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Abstract

Noncoding RNA genes produce a functional RNA product rather
than a translated protein. More than 1500 homologs of known “clas-
sical” RNA genes can be annotated in the human genome sequence,
and automatic homology-based methods predict up to 5000 related
sequences. Methods to predict novel RNA genes on a whole-genome
scale are immature at present, but their use hints at tens of thou-
sands of such genes in the human genome. Messenger RNA-like
transcripts with no protein-coding potential are routinely discov-
ered by high-throughput transcriptome analyses. Meanwhile, var-
ious experimental studies have suggested that the vast majority of
the human genome is transcribed, although the proportion of the
detected RNAs that is functional remains unknown.
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INTRODUCTION

The human genome is about 30 times larger
than that of the worm Caenorbabditis elegans or
the fly Drosophila melanogaster, and 250 times
larger than that of the yeast Saccharomyces cere-
visiae. However, the human genome contains
only a few thousand more protein-coding
genes [23,244 according to the EnsEMBL
database (http://www.ensembl.org/)] than
worm (20,060) or fly (14,039), and only
around 3.5 times as many as yeast (6680).
The protein-coding gene count is thus not
well correlated with organism complexity
(at least from our human-centric viewpoint).
The nonprotein-coding portion of the human
genome is often considered “junk.” How-
ever, although only around 1.2% of bases re-
side in protein-coding exons, estimates put
conserved (and by implication functional) se-
quence at 5-10% of the genome (60, 99). Fur-
ther, it now appears that most of the human
genome may be transcribed (reviewed in 35),
and that the number of genes that do not code
for protein is much larger than expected. A
subset of these genes encodes functional RNA
products; these are called RNA genes or non-
coding RNAs (ncRNAs). Some ncRNAs have
well-understood and essential functions [for
example, transfer RNA (tRNA) and riboso-
mal RNA (rRNA)]J; other large classes have
been described more recently [such as small
nucleolar RNAs (snoRNAs) and microRINAs
(miRNAs)]; and a rapidly increasing number
have no known function. Finally, thousands
of mRNA-like transcripts with little or no
protein-coding potential have been identified
in high-throughput studies of the transcrip-
tome (13).

"This review discusses the state of RNA an-
notation, with a focus on the human genome.
The most useful computational methods are
highlighted, and whole-genome analyses of
families of “classical” RNA genes are dis-
cussed. Finally, the functional annotation of
RINA sequences is considered.
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THE HUMAN TRANSCRIPTOME

The cell’s transcriptional output includes
protein-coding RNA and non-protein-coding
RNA, both of which can have many alterna-
tive splice variants, transcription start sites,
and termination signals. Only around 1.2% of
the human genome is contained in protein-
coding exons, but 30-40% is transcribed as
protein-coding mRNAs, the vast majority of
which is intronic sequence. However, stud-
ies using genome-tiling arrays identify sub-
stantially more transcription than can be ex-
plained by current gene annotations (reviewed
in 42, 100). The use of a variety of experi-
mental techniques is adding weight to the idea
that the majority of the mammalian genome is
transcribed, including massively parallel sig-
nature sequencing (MPSS), mapping 5" ends
by cap analysis of gene expression (CAGE)
and 3’ ends by serial analysis of gene expres-
sion (SAGE), and high-throughput cDNA se-
quencing technologies (reviewed in 31). The
Functional Annotation of the Mouse Genome
(FANTOM) project has sequenced 102,281
full-length ¢DNAs (13), of which 32,129
are annotated as protein-coding transcripts
(2222 encode previously unknown proteins)
and 34,030 as ncRNAs. Although these ap-
proaches focus on cytosolic polyadenylated
RNA, there is evidence that as much as half
of all transcriptional output might never leave
the nucleus, and that a significant proportion
is not polyadenylated (15).

CLASSICAL AND mRNA-LIKE
ncRNAs

ncRNA transcripts fall into at least two main
types, which necessarily require very different
annotation approaches. “Classical” ncRNA
genes encode small (typically tens to hundreds
of bases) RNA products, which are expected to
be highly structured through the adoption of
a base-paired secondary structure. This group
includes most well-understood RNA families,
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including tRINAs, rRNAs (the largest of which
is several kilobases in length), miRINAs, and
others discussed here. These are distinct
from a possibly much-larger class of RNAs,
which have all the properties of messen-
ger RNA, but lack protein-coding potential.
These RNAs have been termed mRNA-like
ncRNAs (mIncRNAs) (83). mIncRNAs in-
clude alternative transcripts emanating from
protein-coding genes, the products of anti-
sense transcription, and a growing number
of annotated transcriptionally-active loci of
unknown function [e.g., as discovered by the
FANTOM project (13)]. mIncRNAs are long
and likely transcribed by RNA polymerase 11,
and may be spliced, capped, and polyadeny-
lated. mIncRINAs probably do not conserve a
base-paired secondary structure and compact
three-dimensional form.

Well-studied mIncRNAs include the 17-
kb mammalian Xist transcript, which has a vi-
tal role in X-dosage compensation. Xist is se-
lectively expressed from one X chromosome
in the female, causing its inactivatation (re-
viewed in 84); Xist was recently suggested to
have evolved from a protein-coding pseudo-
gene (20). 7H4 RINA is expressed at the neuro-
muscular junction (95), and may be a primary
miRNA transcript (83). H19 RNA is mater-
nally expressed in eutherian mammals, likely
plays an as-yet-unknown role in the imprint-
ing process (78), and expresses a miRINA gene
(11). Growth arrest-specific gene 5 (GASS)
and U22 host gene (U22HG) are snoRNA
host genes (88). The functions of almost all
mlncRNAs are unknown.

Some mRINA transcripts contain predicted
base-paired secondary structures in their un-
translated regions. Many of these function by
diverse mechanisms to regulate transcription
and translation. For example, metazoan his-
tone mRNAs do not have a 3’ poly-A tail;
instead, their processing depends on a short
hairpin structure that is bound by a stem-
loop binding protein (SLBP) and a sequence
motif that is bound by U7 RNA (19). The
selenocysteine-insertion sequence (SECIS el-
ement) is a short hairpin that causes an in-

frame TGA codon to be recognizezd by a
selenocysteinyl tRINA rather than as a stop
codon (96). Riboswitch elements are mainly
located in 5" untranslated regions (UTRs)
of bacterial genes to regulate expression of
the mRNA in response to metabolite bind-
ing (reviewed in 92). The presence of the thi-
amine riboswitch in eukaryotes highlights the
possibility of a more widespread mechanism.
The Rfam database of RNA families contains
more than 120 known cis-regulatory UTR
structures, including more than 20 internal
ribosome-entry sites (IRES), 12 riboswitches,
and a handful of frame-shift elements and
thermo-regulators (27, 29).

The following discussion concentrates on
the annotation of “classical” ncRNAs in
mammalian genomes. These approaches are
equally appropriate for the study of cis-
regulatory mRINA structures.

ANNOTATING CLASSICAL
ncRNAs IN SEQUENCED
GENOMES

Until recently, many genome-annotation re-
sources have ignored the gene complement
that does not code for protein. This is not
surprising, as only recently have reliable ap-
proaches for annotating RNA gene fami-
lies become available, and an accurate RNA
gene finding method is still lacking. De novo
computational prediction of structured RNA
genes is difficult. For example, ncRNAs lack
the signatures that make protein-coding gene
prediction possible (e.g., codons, splice sig-
nals, and other features such as length and
sequence bias). Any ncRNA-gene finding
method must therefore use information such
as potential to form base-paired secondary
structure and sequence and structural homol-
ogy with known RNA families.

De Novo ncRNA Prediction

The discovery of novel functional RNAs by
de novo gene prediction is a primary focus
of computational RNA research. To date, no
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method is sufficiently mature to reliably iden-
tify ncRNAs in a genome-wide fashion. Two
studies used sequence composition to identify
relatively G+C (GC)-rich ncRNA genes in
the A+T (AT)-rich genomes of thermopbhilic
bacteria (47, 86). Otherwise, ncRNA predic-
tion has relied largely on the potential of a
sequence to adopt a secondary structure. Un-
fortunately, it has been demonstrated that pre-
dicted structures of RINA genes are not signif-
icantly more stable than predicted structures
of random RNA sequences, at least for reliable
discrimination on a genome-wide scale (80).
Thus, a predicted stable RNA structure does
notindicate functional significance. There are
exceptions to this, for example, miRNA pre-
cursors do appear to adopt significantly more
stable structures than does random RNA se-
quence (10). However, the accuracy of single-
sequence structure prediction is limited in
practice by incomplete models and ad hoc
scoring schemes, even when the sequence is
known to be a structured RNA (reviewed
in 63).

More recent and successful approaches
exploit the idea that functionally significant
RNA structures will be conserved in related
species. Computational simulation has shown
that a small number of mutations will likely
significantly change a secondary structure,
thereby giving a conserved structure an im-
plied function (41). In addition, the secondary
structure may be maintained without con-
servation of the primary sequence by com-
pensatory base mutations. These changes can
be used as statistical evidence for base pairs
at those positions. Predicting consensus sec-
ondary structure across a multi-species align-
ment of sequences is thus far more useful than
for a single sequence.

A number of software tools attempt to
provide a measure of probability that a
given alignment of sequences adopts a con-
served RNA fold. QRNA analyzes a pairwise
alignment using three models of sequence
evolution—protein coding, structured RNA,
and other—and reports the highest-scoring
model (81). RNAz calculates the probabil-
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ity that a multi-sequence alignment repre-
sents a conserved structured RNA by predict-
ing the thermodynamic stability of a consen-
sus secondary structure compared with the
stability of a shuffled alignment (98). A de-
rived z-score is combined with a structure
conservation index (SCI) that measures the
average stability of each sequence compared
with the consensus in a support vector ma-
chine approach. EvoFold uses a probabilistic
model of RNA structure and sequence evolu-
tion, called a phylogenetic stochastic context-
free grammar (phylo-SCFG), to evaluate how
well a substitution pattern in an alignment
matches a secondary structure annotation
77).

RNAz and EvoFold have been applied in-
dependently to identify putative conserved
RNA structures in the human genome (77,
97). Both find tens of thousands of candidate
RNA-structural regions. Based on estimated
false-positive rates, Pedersen etal. (77) predict
approximately 10,000 structured RNA tran-
scripts in the human genome (from an ini-
tial set of more than 48,000 structured re-
gions), whereas Washietl et al. (97) estimate
that more than 35000 structured RNAs are
conserved in mammals. RNAz has also been
used to identify candidate ncRNAs in the
C. elegans (68) and Ciona (67) genomes.

The false-positive rates (and therefore the
specificity) associated with these methods are
subject to large and essentially unknown er-
rors. A recent comparison of EvoFold and
RNAz predictions shows that the overlap be-
tween the predictions made by the two meth-
ods is very small—less than 10% (S. Washietl
& J.S. Pedersen, unpublished). The authors
also estimate high false-discovery rates of 50—
70%; note that the proportion of predictions
that can be experimentally validated is so far
undetermined. In earlier QRNA analyses of
the Escherichia coli and S. cerevisine genomes,
expression could only be demonstrated for
10-20% of the RNA predictions (65, 82). One
might expect the prediction specificity (and
thus the validation rates) to be lower in verte-
brates due to their larger genomes.
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There are two alternative explanations for
such poor verification rates: a) the predictions
include large numbers of false-positive re-
sults; and b) many RINAs are expressed in very
tightspatial and/or temporal patterns, making
experimental verification difficult. Certainly,
some RNA-expression profiles are highly spe-
cific. C. elegans miRNA lsy-6, which is in-
volved in specifying bilateral asymmetry of
chemoreceptor gene expression, is expressed
in just a few neuronal cells at a specific de-
velopmental time (43). However, such low
expression levels are extremely rare among
known ncRNAs. In fact, some ncRNAs are
among the most highly expressed RNAs in
the cell (101). It is also important to note that
these predictions make no distinction between
bona fide ncRNA genes and structured re-
gions of mRNA transcripts.

Homology Search

When performed on a genome-wide scale,
reliable annotation of ncRNAs is currently
restricted to searching for homologs of
known RNA families. The nucleotide se-
quence databases and dedicated resources,
such as RNAdb (http://research.imb.uq.
edu.auw/rnadb/) (76) and NONCODE
(http://www.bioinfo.org.cn/NONCODE/)
(58), contain thousands of annotated ncRNA
sequences. Some ncRNA homologs are read-
ily detected by sequence similarity alone. For
example, rRNA sequences are well conserved
across phylogenetic kingdoms, such that a
simple BLAST search using the sequence of
human 18S rRNA will detect all annotated
16S rRNAs in the bacterium Bacillus subtilis
and the archaeon Methanococcus jannaschii.
However, RNase P RNA cannot be identified
in the B. subtilis genome sequence by BLAST
using the sequence of the E. coli ortholog,
even when using parameters that yield
maximum sensitivity; for this, more complex
models of RNA sequence and structure are
required.

Algorithms for detecting homologs of
structured RNAs can be divided into two

classes: a) those specific to a particular
RNA class [e.g., tRNAscan-SE (59) and
ARAGORN (52) for tRNAs, miRscan (57)
and miRseeker (49) for miRINAs, and snoscan
and snoGPS (87) for snoRNAs]; and b)
general approaches applicable to all struc-
tured RNAs that use patterns or motifs
[e.g., PatSearch (30) and RNAMotif (61)] or
profile-based methods [e.g., INFERNAL (21)
and ERPIN (50)]. The advantages and disad-
vantages of each approach are clear. A spe-
cific tool uses fast, family-specific heuristics to
maximize speed and sensitivity, but requires a
new approach for each new RNA class. A gen-
eral tool can be used to detect any RNA, but
is likely to be slower and less accurate than a
specific tool.

Currently, the most successful general ap-
proach for detecting homologs of known
ncRNAs involves
models, called profile-stochastic context-free

the wuse of statistical

grammars (profile-SCFGs) also known as
covariance models (CMs). These models are
analogous to profile hidden Markov models
for protein sequence. An SCFG can be trained
using a multi-sequence alignment of related
RNA sequences annotated with the consen-
sus secondary structure, and statistically rep-
resents the sequence and structure conserva-
tion. The model can then be used to analyze
a sequence for its similarity to the training
set; this can include scanning a whole genome
sequence. Model building, sequence analy-
sis, searching, and alignmentare implemented
in the INFERNAL package (21). Note
that these tools are extremely computation-
ally intensive. The Rfam database provides
profile-SCFGs for more than 500 families
of ncRNA sequences, together with precom-
puted sequence matches in the nucleotide se-
quence databases, allowing automatic detec-
tion of homologs in whole genome sequences
(27,29).

The Pseudogene Problem

The automatic annotation of structured
ncRNA homologs in eukaryotic genomes is
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complicated by the presence of large numbers
of repeats and pseudogenes. These presumed
nonfunctional sequences largely swamp out
the relatively small number of authentic func-
tional ncRNA. All active SINE repeats in both
the human (Alu) and rodent genomes (B1,
B2, ID, B4) were derived from RNA genes:
Alu/B1 repeats were derived from signal
recognition particle (SRP) RNA in human/
rodents; B2 evolved from an Ala-tRNA in
mouse and rat; ID is related to both the
neuronally expressed BC1 RNA and an Ala-
tRNA; and B4 represents a fusion of B1 and
ID repeats (23, 99). There are over 1 million
copies of the Alu repeatin the human genome,
accounting for roughly 10% of its bases (51).
Other relevant families in the human genome
include U6 spliceosomal RNA, 7SK, and Y
RNA—all with hundreds of predicted ho-
mologs, most of which are likely pseudogenes.
Many of the affected classes share character-
istics: tRINA, 7SK, Y, and U6 RNAs are all
transcribed by RNA polymerase III and have
internal promoter sequences, facilitating re-
tention of transcriptional activity in dupli-
cated copies. Some of these are among the
most abundant RNA molecules in the cell:
there are 10° to 10 copies of 7SK and U6
RNAs per cell (101). tRNAs, SRP RNAs, and
small nuclear RNAs (snRNAs) (particularly
U6 RNA) are packaged into retroviral virions
(14, 24) and undergo retrotranscription and
recombination.

Automated Versus Manual
Annotation

The most appropriate automated ncRINA-
annotation approach combines the strengths
of general and specific ncRNA-homolog de-
tection methods. For example, a reasonable
candidate set of human ncRNAs can be gen-
erated using tRNAscan-SE (59) to predict
tRNAs, BLAST to identify known miRINAs
and snoRNAs and find the small and large
subunit rRNAs, and the Rfam library of co-
variance models (29) to annotate homologs
of other known ncRNAs. However, the pseu-
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dogene problem discussed above necessitates
careful use of the resulting data. Several in-
tensive manual efforts have produced the best
currently available ncRNA predictions for the
human genome, starting from automated ho-
mology predictions (23, 51, 89, 99). Note
that manual annotation has largely relied on a
pragmatic definition of a pseudogene, which
is likely to result in conservative annotation of
authentic genes. The predicted ncRNA gene
sets for various genomes are listed and com-
pared in Table 1.

CLASSICAL ncRNA FAMILIES

Table 1 provides the total numbers of classical
RNA genes in the human and other genomes.
Each of the major families is briefly reviewed
below.

Transfer RNNAs

Automated annotation of tRNA genes us-
ing tRNAscan-SE vyields significantly differ-
ent results among eukaryotic genomes, pre-
dicting around 280 tRNAs in chicken and over
175,000 tRNAs and pseudogenes in rat (23,
38). tRNA-prediction programs attempt to
distinguish real genes versus pseudogenes, but
itis likely that even the most carefully curated
rodent tRNA sets contain a large number of
pseudogenes and repeat-derived sequences.
The pseudogene problem is smaller, but still
significant, with other eukaryotic genomes.
For example, tRNAscan-SE annotates more
than 500 tRNAs in the C. elegans genome, and
the manually curated annotation of the hu-
man genome contains 496 tRNA genes. Both
the Drosophila and chicken genomes appear
to have low numbers of pseudogenes (33, 38)
and contain 287 and 280 predicted tRNAs,
respectively; both sets contain all tRNA an-
ticodons that are predicted to be required by
wobble rules (32) and include a single seleno-
cysteine tRINA. The agreement between these
two numbers strongly suggests that the mini-
mal functional tRINA setin animals likely con-
tains around 300 members.
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Table 1 Manually annotated whole-genome ncRINA sets in human (51), chicken (38), C. elegans (89), and
D. melanogaster (J. Daub, C. Bergman, D. Ardell & S. Griffiths-Jones, unpublished). A summary of automated

analyses of human and mouse ncRNA:s is also provided (EnsEMBL)

H. sapiens H. sapiens M. musculus G. gallus C. elegans D. melanogaster
(automated) (manual) (automated) (m )] (m )] (manual)
tRNA 513 496 3278 280 592 297
5S 294 14 147 12 15 99
5.8S 8 0 13 3 2 2
18S 0 0 0 0 3 0
26S 0 0 0 0 1 0
Ul 142 14 174 18 12 5
U2 99 14 42 6 19 6
U4 119 2 58 4 5 3
U5 36 4 13 9 13 7
U6 823 49 512 15 23 3
U4atac 0 1 0 1 0 2
UGatac 0 5 0 4 0 1
Ul1 0 1 0 1 0 1
U1z 2 1 6 1 0 1
miRNA 563 474" 549 121 117 78
snoRNA 574 375" 526 83 8 250
SRP 83 3 4 3 5 2
RNase P 2 1 4 1 1 1
RNase MRP 1 1 0 0 0 0
Telomerase 1 1 2 1 1 0
Y 806 32 20 2 1 0
7SK 164 1 22 4 0 0
U7 157 41 1 0 0
Vault 5 0 2 0 0 0

“ Updated numbers of miRNAs and snoRNAs are derived from the miRBase and snoRNABase databases.

Ribosomal RINAs

The eukaryotic ribosome contains four rRINA
species: SSTRINA, 5.8S rRNA, and small (185)
and large (26S) subunit rRNAs. The atomic
structure of prokaryotic ribosome subunits
shows that RNA has both major structural and
catalytic roles. RNA is responsible for the ar-
rangement of the A- and P-sites and their sub-
strates, and the ribosome itself is a ribozyme,
with RNA performing the catalytic function
of peptide-bond formation (reviewed in 73).
In higher eukaryotes, 5.8S, 18S, and 26S
rRNA genes are usually arranged in tan-

dem arrays that contain many hundreds of
copies. The rRNA genes are separated by in-
ternally transcribed spacer (I'TS) sequences in
the arrangement 18S-ITS1-5.8S-1TS2-26S
(39). However, complete 18S and 26S rRNA
sequences are often missing from assem-
bled genome sequences because such tandem-
repeat regions are selected against both dur-
ing the shotgun sequencing and assembly pro-
cesses. In human, around 150-200 copies of
the 44-kb rDNA repeat reside on the short
arms of chromosomes 13, 14, 15, 21, and
22 (51), but the annotated genome sequence
has no single intact copy of the repeat. Eight
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dispersed copies of 5.85 RNA are easily anno-
tated using the Rfam/INFERNAL approach.

5S rRNA is also arranged in tandem re-
peats, the largest of which is located in the
subtelomeric region of human chromosome
1q (51). The Rfam model identifies close to
300 5S rRNA sequences, mostly dispersed
throughout the genome and thus likely to be
nonfunctional pseudogenes. Only 14 human
5S sequences are classified as authenticrRNAs
by manual annotation.

Spliceosomal RINAs

The spliceosome is a large ribonucleopro-
tein complex containing five RNA species
[snRNAs U1, U2, U4, U5, and U6] together
with over 200 proteins (94). The functions
of the RNAs are well described (101). Inter-
actions between pre-mRNA and snRNA are
responsible for splice-site (U1) and branch-
site (U2) recognition. Base pairing with a
conserved loop of U5 snRNA is partially re-
sponsible for aligning the two flanking exons.
A di-snRNA complex of U4 and U6 forms
prior to activation of the spliceosome, from
which U4 is subsequently removed. During
the splicing reaction, U6 binds U2, replacing
Ul. Like rRNAs, snRNAs are heavily modi-
fied by pseudouridylation, 2’-O methylation,
and base methylation, with such modifications
being essential for the proper formation of
snRINP complexes and splicing (93). Itis sug-
gested that the catalytic steps in the splicing
reaction are mediated by spliceosomal RNA
94).

Plants and some animals also have a
second, so-called minor or Ul2-dependent
splicesome. The minor spliceosome is in-
volved in the splicing of U12 introns, with
characteristic AT/AC splice sites, as opposed
to the canonical GT/AG sites. It also uti-
lizes U5 snRNA, along with U4atac, U6atac,
Ull, and Ul2 species. The U4/U4atac,
U6/Ubatac, U1/Ul11, and U2/U12 pairs are
structural and functional homologs (101).

Automated homology-based annotation of
spliccosomal RNAs in the human genome
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identifies well over 800 U6-related sequences.
In contrast, similar analyses of the chicken
genome sequence suggests a minimal func-
tional set of only 10-20 U6 genes. Thus, the
vast majority of human homologs are likely
to be pseudogenes. Other spliceosomal RNA
classes have similar, albeit less extreme, num-
bers of pseudogenes in mammals. Rfam iden-
tifies U12 snRNA homologs in all analyzed
mammalian and fish genomes, and minor
splicesomal RINAs have also been annotated in
Drosophila (74). The absence of minor spliceo-
somal snRNA homologs in C. elegans is con-
sistent with its expected lack of U12 introns.

A recent study confirmed the expression
of three Ul human snRINA variants that lack
complementarity to the canonical 5’ splice site
(48). These sequences can be identified by ho-
mology searches with previously known Ul
sequences, but are classified as putative pseu-
dogenes in the manually curated set (Table 1).
These results raise the possibility that a num-
ber of other snRINA-related sequences may
represent functional RNAs that bind non-
canonical recognition sites.

Small Nucleolar RNAs

snoRNAs direct the site-specific modifica-
tion of ribosomal RNAs and other ncRNAs
in Eukaryota and Archaea. Two classes of
snoRNAs, called C/D box and H/ACA box,
guide 2'-O-ribose methylation and pseu-
douridylation modifications, respectively (see
Figure 1). The RNAs act as guides, base pair-
ing with complementary regions of the tar-
get RNA, while the catalytic function resides
with proteins in the snoRNP complex—
specifically, fibrillarin for methylation and
dyskerin for pseudouridylation (18).

A third family of guide RNAs is
termed the small Cajal body-specific RINAs
(scaRNAs). scaRNAs accumulate in Ca-
jal bodies, subnuclear organelles where the
final steps of spliceosome assembly take
place, where they guide the modification of
the RNA-polymerase-II-transcribed spliceo-
somal RNAs Ul, U2, U4, U5, and U12 (17).
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scaRNAs are often composed of both H/ACA
and C/D box domains, but some have two
H/ACA domains or one or two C/D box do-
mains (55).

The snoRNABase database catalogs the
presence of 257 C/D box snoRNAs, 94
H/ACA box snoRNAs, and 25 scaRNAs in
the human genome. These sequences are of-
ten well conserved—about 65 have reported
homologs in S. cerevisize (55). Mammalian
snoRNAs are usually located in the introns
of protein-coding mRNA transcripts. More
than 60% of human sno/scaRNAs (230/375)
reside within introns associated with tran-
scripts in the EnsEMBL database. A small
number of snoRNAs appear to be transcribed
independently by RINA polymerase II (93).
An increasing number of transcripts that host
snoRNAs appear not to encode proteins; some
may be functional mIncRNAs, whereas others
may be so-called “inside-out” genes, with the
intronic snoRNA the sole functional product.
snoRINABase contains target ites for 215/375
(57%) of human sno/scaRNAs. A growing
number have no obvious complementary sites
in known rRNAs/snRNAs, and may guide the
modification of other classes of RNAs, in-
cluding mRNAs. For example, the C/D box
snoRINA HBII-52 regulates alternative splic-
ing of the serotonin receptor 2C mRNA (45).
Several clusters of snoRINAs reside within im-
printed regions of the human genome, but no
imprinting function has yet been defined.

microRNAs

The most startling recent development in the
ncRNA field has been the widespread impor-
tance of miRNAs. miRNAs are short ~22-nt
sequences that inhibit the expression of target
genes by binding to complementary regions in
the 3" UTRs of transcripts, triggering trans-
lational repression or transcript degradation.
The history of their discovery and details of
their biogenesis pathways are reviewed else-
where (44, 53). In summary, the mature ~22-
nt miRNA is excised from a stem loop called
the precursor miRNA (pre-miRNA) by the

ANANNA

Figure 1

Secondary structures of (#) C/D box and (#)) H/ACA box snoRNAs (black).
Complementary binding to rRINA (blue) is shown, just 5 of the D (and
sometimes D’) boxes in C/D small nucleolar RNAs (snoRNAs), and in the
bulge loops of H/ACA snoRNAs. Characteristic sequence motifs are boxed,
and the position of ribosomal RNA (rRNA) modifications circled.

ribonuclease enzyme DICER. In mammals,
the pre-miRNA is around 70 nt long, and
is in turn processed from the primary tran-
script (pri-miRINA) by the DROSHA enzyme.
The duplex of mature miRNA sequence and
the sequence from the opposite arm of the
precursor hairpin (called the miR* sequence)
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is recruited into the RNA-induced silencing
complex (RISC). Identical mature miRNA
products can be processed from more than
one hairpin precursor, expressed from multi-
ple genomic loci. A scheme for miRNA-gene
nomenclature is described elsewhere (1, 26).

The miRBase database contains 474 hu-
man precursor miRNAs, which give rise to
443 distinct mature products (26, 28). The
genomic context of these sequences is var-
ied and interesting (see Figure 2), with 212
(45%) appearing to be expressed on the same
strand within introns of EnsEMBL protein-
coding genes. An additional 22 have evidence
of intronic expression based on expressed se-
quence tag (EST) data. The available evidence
suggests that these human intronic miRINAs
are processed from host transcripts, rather
than as autonomous transcription units (4,
83). Twenty one overlap exons of annotated
transcripts, and 14 map to UTRs, although in
many cases, alternative splicing serves to lo-
cate these miRNAs in introns. Forty miRINAs
overlap transcripts in the opposite orienta-
tion, with over two thirds of these having an
intron at the same position on the opposite
strand.

The nature of intergenic miRNA pri-
mary transcripts is poorly understood. Only
a very small number have been experimen-
tally characterized (12), with the available ev-
idence suggesting that the pri-miRNA may be
long (perhaps 10 kb or more), is transcribed
by RINA polymerase II (54), is capped and
polyadenylated, and may contain more than
one pre-miRNA. Roughly 46% (216/474) of
human pre-miRNAs are located within 5000
bases of another miRINA sequence, making
up 52 clusters. The largest of these contains
36 closely related pre-miRNAs (the mir-512
family) in a region of human chromosome 19
that spans over 70 kb. A well-studied clus-
ter of six miRNAs on human chromosome
13, with paralogous copies on chromosomes
7 and X (Figure 24) (90), was implicated as
a human oncogene, with established roles in
B-cell lymphomas (36) as well as lung (34) and
breast cancers (40).

Griffiths-Fones

Other Small ncRNA Families

Both manual and automated analyses of the
human genome sequence identify tens to hun-
dreds of homologs of a further eight classes
of classical ncRNA genes. The related RNase
P and RNase MRP sequences are enzymati-
cally active RNAs involved in processing pre-
cursor tRNAs and rRNAs, respectively (102).
SRP RNA is an essential component of the
signal-recognition particle, and the telom-
erase RNA carries the telomere template, to-
gether with an H/ACA box snoRNA domain.
7SK RNA inhibits the kinase activity of the
CDK9/cyclin T complex, leading to reduced
transcription by RNA polymerase I (71). The
vault is a huge ribonucleoprotein complex of
unknown function.

"Two recent findings add to the complexity
of the human RNA repertoire. Pollard et al.
(79) reported a computationally predicted,
novel RNA gene that is very rapidly evolv-
ing in the human lineage (based on human/
chimpanzee genome-sequence comparisons)
and is expressed during cortical develop-
ment. This finding suggests an intriguing role
for RNA in the expansion of brain func-
tion in humans. A class of short RNAs,
called piwi-interacting RNAs (piRNAs), was
recently discovered to be associated with
piwi-domain proteins in the mammalian
germline (2, 25). Tens of thousands of can-
didate piRNAs reside in large clusters in the
mouse genome. Orthologous regions are con-
served in the human genome, but appear
to give rise to distinct piRNNA sequences.
Their function is currently unknown, but
a role in gametogenesis has been proposed
(2,25).

HOW MANY ncRNAs RESIDE IN
THE HUMAN GENOME?

Conservative manual approaches identify
around 1700 classical ncRNAs in the hu-
man genome. Automated homology search
methods predict over 4000 ncRNAs, with
many of these likely reflecting pseudogenes
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Figure 2

microRNA (miRNA) gene contexts. (#) The mir-17 cluster has paralogous copies on human
chromosomes 7 and X. Colors depict three families of miRNA precursors, with mature miRNAs
indicated by the light bands. (b) Paralogous miRNAs mir-107 and mir-103 are expressed from introns of
paralogous panthenoate kinase (PANK) genes on human chromosomes 10, 20, and 5 (EnsEMBL
accessions ENST00000371774, ENST00000316562, and ENST00000239231). (¢) The noncoding
DLEU?2 locus on human chromosome 13 (two representative transcripts shown, VEGA accessions
OTTHUMTO00000044954 and OTTHUMT00000044960) contains mir-15a and mir-16-1. Filled exons
represent open reading frames. (#) is adapted from (90) with permission.

www.annualreviews.org o Annotating Noncoding RNA Genes 289

I' mir-107



Annu. Rev. Genom. Human Genet. 2007.8:279-298. Downloaded from arjournals.annualreviews.org
by Stanford University Robert Crown Law Lib. on 11/17/07. For personal use only.

290

and repeat-derived sequences. De novo gene-
prediction programs identify upwards of
30,000 genomic sequences whose conserva-
tion patterns suggest structured RNA, but
the false-positive rates for these predictions
are likely to be high. mIncRNAs appear to
be prevalent, with over 30,000 non-protein-
coding full-length ¢cDNA sequences cata-
logued, but the proportion that are func-
tional is essentially unknown. Although such
numbers are interesting, they are preliminary
at best, and any discussion about the total
ncRNA countin the human genome is largely
speculative.

More informed discussion about specific
classes of RNA is possible. The miRBase
database contains 474 human miRNA se-
quences, already far more than the early
estimates that put the total number at no
more than 255 (56). Necessarily, the current
miRNA set is biased toward those that are
conserved (and have thus been amenable to
prediction by computational approaches) and
highly expressed (and thus easily detected ex-
perimentally). Recent evidence suggests that
significant numbers of miRNAs may be pri-
mate specific (5, 7), and have specific tem-
poral and spatial expression patterns. Indeed,
second-generation miRNA-detection meth-
ods [e.g., amplification cloning protocols (91),
microarray assays (5, 8), and deep sequenc-
ing] are identifying hundreds of candidate
miRNAs. A phylogenetic-profiling method
predicts close to 1000 miRNA sequences that
are conserved between human and rodent (6).
Speculation that the human genome contains
tens of thousands of miRINAs is not yet well-
supported by the data, but the presence of
1000 human miRNAs is fast becoming a real-
istic estimate.

FUNCTIONAL PRODUCTS OR
NOISY TRANSCRIPTION

Understanding the function of all ncRNAs in
the vertebrate genome is a far more perti-
nent problem. The known functional reper-
toire of ncRNAs is large. In addition to the

Griffiths-Fones

functions described above, RNAs have roles in
gene silencing, antisense regulation, imprint-
ing, DNA methylation, chromosome mainte-
nance and segregation, and processing of the
3’ ends of transcripts (9, 64, 69, 85). How-
ever, some known classical RNAs are still
without an assigned function. For example,
the vast majority of experimentally annotated
miRNAs have unknown targets, and compu-
tational target prediction is a difficult prob-
lem. An increasing number of snoRNAs are
also without identified targets. Y RNAs, com-
ponents of the Ro ribonucleoprotein complex,
were identified in 1981 (37), yet were only
found to be involved in chromosomal DNA
replication in 2006 (16). The functions of al-
most all mIncRNAs are unknown.

The question of how much non-protein-
coding transcription is functional remains ac-
tively debated. Such prolific transcription can
be viewed in two ways: that the majority of
the human genome is functional through the
action of transcribed, mostly noncoding, se-
quences, or that most noncoding transcrip-
tion is biological noise. The latter could re-
sult from background levels of transcription
that may result from initiation by randomly
distributed cryptic promoter signals and tran-
scriptional readthrough of termination sig-
nals. Only 5-10% of the human genome is
conserved at thresholds commonly used to in-
fer evolutionary constraint (51, 60, 99), and
only 3-4% of mouse FANTOM cDNAs are
conserved in human (13). However, func-
tional RNAs may be conserved at a struc-
tural level in the absence of conservation at
the primary-sequence level (75). Indeed, the
primary sequences of several well-described
miIncRNAs are not well conserved among
mammals, including Xistand Air (70). Itis dif-
ficult to rule out the possibility that so-called
noncoding transcripts do in fact encode small
proteins (22). It is also important to consider
that the act of transcription may be a func-
tion in itself (for example, keeping a chro-
mosomal region “open” for processes such as
replication, other transcription, or epigenetic
modification).
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A paradigm shift relating to RNA func-
tion is not well supported by genetic screens,
which have historically provided many more
mutations with functional consequences in
protein-coding transcripts than in ncRINAs
(66). Possible explanations for this include
a bias toward the publishing of protein-
coding data and the tolerance of RNA func-
tion to point mutations. However, deleting
megabase-sized regions of the mouse genome,
selected as deserts with respect to protein-
coding genes but containing more than 1000
noncoding sequences, resulted in viable mice
with no obvious phenotypes (72). Although
it is tempting to believe that increasingly
sensitive transcription assays will eventually
suggest that every base in the (euchromatic)
genome is transcribed at some time in some
cell (100), the relevance of such widespread
transcription to the functional repertoire of
RNA is not yet clear.

IMPROVING THE FUNCTIONAL
ANNOTATION OF RNA
SEQUENCES

How then can we improve our ability to
predict classical ncRNA function? Better
homology-detection methods can directly im-
prove the assignment of function based on
relationships among related sequences. Cur-
rently, many known ncRINA families are re-
stricted to narrow taxonomic ranges. Despite
intensive searches, telomerase RNA is largely
unknown outside ciliates and vertebrates, yet
is expected to be present in most higher eu-
karyotes; the C. elegans homolog was recently
detected by improved computational meth-
ods (46). RNase P is ubiquitous and well de-
scribed, yet the C. elegans homolog was only
recently identified in the same study, and this
gene has yet to be identified in the Aquifex
genome (62). Many experimentally validated,
small bacterial RNAs are known only in E. coli
and its close relatives. We often do not know
whether RNA functions are truly so specific,
or whether we are simply unable to recognize
remote homologs. For example, the E. coli 6S

RNA family was, until recently, unknown out-
side y-proteobacteria. Computational analy-
ses have now identified homologs in diverse
bacterial groups, including previously identi-
fied ncRNAs of unknown function in B. subtilis
and cyanobacteria (3).

RNA gene identification, both homolog
detection and de novo predicton, currently
relies almost exclusively on RNA sequence
and structure. Improved methods would likely
utilize a much wider range of available sig-
nals. For example, ribosomal-modification
maps improve the sensitivity of snoRNA-
prediction methods. Prediction of promoter
sequences (including internal RNA poly-
merase III signals) may enable better distinc-
tion between real ncRNAs and pseudogenes.
Protein-binding signals, such as for Sm pro-
teins in many snRINAs, may also be of use. Itis
interesting to note that ncRNA genes do not
appear to be conserved with respect to gene
order and orientation, in marked contrast to
protein-coding genes (38). Synteny is there-
fore not a useful signal for ncRNA detection.

Itappears that most novel functional infor-
mation about ncRNAs will come directly from
experimental studies. However, increased un-
derstanding about how ncRNA structure re-
lates to function may lead to improved func-
tional predictions for novel ncRNAs. Many
classical RNAs demonstrate a pattern of se-
quence conservation with lower mutation
rates in base-paired regions and higher rates
in loops, as a consequence of selection pres-
sure to maintain the overall structure. How-
ever, structure may be conserved without con-
serving the primary sequence, and the sites in
loops may be highly conserved for binding or
catalysis (see Figure 3). For example, miRINA
stems are highly conserved, both because the
mature miRNA needs to be heavily sequence-
constrained to retain complementarity to its
targets and because the structure must be con-
served for proper processing. Orthologous
snoRNAs have conserved loops for comple-
mentary binding to the target RNA, and many
other RNAs form an intermolecular base-
paired structure. Alternate structures can be
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Figure 3

Multi-sequence alignments of (#) vertebrate mir-200a precursor-flanking sequences and (4) animal and
plant Ul spliceosomal RNA sequences. Color represents the degree of sequence conservation, and the
consensus secondary structure is shown below in dot-bracket notation. The helical region of the
microRNA (miRNA) precursor includes the mature miRNA product (#nderlined) and is highly conserved.
The secondary structure of the Ul RINA is conserved without high sequence conservation, whereas the
loop regions, including a known 5’ splice site complementary region and Sm protein-binding sequence
(underlined), are highly conserved.

used as regulatory switches (for example, by ri-
boswitch elements). Sequence- and structure-

standing of the non-protein-coding portion
of the human transcriptome is rudimentary,
conservation patterns are therefore likely to
be highly family specific (I. Holmes & S.
Griffiths-Jones, manuscript in preparation).
In summary, although our functional under-

there is hope that computational analyses can
be effectively combined with experimental
studies to improve the annotation of func-
tional RNAs.
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SUMMARY POINTS

1

. Although the robustness of de novo RNA gene prediction programs is improving

rapidly, reliable genome-wide ncRNA annotation is currently restricted to homologs
of known structured RNA families.

. More than 1500 classical ncRNA genes have to date been manually annotated in the

human genome, with over 4000 related sequences detected by automated methods.

. High-throughput ¢cDNA-sequencing efforts have revealed more than 34,000 se-

quences that are annotated as mIncRINAs. A number of experimental techniques
suggest that the majority of the human genome is transcribed, but the functional
significance of this transcription remains to be established.
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