plants, Plant Cell 14 (2002) 1605—1619.

J.S. Mattick, Challenging the dogma: the hidden layer of non-protein-coding
RNAs in complex organisms, Bioessays 25 (2003) 930—939.

A. Grishok, A.E. Pasquinelli, D. Conte, N. Li, S. Parrish, I. Ha, D.L. Baillie, A. Fire,
G. Ruvkun, C.C. Mello, Genes and mechanisms related to RNA interference
regulate expression of the small temporal RNAs that control C. elegans
developmental timing, Cell 106 (2001) 23—34.

JW. Brown, D.F. Marshall, M. Echeverria, Intronic noncoding RNAs and
splicing, Trends Plant Sci. 13 (2008) 335—342.

G. Chanfreau, G. Rotondo, P. Legrain, A. Jacquier, Processing of a dicistronic
small nucleolar RNA precursor by the RNA endonuclease Rnt1, Embo J. 17
(1998) 3726—3737.

J. Hock, L. Weinmann, C. Ender, S. Rudel, E. Kremmer, M. Raabe, H. Urlaub,
G. Meister, Proteomic and functional analysis of Argonaute-containing mRNA-
protein complexes in human cells, EMBO Rep. 8 (2007) 1052—1060.

G. Hutvagner, M.J. Simard, Argonaute proteins: key players in RNA silencing,
Nat. Rev. Mol. Cell Biol. 9 (2008) 22—32.

D.S. Schwarz, P.D. Zamore, Why do miRNAs live in the miRNP? Genes Dev. 16
(2002) 1025—1031.

G. Ganesan, S.M. Rao, A novel noncoding RNA processed by Drosha is
restricted to nucleus in mouse, Rna 14 (2008) 1399—1410.

A. Shiohama, T. Sasaki, S. Noda, S. Minoshima, N. Shimizu, Nucleolar locali-
zation of DGCR8 and identification of eleven DGCR8-associated proteins, Exp.
Cell Res. 313 (2007) 4196—4207.

H. Wu, H. Xu, LJ. Miraglia, S.T. Crooke, Human RNase III is a 160 kDa protein
involved in preribosomal RNA processing, . Biol. Chem. 275 (2000) 36957—36965.
R.H. Nicholson, A.W. Nicholson, Molecular characterization of a mouse cDNA
encoding Dicer, a ribonuclease III ortholog involved in RNA interference,
Mamm. Genome 13 (2002) 67—73.

J.Y. Liao, LM. Ma, Y.H. Guo, Y.C. Zhang, H. Zhou, P. Shao, Y.Q. Chen, L.H. Qu,
Deep sequencing of human nuclear and cytoplasmic small RNAs reveals an
unexpectedly complex subcellular distribution of miRNAs and tRNA 3’ trailers,
PLoS ONE 5 (2010) e10563.

J.P. Bachellerie, J. Cavaille, A. Huttenhofer, The expanding snoRNA world,
Biochimie 84 (2002) 775—790.

T. Kiss, Small nucleolar RNAs: an abundant group of noncoding RNAs with
diverse cellular functions, Cell 109 (2002) 145—148.

R. Niwa, FJ. Slack, The evolution of animal microRNA function, Curr. Opin.
Genet. Dev. 17 (2007) 145—150.

[61]

[62]
[63]
[64]
[65]
[66]
[67]
[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

(86]

(87]

J. Hertel, M. Lindemeyer, K. Missal, C. Fried, A. Tanzer, C. Flamm, I.L. Hofacker,
P.F. Stadler, The expansion of the metazoan microRNA repertoire, BMC
Genomics 7 (2006) 25.

Y. Luo, S. Li, Genome-wide analyses of retrogenes derived from the human
box H/ACA snoRNAs, Nucleic Acids Res. 35 (2007) 559—571.

M.J. Weber, Mammalian small nucleolar RNAs are mobile genetic elements,
PLoS Genet. 2 (2006) e205.

GJ. Faulkner, P. Carninci, Altruistic functions for selfish DNA, Cell Cycle 8
(2009) 2895—2900.

M.L Tenaillon, ].D. Hollister, B.S. Gaut, A triptych of the evolution of plant
transposable elements, Trends Plant Sci. 15 (2010) 471-478.

J. Piriyapongsa, LK. Jordan, A family of human microRNA genes from miniature
inverted-repeat transposable elements, PLoS ONE 2 (2007) e203.

J. Piriyapongsa, L. Marino-Ramirez, I.K. Jordan, Origin and evolution of human
microRNAs from transposable elements, Genetics 176 (2007) 1323—1337.
N.R. Smalheiser, V.I. Torvik, Mammalian microRNAs derived from genomic
repeats, Trends Genet. 21 (2005) 322—326.

P. Vitali, H. Royo, H. Seitz, J.P. Bachellerie, A. Huttenhofer, ]. Cavaille, Identi-
fication of 13 novel human modification guide RNAs, Nucleic Acids Res. 31
(2003) 6543—6551.

A.F. Bompfunewerer, C. Flamm, C. Fried, G. Fritzsch, L.L. Hofacker, J. Lehmann,
K. Missal, A. Mosig, B. Muller, S.J. Prohaska, B.M. Stadler, P.F. Stadler, A. Tanzer,
S. Washietl, C. Witwer, Evolutionary patterns of non-coding RNAs, Theory
Biosci. 123 (2005) 301—369.

J. Schmitz, A. Zemann, G. Churakov, H. Kuhl, F. Grutzner, R. Reinhardt,
J. Brosius, Retroposed SNOfall-a mammalian-wide comparison of platypus
snoRNAs, Genome Res. 18 (2008) 1005—1010.

J.S. Mattick, Deconstructing the dogma: a new view of the evolution and
genetic programming of complex organisms, Ann. N. Y Acad. Sci. 1178 (2009)
29—46.

M.P. Hoeppner, S. White, D.C. Jeffares, A.M. Poole, Evolutionarily stable asso-
ciation of intronic snoRNAs and microRNAs with their host genes, Genome
Biol. 1 (2009) 420—428 E vol.

F. Alawi, P. Lin, Loss of dyskerin reduces the accumulation of a subset of H/ACA
snoRNA-derived miRNA, Cell Cycle 9 (2010) 2467—2469.

J:M. Cummins, Y. He, RJ. Leary, R. Pagliarini, L.A. Diaz Jr., T. Sjoblom, O. Barad,
Z. Bentwich, A.E. Szafranska, E. Labourier, C.K. Raymond, B.S. Roberts, H. Juhl,
K.W. Kinzler, B. Vogelstein, V.E. Velculescu, The colorectal microRNAome,
Proc. Natl. Acad. Sci. U S A 103 (2006) 3687—3692.

J. Xiao, H. Lin, X. Luo, Z. Wang, miR-605 joins p53 network to form a p53:miR-
605:Mdm2 positive feedback loop in response to stress, Embo J. 30 (2011)
524—-532.

N.R. Smalheiser, G. Lugli, J. Thimmapuram, E.H. Cook, J. Larson, Endogenous
siRNAs and noncoding RNA-derived small RNAs are expressed in adult mouse
hippocampus and are up-regulated in olfactory discrimination training, Rna
17 (2011) 166—181.

S. Kishore, A. Khanna, Z. Zhang, ]J. Hui, PJ. Balwierz, M. Stefan, C. Beach,
R.D. Nicholls, M. Zavolan, S. Stamm, The snoRNA MBII-52 (SNORD 115) is
processed into smaller RNAs and regulates alternative splicing, Hum. Mol.
Genet. 19 (2010) 1153—1164.

S. Kishore, S. Stamm, The snoRNA HBII-52 regulates alternative splicing of the
serotonin receptor 2C, Science 311 (2006) 230—232.

P.S. Bazeley, V. Shepelev, Z. Talebizadeh, M.G. Butler, L. Fedorova, V. Filatov,
A. Fedorov, snoTARGET shows that human orphan snoRNA targets locate close
to alternative splice junctions, Gene 408 (2008) 172—179.

L. Lestrade, M.J. Weber, snoRNA-LBME-db, a comprehensive database of
human H/ACA and C/D box snoRNAs, Nucleic Acids Res. 34 (2006)
D158-D162.

M. Ono, K. Yamada, F. Avolio, M.S. Scott, S. van Koningsbruggen, G.J. Barton,
Al Lamond, Analysis of human small nucleolar RNAs (snoRNA) and the
development of snoRNA modulator of gene expression vectors, Mol. Biol. Cell
21 (2010) 1569—-1584.

J. Ding, S. Huang, S. Wu, Y. Zhao, L. Liang, M. Yan, C. Ge, J. Yao, T. Chen, D. Wan,
H. Wang, ]. Gu, M. Yao, J. Li, H. Tu, X. He, Gain of miR-151 on chromosome
8q24.3 facilitates tumour cell migration and spreading through down-
regulating RhoGDIA, Nat. Cell Biol. 12 (2010) 390—399.

AR. Kuhn, K. Schlauch, R. Lao, AJ. Halayko, W.T. Gerthoffer, C.A. Singer,
MicroRNA expression in human airway smooth muscle cells: role of miR-25 in
regulation of airway smooth muscle phenotype, Am. J. Respir. Cell Mol. Biol.
42 (2010) 506—513.

W.P. Tsang, T.T. Kwok, The miR-18a* microRNA functions as a potential tumor
suppressor by targeting on K-Ras, Carcinogenesis 30 (2009) 953—959.

P. Landgraf, M. Rusu, R. Sheridan, A. Sewer, N. lovino, A. Aravin, S. Pfeffer,
A. Rice, A.0. Kamphorst, M. Landthaler, C. Lin, N.D. Socci, L. Hermida, V. Fulci,
S. Chiaretti, R. Foa, J. Schliwka, U. Fuchs, A. Novosel, R.U. Muller, B. Schermer,
U. Bissels, J. Inman, Q. Phan, M. Chien, D.B. Weir, R. Choksi, G. De Vita,
D. Frezzetti, H.I. Trompeter, V. Hornung, G. Teng, G. Hartmann, M. Palkovits,
R. Di Lauro, P. Wernet, G. Macino, CE. Rogler, JW. Nagle, J. Ju,
F.N. Papavasiliou, T. Benzing, P. Lichter, W. Tam, M. Brownstein, A. Bosio,
A. Borkhardt, JJ. Russo, C. Sander, M. Zavolan, T. Tuschl, A mammalian
microRNA expression atlas based on small RNA library sequencing, Cell 129
(2007) 1401—-1414.

P. Sethupathy, B. Corda, A.G. Hatzigeorgiou, TarBase: a comprehensive data-
base of experimentally supported animal microRNA targets, Rna 12 (2006)
192-197.



	 From snoRNA to miRNA: Dual function regulatory non-coding RNAs
	1 Small nucleolar RNAs, an ancient class of non-coding RNA
	2 Small RNAs derived from snoRNAs
	3 miRNAs, post-transcriptional regulators of translation
	4 Similarities between snoRNAs and miRNAs
	4.1 Processing pathways and binding partners
	4.2 Subcellular localization
	4.3 Genomic organization and location
	4.4 Duplication and evolution

	5 Evolutionary intermediate versus dual function molecule
	6 Future perspectives
	 Acknowledgements
	 References


