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The past four years have seen an explosion in the
number of detected RNA transcripts with no apparent
protein-coding potential. This has led to speculation
that non-protein-coding RNAs (ncRNAs) might be as
important as proteins in the regulation of vital cellular
functions. However, there has been significantly less
progress in actually demonstrating the functions of
these transcripts. In this article, we review the results of
recent experiments that show that transcription of non-
protein-coding RNA is far more widespread than was
previously anticipated. Although some ncRNAs act as
molecular switches that regulate gene expression, the
function of many ncRNAs is unknown. New experi-
mental and computational approaches are emerging
that will help determine whether these newly identified
transcription products are evidence of important new
biochemical pathways or are merely ‘junk’ RNA gener-
ated by the cell as a by-product of its functional
activities.

Introduction

RNAs are split into two distinct classes: messenger RNAs
(mRNAs), which are translated into proteins, and the non-
protein-coding RNAs (ncRNAs), which function at the
RNA level. For many years it was believed that there were
only a few ncRNAs, and they (e.g. tRNAs, rRNAs and
spliceosomal RNAs) were considered accessory com-
ponents to aid protein functioning. To some degree, these
beliefs were fostered by the time-consuming and laborious
techniques required to identify these RNAs experimen-
tally, and by the lack of sequenced genomes and appro-
priate bioinformatics approaches needed to detect them
computationally. Thus, identification of novel ncRNA
species and elucidation of their function occurred rather
by chance than by systematic screens. Hence, even large
RNA classes, such as snoRNAs and microRNAs, remained
undetected for many years.

Nevertheless, over time it became apparent that there
are numerous ncRNAs, and that their cellular functions —
on their own or in protein complexes — are varied and
important (for reviews, see Refs [1-5]). In the past few
years, new experimental strategies, termed ‘experimental
RNomics’, were developed that demonstrated that the
number of ncRNAs in genomes of model organisms is
much greater than was previously anticipated (Box 1).
The application of experimental RNomics from
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Escherichia coli to Homo sapiens resulted in the identifi-
cation of numerous novel ncRNA candidates. However, the
function of approximately half of these ncRNA candidates
could not be deduced because they lacked the sequence or
structural motifs that would have enabled their assign-
ment to an existing ncRNA class [6-13]. Meanwhile, new
computational approaches (Box 2) have also detected
experimentally verified ncRNAs, particularly in the
compact genomes of species of Bacteria [14-16] and
Archaea [17].

These results have fuelled speculation that ncRNAs
might be important to understanding the increased
complexity observed in mammals, because mammalian
genomes have only slightly more protein-coding genes
than ‘lower organisms’ such as flies or worms [4]. It
remains to be seen whether the current hope and
excitement surrounding the discovery of novel ncRNAs
is well deserved or whether all of the hype will soon
vanish.

ncRNAs: the present

Much of the recent research on ncRNAs has focused on
improving our understanding of the functions of two large
classes of ncRNAs: (i) small nucleolar RNAs (snoRNAs);
and (ii) the microRNA (miRNA) and small interfering
RNA (siRNA) family, in addition to the identification of
new ncRNA candidates that apparently do not belong to
any known ncRNA family.

Small nucleolar RNAs: new targets and cellular locations
are emerging

The snoRNA family is divided into two subclasses: box
C/D and H/ACA snoRNAs, which direct site-specific
2’-O-ribose methylation and pseudouridylation of target
RNAs, respectively [18,19]. snoRNAs have been identified
by experimental and computational means. For organisms
with compact genomes, the detection of novel snoRNAs
by computational methods has been impressive. For
example, in the yeast Saccharomyces cerevisiae, virtually
all snoRNAs that are involved in rRNA modification have
now been identified computationally [20,21]. By contrast,
in mammals most C/D and nearly all H/ACA snoRNAs
have been identified by experimental RNomics approaches
on nucleolar or total cellular RNA from human or mouse,
respectively [7,19].

Initially, the targets for snoRNA-mediated modifi-
cations appeared to be restricted to rRNA, and their only
known subcellular location, in Eukarya, was the nucleo-
lus. However, recently the range of targets has been
extended to snRNAs and tRNAs. Moreover, those eukaryal
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Box 1. Experimental screens for identification of non-coding RNAs

‘RNomics’ is an area of research that seeks to identify ncRNA genes by
experimental methods. This can be achieved by either generating
specialized cDNA libraries encoding ncRNAs (Figure 1) or micro-array
techniques. For the generation of specialized cDNA libraries, a size
selection of total, phenol-extracted-RNA derived from cells or tissues
of a model organism is achieved by denaturing gel electrophoresis.
For the majority of these approaches, a size selection of 50-500 nt is
performed because small ncRNA species usually exhibit sizes <500 nt
[3,84]. For identification of miRNAs and siRNAs, RNAs that are
~18-25 nt are selected specifically by gel electrophoresis. Alterna-
tively, ribonucleo-protein particles (RNPs) can be purified from cells
and immuno-precipitated with specific antibodies directed against
known RNA-binding proteins, followed by phenol extraction (Figure |).
This enables identification of a specific class of ncRNAs that associate
with specific RNA-binding protein(s) [19].

Different strategies can be employed to convert isolated ncRNAs
into cDNAs. First, reverse transcription of small ncRNAs (which
usually lack a polyA tail) requires the addition of a linker fragment of
known sequence to the 3’-end of the ncRNA. This can be achieved by
an oligonucleotide (RNA or DNA), which is ligated to the 3’-end of
ncRNAs by RNA T4 Ligase. Alternatively, polyA polymerase can be
used to add a polyC tract to the 3’-ends of the ncRNA fraction.
Subsequently, a second linker fragment of known sequence is ligated
to the 5’-end of ncRNAs.

‘snoRNAs’ that target snRNAs have been found to localize
to the Cajal bodies (intra-nuclear structures involved in
snRNA processing), belying their designation as nucleolar
RNAs [19,22]. In addition, a growing number of so-called
‘orphan’ snoRNAs, which do not appear to target any
ncRNA species, have been isolated independently by
several screens [7,18,19]. Orphan snoRNA specimens
might function distinctly, for example, as RNA chaperones
or by guiding modification of other cellular RNAs. In this
context, it was proposed that a brain-specific, human
snoRNA might target a protein encoding mRNA (the
serotonin receptor 5-HT2¢c mRNA); however, this still
awaits experimental confirmation [6].

The rapidly expanding world of miRNAs and siRNAs
miRNAs and siRNAs are the second relatively new
class of ncRNAs [23-29]. They have a similar size

Linker-ligated ncRNAs or polyC tailed and linker ligated ncRNAs are
reverse transcribed into cDNA by RT-PCR. The resulting cDNAs are
cloned into a vector (e.g. pGEMT) and sequenced. To avoid redundant
expression of already known ncRNA species (e.g. tRNAs, small rRNAs
or snRNAs), cDNA clones can be spotted on filters in high-density
arrays and screened with oligonucleotide probes directed against the
most abundant known ncRNA species [84].

Initially, cDNA sequences are analysed by bioinformatical
methods and database searches (e.g. BlastN). Second, the genomic
localization of potential novel ncRNA genes (i.e. novel ncRNA
‘candidates’) is followed by analysis of their temporal, develop-
mental and tissue-specific expression by northern-blot analysis.
Third, sub-cellular localization of ncRNAs can be analysed by using
sub-fractionated total RNA (cytoplasmic or nuclear fraction) in
northern-blot analysis. Finally, in selected cases, affinity chromato-
graphy, using the in vitro transcribed RNA as ‘bait’, can identify
proteins that bind to the ncRNA ‘candidate’. By loading protein
fractions onto the purification column, ncRNA-binding proteins can
be isolated and micro-sequenced.

Although none of these steps, by itself, is likely to determine the
function of a novel ncRNA, taken together they might hint at its cellular
function. Ultimately, only the genomic deletion analysis of an ncRNA
gene, which is currently a time-consuming method, can identify the
function of an ncRNA in a cell in vivo.

(~21 nucleotides) and a similar mechanism of generation.
Both miRNAs and siRNAs are excised from longer, double-
stranded-RNA-precursor molecules by an RNase III-like
enzyme, Dicer [30-32]). Until recently, miRNAs and
siRNAs had only been identified in Eukarya [26].
However, now, viral encoded miRNAs have also been
detected, including one that can target viral DNA
polymerase [33].

Both miRNAs and siRNAs function by an antisense-
based mechanism, similar to that observed for snoRNAs.
In contrast to snoRNAs, which only target other ncRNA
species, miRNA and siRNAs target protein-coding
mRNAs. In vertebrates, for example, miRNAs are thought
to inhibit the translation of target mRNAs through partial
complementarity to their 3’-untranslated region (UTR) by
a currently unknown mechanism [34,35], whereas siRNAs
that exhibit full complementarity to target mRNAs direct

Box 2. Computational screens for identification of non-coding RNAs

Computational identification of ncRNAs has been attempted for at
least 25 years - almost as long as protein-coding genefinders have
been used. However, computational detection of ncRNAs is far more
difficult than detection of protein-coding genes. ncRNAs often lack the
characteristic features used by genefinders for protein-coding genes
(e.g. start and stop codons, synonymous codon degeneracies, open
reading frames, splice sites, polyadenylation sites and proximity to
CpG islands). In contrast to protein-coding genes, ncRNA genes are
typically short, have widely varying motifs and are often characterized
more by their secondary structure than by their primary sequence.
Consequently, most successful ncRNA genefinders have been
custom-designed programs that search for a single class of ncRNAs.
Examples include tRNAScan-SE for tRNAs (http://lowelab.ucsc.edu/
tRNAscan-SE/), snoscan for C/D Box snoRNAs (http://lowelab.ucsc.
edu/snoscan/), snoGPS for H/ACA snoRNAs (http:/lowelab.ucsc.edu/
snoGPS/) and mirscan (http:/genes.mit.edu/mirscan/) and other
programs for microRNAs. By contrast, some ncRNA genefinding
programs are designed to be reconfigurable - so that the user can
specify a set of ncRNA motifs to search for. Programs of this class
include RNAmotif (http://www.scripps.edu/mb/case/casegr-sh-3.5.
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html), Erpin (http://tagc.univ-mrs.fr/erpin/) and Patsearch (http:/
www.ba.itb.cnr.it/BIG/PatSearch/). However, such reconfigurable pro-
grams typically have less sensitivity and specificity than customized
ncRNA genefinders. In practice, few experimentally verified ncRNAs
have been found with reconfigurable ncRNA genefinders [85].

Programs that attempt to identify ncRNAs for which no a priori
model of sequence or secondary structure is available have also been
attempted. One example is QRNA a program that searches for pairs of
secondary-structure-conserving mutations between homologous
sequences (www.genetics.wustl.edu/eddy/software/) [14]. QRNA has
detected ncRNAs in Escherichia coli, Saccharomyces cerevisiae and
Pyrococcus furiosus that were subsequently verified experimentally.
Other genefinder programs exploit specific base-composition vari-
ations characteristic of ncRNAs (e.g. GC%). Such programs have had
modest success in detecting novel ncRNAs, particularly in hyper-
thermophiles. However, computational detection without sequence or
secondary-structure models is difficult, and such programs often miss
known ncRNAs. For original references on these programs and
additional details on the development of computational genefinders
for ncRNAs, see Ref [85].
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Figure I. The construction of an unbiased, general purpose cDNA library (upper right) of ncRNAs or a more specialized library encoding RNAs form a specific ncRNA
subclass, for example, snoRNAs (upper left). Sub-class enrichment is achieved by immuno-precipitation of a cell lysate with an antibody directed against an RNA-binding
protein that is specific to the subclass (indicated by red circles; green hexagons and blue squares represent other RNA-binding proteins). Two different methods of
generating a cDNA library enriched for ncRNAs are illustrated in the middle part of the figure. The C-tailing and linker-ligation approach is shown on the left and a linker-

ligation protocol is shown on the right [84].

mRNA cleavage; this mechanism is designated as RNA
interference (RNAi). Thus, both subclasses of siRNAs and
miRNASs can be considered as molecular switches, which
can regulate gene expression. Because siRNAs can be
administered to cells by lipotransfection [36], the thera-
peutic application of siRNAs as a tool to treat human
diseases by knocking down the expression of certain
disease related genes is currently being investigated,
with promising results [37,38].

www.sciencedirect.com

siRNAs and miRNAs do not exert their function as
naked RNA; they work in combination with RNA-binding
proteins, forming a ribonucleo-protein complex known as
RNA induced silencing complex (RISC). RISC contains a
single strand of the miRNA—siRNA duplex, which targets
mRNAs by base complementarity [32]. Recently, the
enzyme required for mRNA cleavage by siRNAs has
been identified as one of the integral components of the
RISC complex (argonaute or Ago2) [39].
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Whole-genome screens for miRNAs and siRNAs were
initially based on experimental RNomics approaches: by
cloning the 21-nt RNA fraction from total RNA in model
organisms, thus generating specialized ¢cDNA libraries
(Box 1). Later, it became evident that miRNAs were
processed from distinct stem-loop structures of pre-
miRNA precursors. This observation enabled the develop-
ment of new miRNA search algorithms that could be
applied to genomic sequences [40-42]. Using these
algorithms, the number of miRNAs in H. sapiens has
now reached ~250 (i.e. ~1% of the number of human
protein-coding genes) [26]. In addition to finding novel
miRNAs, bioinformatical analysis has led to the identifi-
cation of potential target sites within the 3’-UTRs of
mRNAs [42-46]. Interestingly, in vertebrates single
miRNAs might have as many as 100 different mRNA
targets; therefore, it is possible that ~10 000 protein-
coding genes in humans are regulated by miRNAs [47]

Detecting other classes of ncRNAs

Numerous RNAs have been identified that do not belong to
any of the ncRNA families of known function (tRNAs,
rRNAs, snRNAs, snoRNAs, miRNAs and siRNAs). Most of
these — particularly those identified in experimental
RNomics screens — are short (i.e. <500 nt). Although
some have known functions [48], for the majority —
especially for the more recently discovered ncRNAs — no
function has been elucidated [5-11,13]. Indeed, it is not
even known whether these RNA transcripts have any
function, and consequently they are more appropriately
considered as ncRNA ‘candidates’.

In addition to the short ncRNAs, numerous long
ncRNAs have been detected that consist of several
thousand nucleotides or more. In Eukarya, these RNAs
are believed to be transcribed from Pol II promoters,
and sometimes are alternatively spliced and/or poly-
adenylated and, therefore, might have evolved from
genes that have lost their protein-coding capacity. Some
of these long ncRNAs function in regulatory mechanisms
such as dosage-compensation of the sex chromosomes
[e.g. X-inactive specific transcript (Xist), RNA antisense to
Xist (Tsix), RNA on X1 (r0oX1) and RNA on X2 (roX2)].
Several others [e.g. antisense to Igf2r (Air), H19, long QT
intronic transcript 1 (LIT1) and E6-AP unbiquintin
protein ligase antisense transcript (UBE3A-ATS)] have
been implicated in the regulation of imprinted genes in
mammals.

An intriguing example of an imprinted ncRNA with no
known function is UBE3A-ATS. This ncRNA is a 460-kb
long transcript containing >100 exons and its introns
include ~80 snoRNA genes [6,49]. Notably, most of the
known antisense RNAs found in imprinted domains are
expressed on the paternal chromosome, whereas all
methylation-based imprints are observed on the maternal
allele, leading to the speculation that ncRNAs could have
evolved as a paternal alternative to the DNA-methylation
imprint [50].

Other long ncRNAs that are thought to be of functional
importance for cell viability are expressed from both
chromosomes. The exact roles of these RNAs remain
largely elusive but potential functions for some of them
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have been suggested [51,52]. Those ncRNAs that are
involved in human diseases are particularly interesting.
NcRNAs have been linked to human neurodegenerative
disease (spinocerebellar ataxia type 8 (SCAS8); [53]),
hereditary hemochromatosis [54], schizophrenia [55] and
lung cancer [56]. It is not yet clear whether there are
additional large families of functional ncRNAs that have
not yet been identified. This might be the case for ncRNA
classes that are only present in a limited number of
organisms. One example of such a species-specific family
is the guide RNAs (gRNAs) of Trypanosome mitochondria
[57]. Another example was found recently in the slime
mold Dictyostelium discoideum. In this case, 14 represen-
tatives of a novel class of RNAs exhibiting conserved
sequence and secondary-structure motifs were identified
by an experimental RNomics approach [58]. Interestingly,
all members of this RNA class are developmentally
regulated, analogous to some miRNAs.

Other potentially new classes of ncRNAs include the
antisense RNAs, transcribed pseudogenes and riboswitch-
related ncRNAs. Recent evidence indicates that ~12% of
mammalian ncRNA transcription is antisense to some
other known gene [59]. It is not known to what extent
these antisense transcripts are functional. However, many
antisense transcripts are subject to additional RNA
processing such as splicing or RNA editing. Moreover,
some antisense transcripts have been implicated in gene
regulation at the level of imprinting, transcriptional
interference, RNAi or methylation modification [60]. In
addition, variations in antisense-transcription levels
appear to be correlated with certain disease states in
humans [60]. This evidence combined with the overall
level of antisense transcription suggests that many of
these ncRNAs might be important in regulating gene
expression.

An unexpected new family of ncRNA candidates is the
expressed pseudogenes. The human genome is estimated
to contain up to 20 000 pseudogenes and it has been
predicted that ~3% of them are transcribed [61]. In the
mouse, ~5000 processed pseudogenes have been identi-
fied and, to date, 48 have been detected in expressed cDNA
libraries [62,63]. The first examples of functional,
expressed pseudogenes were recently reported: these
pseudogenes either regulate the mRNA stability or
regulate the translation of their homologous coding
genes [61,64]. It seems probable that these are not isolated
examples and that other expressed pseudogenes will prove
to be functional.

Finally, the ‘riboswitches’ are ligand-binding regulat-
ory domains in the 5’-UTRs of certain eubacterial mRNAs.
Following ligand-binding, a conformational change occurs
that ultimately results in a change in the expression of the
downstream gene(s) [65]. In a broader sense, riboswitches
can be viewed as ‘mRNA-enslaved’ ncRNAs because they
execute their cellular function entirely at the RNA level.
In support of this view, a novel riboswitch class was
recently identified that functions as a metabolite-induced
ribozyme and acts independently of the downstream
mRNA sequences to which it is attached [66]. It remains
to be seen whether the concept of ligand-induced-ncRNA
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activation is a more common phenomenon and if it also
works in eukaryal species to regulate cell metabolism.

ncRNAs: the future

The number of known ncRNAs and putative ncRNAs of
unknown function has increased dramatically in the past
few years (Figure 1). Moreover, particularly in higher
eukaryotes, there is still room in the genome for the
discovery of novel ncRNA genes. Only a fraction of the
genome (i.e. ~1.4% in humans) is translated into proteins,
whereas ~27% is transcribed as introns and UTRs but not
translated [48,59,62,67—69]. In addition, ~25% of mam-
malian genomes are predicted to be transcribed but not
translated [52], further increasing the space for potential
novel ncRNA genes (Figure 2).

We still do not know whether we have identified all of
the ncRNAs, even in well-studied organisms with small
genomes such as S. cerevisiae or Escherichia coli let
alone in far more complex and larger genomes such as
H. sapiens. Recent data suggest that we might still have
only seen the ‘tip of the ncRNA iceberg’. For example, data
from micro-array experiments with whole-chromosome
tiling [59] and from genome-wide, full-length-cDNA
libraries [62,70,71] suggest that the number of transcribed
ncRNAs is far greater than previously thought. However,
there is still considerable debate as to whether the
recently detected transcripts are functional ncRNAs or
merely some kind of ‘transcriptional noise’.

This debate has occurred partly because the term
‘transcriptional noise’ is used in different, and not always
clearly defined, ways in the literature. In some cases,
transcriptional noise refers to experimental artifacts such
as genomic contaminants, incomplete intron digests of
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protein-coding genes or non-specific hybridization that
appear as cellular transcription. We will refer to these as
transcriptional artifacts. By contrast, the term transcrip-
tional noise is also sometimes used to indicate genuine
cellular transcription that, however, results in transcripts
with no biological function or activity; to avoid confusion, we
will refer to this as non-functional transcription. Finally,
there is the original definition of ‘transcriptional noise’ —
variations in the production level of a functional transcript
among identical cells in identical environments [72].

The case for the recently detected non-coding tran-
scripts not being transcriptional artifacts is strong. These
transcripts generally have polyA tails and nearby, experi-
mentally verified, transcription-factor-binding sites [59,73].
Many of these transcripts appear to be spliced; some have
been verified by northern-blot analysis or quantitative PCR,
thereby demonstrating their relative high abundance and
making it difficult to dismiss them as experimental artifacts
or mRNA-degradation fragments [59]. Although some of
these transcripts might have protein-coding regions that
had not been identified previously [74], many do not appear
to have any significant coding potential.

Are the newly identified ncRNA transcripts functional?

Whether the recent data demonstrate functional tran-
scription is less clear. On the one hand, many of the
transcripts are spliced or differentially expressed, sug-
gesting that the cell is devoting resources not only to
ensure their production but also for their regulation.
Moreover, a few functional ncRNAs, involved in genetic
regulation through sequence homology or complementar-
ity to protein-coding genes, have been identified among
large classes of detected transcripts (e.g. pseudogenes and
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Figure 1. The rapidly increasing number of mammalian ncRNAs and ncRNA candidates from 1999 to 2004. Estimates of sizes of families of known RNAs based on
experimental or computational studies of tRNAs, rRNAs, snRNAs [68], snoRNAs [19,68], miRNA and siRNAs [26]. Identical copies of rRNA, tRNA and snRNA genes are not
included in these estimates. The numbers for ncRNA candidates are estimated from data from mouse cDNA-transcript libraries [3,70]. The question marks reflect the current

uncertainty regarding the proportion of these transcripts that are actually functional.

www.sciencedirect.com


http://www.sciencedirect.com

294

TRENDS in Genetics Vol.21 No.5 May 2005

100 —

80

60 -

Percent

40 |

20

E. coli

S. cerevisiae C. elegans D. melanog. M. musculus H. sapiens

[l Transcribed and translated

|:| Transcribed but not translated
D Predicted to be transcribed

. No evidence for transcription

TRENDS in Genetics

Figure 2. Genomic space for the discovery of novel ncRNAs in higher eukaryotes. Estimated sizes of RNA fractions of representative bacterial or eukaryal genomes, which are
either protein-coding or non-protein coding, are given as percentages of the total size of the respective genome. The protein-coding estimates were obtained from
computational gene-finding programs applied to completed genomic-sequence data [48,67,68,83]. Transcriptional fractions for bacteria are estimated from Ref. [83] and from
unpublished data (J. Vogel, personal communication). For mammals, transcription estimates are based on tiling-microarray- and cDNA library-generation experiments
[52,59,62] in addition to unpublished data (M. Pheasant and J.S. Mattick, personal communication). Tiling-array data from human chromosomes 21 and 22 have been
extrapolated to the entire human genome. Drosophila melanogaster has been shortened to D. melanog. because of space restrictions.

antisense transcripts). It is possible that other ncRNAs
regulate protein-coding genes in a similar manner. More
remarkable is the recent example of genetic regulation by
a transcribed ncRNA that does not even depend on the
sequence of the transcript. At the genomic location
described in this example [75], the transcription of
essentially any ncRNA is sufficient to interfere with the
expression of an adjacent protein-coding gene in a
regulated manner. If this phenomenon is more widespread
it might explain the function of many ncRNA candidates.

On the other hand, most of these RNA species might not
be functional. Perhaps, they are merely random transcrip-
tion products resulting from the genomic distribution of
weak promoter and polyadenylation sites that occur by
chance in a three billion nucleotide genome. Possibly, the
cell does not ‘switch off” the promoters that transcribe
these ncRNAs, simply because it is too costly to completely
downregulate all non-functional transcription. Moreover,
because splicing and differential expression are also
controlled by short cis-acting sequences that occur by
chance even in a random sequence, the existence of spliced
or differentially expressed transcripts also does not
necessarily prove functionality. Finally, it is possible that
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the functional ncRNAs that are observed in antisense and
pseudogene transcripts are really just isolated cases and
not the tip of any ncRNA iceberg.

Some of the current data appear to support this non-
functional-transcription hypothesis. If the ncRNA tran-
scripts are functional, we might expect their interspecies
conservation patterns to be similar to those of known
functional ncRNAs. But that does not appear to be the
case. Known functional ncRNAs are highly conserved
between mouse and human. Moreover, they typically have
conserved secondary structures, resulting in mutual
covariance signals that are detectable by programs such
as QRNA [14]. However, on average, the novel mouse
ncRNA transcripts are no more conserved than random
intergenic regions [76]. In addition, among 296 recent
human ncRNA candidates, only 47 yielded positive QRNA
signals [71]. Of course, it is possible that the new
transcripts are functional and are less conserved than
the majority of known ncRNAs [77]. However, there is
little experimental data to support this hypothesis to date.

Additional clues to the functions of the novel ncRNA
transcripts might soon emerge from microarray experi-
ments. These experiments can be used to cluster
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transcripts on the basis of their expression patterns in
different tissues, during different developmental stages, in
varying cellular environments or disease states [78]. When
combined with immuno-precipitation (IP) enrichment
(Figure I in Box 1), microarray detection of ncRNAs should
facilitate the identification of RNA-binding proteins
(RNABPs) that are associated with specific ncRNAs. So
far, this approach for genome-wide association of RNAs and
RNABPs has only been applied to mRNAs [79]. Applying
microarray detection with IP enrichment to ncRNAs is more
challenging because ncRNAs typically have more internal
secondary structure than mRNAs; however, it should still be
feasible as demonstrated by a recent study using a
microarray that tiled yeast ncRNAs [80].

Differential expression or RNABP binding does not
prove transcript function. In principle, an alternative
approach to testing the non-functional-transcription
hypothesis could involve introducing large, artificial,
random DNA sequences into a mammalian genome and
investigating to what extent these sequences are tran-
scribed. However, although conceptually appealing, such
an approach would be challenging to implement. More-
over, it would require a credible underlying evolutionary
model to design the artificial DNA sequence. In particular,
the results of such an experiment would depend on the
distribution of promoter and polyA sites in the artificial
sequence. Because genome evolution has involved mul-
tiple duplications and translocations, the number of such
sites in non-functional, or no longer functioning, parts of
the genome might be different from the distributions
predicted by a purely random-sequence model.

Ultimately, the in vivo functions of ncRNAs can only be
assessed by gene knockout experiments. Clearly, testing
thousands of transcript knockouts is a daunting task.
However, recent experiments involving megabase dele-
tions in mouse [81] indicate that at least small-scale
experiments of this nature are feasible. In these experi-
ments, 2.3 Mb of mouse genome — including sequence
encoding four of the 11665 novel ncRNA transcripts
described in Ref. [62] — were deleted with no observable
phenotypic consequences. Extrapolating a background
rate for non-functional transcription from such limited
data is clearly premature. However, with additional
megabase-deletion data, an estimation of the level of
background, cellular non-functional-genomic transcrip-
tion might be feasible.

An alternative to ncRNA-transcript knockouts might be
the systematic inactivation of ncRNA transcripts by RNAi
‘knock-down’. Such RNAi knock-down has been shown to
enable a medium-to high-throughput analysis of all of the
protein-coding genes in a cell [27]. RNAi might not work as
well for ncRNAs because many ncRNAs are located in the
nucleus or nucleolus of the cell, whereas current RNAi
methods generally function in the cytoplasm. However,
recent results on knock-down of snoRNAs in trypanosomes
suggest that, at least in some cases, silencing of non-
protein-coding RNAs with RNAI is possible [82].

Concluding remarks
What can we conclude from all of the hype on the new ncRNA
transcriptional data? Do these results demonstrate — as
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has been recently proposed — that the ‘main output of the
genomes of complex organisms is genetically active but
non-coding RNA [4]’? Or are these transcripts primarily
junk’ RNA? The honest answer at this point is we still do
not know. However, emerging computational and experi-
mental approaches are beginning to lead not only to the
identification of all ncRNAs in different model organisms
but also to clues about their function. Only when the
functions of these ncRNAs have been determined will it be
possible to assess the overall contribution of ncRNAs to
the genetic activity of the organism.
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