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Abstract

A variety of RNA molecules have been found over the last 20 years to have a remarkable range of
functions beyond the well-known roles of messenger, ribosomal and transfer RNAs. Here, we present
a general categorization of all non-coding RNAs and briefly discuss the ones that affect transcription,

translation and protein function.

The ‘central dogma of molecular biology’ defined a general
pathway for the expression of genetic information stored in
DNA, transcribed into transient mRNAs and decoded on
ribosomes with the help of adapter RNA (tRNAs) to produce
proteins, which in turn perform all the enzymatic and struc-
tural functions in the cell. According to this view, RNAs play
a rather accessory role and the complexity of a given organ-
ism is defined solely by the number of proteins encoded in
its genome, according to the ‘one gene - one protein’ hypo-
thesis. This simple picture was first complicated when the
primary transcripts of eukaryotic protein-coding genes were
found to have their coding sequences interrupted by introns
[1], and it was realized that having introns provided a way to
synthesize more than one protein product from a single
gene, by alternative splicing [2].

Over twenty years ago, the discovery of the catalytic proper-
ties of the RNA subunit of ribonuclease P and the self-splic-
ing activity of group I introns suggested that the functions of
RNA go far beyond a passive role in the expression of
protein-coding genes. In vitro selection techniques, which
allow fast functional evaluation of large populations of RNA
molecules, demonstrated that RNAs can be efficient cata-
lysts (‘ribozymes’) [3]. Recent studies of the crystal structure
of the large subunit of the bacterial ribosome, showed that
ribosomal 23S RNA plays a key role in the process of
peptide-bond formation during translation and demon-
strated that ribosomes are in fact ribozymes [4]. All of these
findings contributed to the hypothesis of a primordial ‘RNA

world’, in which RNA molecules originally both carried
information and fulfilled enzymatic functions. In the course
of evolution most catalytic functions were taken over by pro-
teins, and the major carrier of genetic information became
the chemically more stable DNA.

Functional non-coding RNAs are not only molecular fossils
left from a time when organisms consisted solely of RNA,
however. They play important roles in modern-day organ-
isms [5]. The analysis of sequenced genomes suggests that
protein-coding genes alone are not enough to account for
the complexity of higher organisms. There are fewer
protein-coding genes in the eukaryotic genomes that have
been completely sequenced so far than expected; the
Caenorhabditis elegans and Drosophila melanogaster
genomes contain only twice as many genes as yeast or some
bacteria, and in the human genome the number is about
twice that of invertebrates.

In proteome-oriented analyses of genomic sequences, genes
that produce non-protein-coding transcripts are often
ignored. From genomic analyses it is evident, however, that
with increase of an organism’s complexity, the protein-
coding contribution of its genome decreases (Figure 1). It is
estimated that about 98% of the transcriptional output of
eukaryotic genomes is RNA that does not encode protein [6];
this includes introns and transcripts from non-protein-
coding genes, with the latter accounting for 50-75% of all
transcription in higher eukaryotes [7,8]. In addition to
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Figure |
The percentage of protein-coding sequences (gray portions) in several
eukaryotic and bacterial genomes.

tRNAs and rRNAs, many new non-protein-coding tran-
scripts, with diverse functions, have been identified [9-11].
Non-coding RNA transcripts are heterogeneous and do not
have a single specific function. Initially, the term non-coding
RNA was used primarily to describe eukaryotic RNAs that
are transcribed by RNA polymerase II and have a poly(A)
tail at the 3’ end and a 7-methylguanosine cap structure at
the 5’ end but lack a single long open reading frame (ORF).
Now, this definition can be extended to cover all RNA tran-
scripts that do not have protein-coding capacity [11], and is
sometimes used to describe any piece of RNA that does not
encode protein, including introns [7]. Broadly, non-protein-
coding RNAs can be devided into two classes (Table 1).
Housekeeping RNAs are generally constitutively expressed
and required for normal function and viability of the cell;
these have been the subject of many reviews [9,11,12] and
are not considered further here. Regulatory non-coding
RNAs, by contrast, include those that are expressed at
certain stages of an organism’s development or of cell differ-
entiation, or as a response to external stimuli, and can affect
the expression of other genes at the level of transcription or

translation (Table 1) [13]. Here, we focus on some regulatory
mechanisms in which such non-coding transcripts have been
implicated.

Transcriptional regulation

The regulation of expression of particular genes usually
involves specific protein transcription factors, which bind to
DNA control regions (such as promoters and enhancers),
thereby activating or repressing transcription of a single
gene or an operon. In eukaryotes, the expression of multiple
genes in specific regions of chromatin may also be regulated
by alterations of chromatin structure (chromatin remodel-
ing), facilitating or restricting access of the transcription
machinery to a locus.

Dosage compensation

In most animals, males and females differ in the number of
X chromosomes. The expression levels of X-chromosome
genes must therefore be equalized in the two sexes, a process
referred to as dosage compensation. This can be achieved
either by X-chromosome inactivation in XX cells or by
upregulation of the single X chromosome in XY cells. Both
these mechanisms are used - by different species - and both
depend upon the expression of non-coding regulatory RNAs
that are key elements of the pathways leading to chromatin
remodeling and hence transcriptional control.

In Drosophila, dosage compensation is accomplished by the
two-fold enhancement of gene expression from the male
X chromosome. The increased transcriptional activity of the
male X chromosome depends upon specific acetylation of
histone H4 on lysine 16. This modification is performed by a
complex of MSL (male-specific lethal) proteins [14]. Two
RNAs, roX1 and roX2 (RNA on X chromosome), are respon-
sible for the assembly of the MSL protein complexes and
their targeting to specific sites on the male X chromosome
[15]. It has also been shown that two components of the MSL
complex, the MOF (males absent on the first) protein
(responsible for the acetylation of histone H4) and the
MSL-3 protein, can interact directly with RNA through their
chromatin-binding domains (chromodomains, found in a
number of chromatin regulatory proteins). This suggests
that chromodomains may be targeted to specific sites on
chromosomes via interaction with non-coding RNAs [16].

In mammals, dosage compensation is achieved through
transcriptional inactivation of the second X chromosome in
females [17,18]. Histones in the chromatin of the inactive
X chromosome are hypoacetylated and the DNA is hyper-
methylated, a chromatin state typical of silenced genes.
Although not all details of the X-chromosome inactivation
process are fully understood, it is known that it is initiated
at the early stages of development. It follows the ‘n-1" rule
that leads to transcriptional silencing of all but one X chro-
mosomes. It is controlled by an X-chromosome inactivation
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Functional classification of non-protein-coding RNA transcripts

Housekeeping RNAs

tRNA Translation of genetic information

rRNA Ribosome components; catalysis of
peptide bond formation

snRNA Pre-mRNA splicing; splicecosome
components

snoRNA RNA maodification, including
2'-O-methylation and pseudouridylation

RNase P RNA Maturation of 5’ ends of pre-tRNA

Telomerase RNA Telomeric DNA synthesis; component

of telomerase

4.5S RNA Protein export in bacteria

7SL RNA Protein export in eukaryotes

tmRNA Trans-translation

Y RNA Ro RNP components; function unknown
RNase MRP Mitochondrial RNA processing

Regulatory RNAs
Transcriptional regulators

roX RNAs and Xist/Tsix Chromatin remodeling associated with
X-chromosome inactivation and dosage

compensation in eukaryotes

HI9, IPW and LITI Regulation of expression of imprinted

genes

Post-transcriptional regulators
DsrA, micF, lin-4, let-7,
microRNAs, HFE
and LjPLP-IV

Repression or stimulation of translation
of regulated mRNAs in eukaryotic
and prokaryotic cells via antisense
RNA:RNA interactions

Modulators of protein function

6S RNA, OxyS and SRA Modulation of protein activity via

RNA-protein interactions

Regulators of RNA and protein
distribution

Effects on localization of mRNA or
pre-mRNA depending on specific
subcellular location of non-coding RNA

Xilsirt and hsr-o

Extensive data concerning particular classes of non-coding RNAs have
been collected; details can be found in several databases [9,67-70]. Non-
coding housekeeping RNAs are out of the scope of this article.
Abbreviations: snRNAs, small nuclear RNAs; snoRNAs, small nucleolar
RNAs; tmRNA, transfer-messenger RNA; Y RNA, Y chromosome RNA.

center (Xic) where the Xist (X inactive specific transcript)
gene is located. The product of Xist transcription is a 17
kilobase (kb) non-coding RNA; its precise role in X-chro-
mosome silencing is not clear. It was proposed that the
process of Xist transcription alone might be enough to
change the chromatin structure of the X chromosome in a
way that would allow the binding of silencing factors. On
the other hand, the accumulation of Xist RNA on the
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X chromosome that will be silenced before it is in fact inac-
tivated suggests that its presence might be important in the
deposition of silencing factors and subsequent modification
of chromatin, for example by the deacetylation of histones
and methylation of the promoters of X-linked genes [17-19].
It has been found that inactive X chromosomes in mouse
cells have elevated levels of a specific histone isoform,
macroH2A1.2, suggesting that this histone variant might be
an effector of the silencing process [20]. This idea is supported
by the observation that Xist RNA and macroH2A1.2 can
form a stable ribonucleoprotein complex [21] and that the
localization of macroH2A1.2 in X-chromosome chromatin
depends on the expression of Xist [22]. The function of Xist
RNA may be to recruit macroH2A1.2 so as to establish and
maintain an inactive state [18].

Another gene associated with X-chromosome inactivation that
is located within the Xic region is Tsix (antisense transcript
from Xist locus). Expression of Tsix produces a 40 kb long
non-coding Tsix RNA [23], which probably plays a role in the
regulation of X-chromosome inactivation through repression
of Xist function. It has been proposed that base-pairing
between Xist and Tsix transcripts might interfere with the
binding of proteins, such as macroH2A1.2, to Xist RNA.
Another possibility is that transcription in the antisense
direction inhibits synthesis of sense Xist transcript [18].

Genetic imprinting

Another phenomenon that somewhat resembles X-chromo-
some inactivation is genetic imprinting. It is a process by
which modification of one of the two parental alleles of a
gene results in preferential silencing of the allele from one
parent. The differences in expression of paternal and mater-
nal copies of imprinted genes are associated with differen-
tial DNA methylation or chromatin states [24]. Imprinted
genes often occur in clusters and their coordinated regula-
tion depends on the activity of an imprinting control
element. In several cases, it has been demonstrated that the
activity of non-coding RNA genes is essential for maintain-
ing the imprinted status of neighboring genes. For example,
the mammalian Hi19 gene (encoding a non-protein-coding
RNA) contains an imprinting control region that is differen-
tially methylated and represses the paternally derived H19
allele and the maternally derived allele of the adjacent
insulin-like growth factor 2 (Igf2). Similarly, the IPW
(imprinted in Prader Willi) RNA has been suggested to
function as an untranslated RNA, possibly regulating tran-
scription in cis in an imprinted region associated in the
Prader Willi syndrome in human and mouse. It is not
known whether these transcripts themselves have any spe-
cific function: their expression might serve as an indicator
of the transcriptional status of the adjacent chromosomal
region. It has also been postulated that, in cases in which a
non-coding RNA is transcribed from the antisense strand of
the imprinted gene, the antisense RNA might participate
directly in establishing or maintaining the imprinting status
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(by chromatin remodeling or DNA methylation). For
example, the KuLQT1 gene (encoding a voltage-gated potas-
sium channel) on chromosomal band 11p15 is imprinted
and expressed from the maternal allele, which is disrupted
in some Beckwith-Wiedemann syndrome (BWS) patients.
An antisense orientation transcript within KvLQT1, termed
LIT1 (long QT intronic transcript 1) is expressed normally
from the paternal allele, but is abnormally expressed from
the maternal allele in these BWS patients and may be asso-
ciated with silencing of maternally expressed genes on the
same chromosome. Another possibility is that it might
silence the target gene by RNA interference (RNAi), a
mechanims by which the presence of double-stranded RNA
induces degradation of an mRNA via a ‘small-interfering’
RNA intermediate produced by RNase activity [24]. Disrup-
tion of the genes encoding non-coding RNAs implicated in
the regulation of imprinted genes have been found to
underlie several human genetic disorders, including DiGe-
orge syndrome, Angelman syndrome and Prader-Willi syn-
drome [25,26].

The NTT gene (non-coding transcript in T cells), the 17 kb
product of which is expressed in some activated CD4*
T cells, provides another example of the possible involve-
ment of non-coding RNAs in transcriptional regulation.
Unlike the transcripts from the imprinted genes discussed
above, the NTT gene product is produced from both parental
alleles. The precise function of the NTT RNA is not known,
but it is located close to the IFN-yR (encoding the receptor
for the cytokine interferon-y) and shows the same expression
pattern as IFN-yR, suggesting that it may be involved in the
regulation of IFN-yR expression [27].

Translational regulation

Many non-coding RNAs are involved in the modulation of
gene expression at the post-transcriptional level. This type of
regulation is widely used in prokaryotes, and recent findings
suggest that it may also constitute one of the major mecha-
nisms of gene-expression modulation in eukaryotes.

In Escherichia coli, non-coding RNAs have been shown to
play a role in the post-transcriptional regulation of gene
expression. One of the best studied and most extraordinary
regulatory RNAs in E. coli is the DsrA RNA. Overexpression
of this 87 nucleotide RNA reverses the transcriptional
silencing that is dependent on the global repressor H-NS
[28] and stimulates translation of the stress-response o
factor (RpoS) of RNA polymerase [29]. This leads to the
induction of two groups of genes: those repressed by H-NS
and those activated by RpoS. The levels of the H-NS and
RpoS proteins are modulated at the level of translation:
translational activation of RpoS depends on direct
RNA:RNA interactions between the 5’ untranslated region
(UTR) of the rpoS mRNA and the 5’ portion of DsrA. DsrA
competes with a secondary structure within the rpoS mRNA

that serves as a cis-acting inhibitor of translation. This
model is supported by the observation that sequence com-
plementarity between the rpoS mRNA and the DsrA RNA is
essential for the stimulation of translation. RNA:RNA inter-
actions of DsrA with both 5' and 3' portions of the ORF
within the hns mRNA are also responsible for the repres-
sion of translation of hns mRNA [30,31]. It has also been
noted that the DsrA RNA shows sequence complementary
to portions of several other genes that may be post-tran-
scriptionally regulated. The position of matching sequences
in the target mRNA relative to the translation start codon
might determine whether the interaction with DsrA has a
stimulating or a repressing effect [30]. Interestingly, RpoS
translation is also induced by osmotic shock, which does
not result in an increase in transcription of the DsrA RNA.
In this case, the activator function is fulfilled by RprA -
another non-coding RNA. Although the secondary structure
of RprA RNA is predicted to be similar to that of the rpoS
RNA, it lacks extensive sequence complementarity to rpoS
and the mechanism of its action is not clear [32]. Another
stress-response non-coding transcript in E. coli is the 93
nucleotide micF RNA responsible for post-transcriptional
control of the outer membrane porin gene ompF. Inhibition
of ompF translation involves binding of the micF RNA to
ompF mRNA and this interaction induces degradation of
the ompF mRNA [33].

Studies of heterochronic mutations in C. elegans, which
affect the timing of developmental events, identified yet
another class of non-coding RNAs whose regulatory func-
tion depends on antisense interactions with target mRNAs.
The products of the heterochronic lin-4 and let-7 genes were
identified as 22 and 21 nucleotide RNAs, respectively, which
are processed from 61 and 72 nucleotide precursors [34-36].
The activity of these RNAs, originally called small temporal
RNAs (stRNAs), apparently depends on a sequence comple-
mentarity with the 3° UTRs of various developmental
mRNAs. Inhibition of translation is achieved after an initia-
tion step: the targeted mRNAs are found to be associated
with polyribosomes, but there is no protein product [37]. In
the last year, new data have shown that lin-4 and let-7 RNAs
are members of a new class of tiny RNAs (microRNAs)
widely represented in all organisms. Computational screen-
ing of the C. elegans genome for non-protein-coding
regions, followed by experimental verification of the tran-
scriptional expression of these regions led to the discovery
of new independent microRNA genes encoding short
(approximately 65 nucleotide) precursor transcripts that
can be folded into stem-loop secondary structures. These
can be further processed by a specific ribonuclease to gener-
ate mature 21 to 25 nucleotide RNAs [38,39]. MicroRNAs
are also expressed in Drosophila and mammals [40]. Some
of these RNAs (for example, mir-1 and mir-87) have
homologs in both invertebrates and vertebrates and, in
addition to controlling developmental timing, they may
perform tissue-specific functions [38,40].



An antisense RNA-based mechanism has also been shown to
be responsible for the regulation of the human HFE gene,
which is implicated in iron metabolism and involved in a
human inherited disorder, hereditary hemochromatosis. An
antisense non-coding transcript, originating from the anti-
sense strand of the HFE gene, was identified and shown to
include a portion complementary to exon 1 of the sense tran-
script. Although there is no direct evidence for its function in
vivo, the studies in vitro demonstrated that the antisense
transcript represses translation of the HFE mRNA [41].

An antisense transcript that may function as a negative regu-
lator of gene expression has also been identified in plants. In
the legume Lotus japonicus, expression of the late nodulin
LjNOD16 gene is controlled by a bidirectional promoter
located within an intron of the gene LjPLP-IV (LjPLP-IV
encodes a phosphatidylinosiol transfer-like protein). Tran-
scription from the opposite strand gives rise to an antisense
transcript responsible for control of LjPLP-IV expression in
root nodules, where its level is significantly lower than in
flowers [42]. There are, however, no details on the mecha-
nism by which this regulation is achieved.

Modulating protein function

Some non-coding RNAs have been shown to affect the activ-
ity of proteins directly. The association of a protein with a
regulatory RNA can influence its structure as well as enzy-
matic and/or ligand-binding activities. One of the key regu-
latory RNAs working in this way in E. coli is 6S RNA.
Because no aberrant phenotypes are associated with either
null mutations or overexpression of 6S RNA, its function
remained a mystery for over three decades. Recently, it has
been shown that 6S RNA forms a stable complex with the 67°
holoenzyme of RNA polymerase [43]. This interaction mod-
ulates the activity of RNA polymerase in stationary phase
(no population growth), when it may be responsible for the
general reduction in transcription of 67°-dependent genes or
the differential use of 67°-dependent promoters [43].

Like the DsrA RNA discussed earlier, OxyS RNA, which is
expressed in response to oxidative stress in E. coli, is also a
regulator of expression of the stress-response o factor RpoS.
In this case, however, translation of rpoS mRNA is not regu-
lated by an antisense mechanism depending on RNA:RNA
interactions but instead by a competition for the RNA-
binding Hfq protein, which together with DsrA RNA is
required for translation of rpoS mRNA (Figure 2) [30,44].
The OxyS RNA also negatively regulates translation of the
fhlA mRNA (which encodes a transcriptional activator of
genes of the formate hydrogenlyase system). In this case,
OxyS function depends on the antisense interaction with the
target mRNA that blocks the ribosome binding site [45]. In
mammals, a novel non-coding RNA, the steroid receptor
activator (SRA) RNA, has been found to function as a modu-
lator of steroid hormone receptors. It was isolated from
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human and mouse cells and shown to function as a specific
co-activator of several steroid receptors, including receptors
for androgens, estrogens, glucocorticoids and progestins.
SRA RNA was found to be associated in a ribonucleoprotein
complex with the steroid receptor coactivator 1 (SRC-1),
which is recruited by a steroid receptor. Mutations within
the potential ORF of SRA do not affect its activity and the
expression of different isoforms is cell-type-specific [46].

Regulation of RNA and protein localization

In amphibian oocytes, the correct localization of maternal
mRNAs to the animal and vegetal regions determines
normal embryo development. In addition to mRNAs, the
vegetal cortex of Xenopus oocytes also contains non-coding
Xlsirt transcripts, which contain 3 to 13 repeats of 79 to 81
nucleotide elements. XIsirt RNAs are localized in the vegetal
cortex at the early stages of oogenesis, and it has been pro-
posed that they may constitute structural components of the
cortex responsible for the localization of other RNAs. The
importance of XIsirt RNAs has been shown for the localiza-
tion of the mRNA encoding Vg1, a member of the transform-
ing growth factor B (TGF B) family of developmental
signaling molecules. Vg1 mRNA is dispersed after destruc-
tion of the Xisirt RNAs with antisense oligodeoxynucleotides
[47]. In Drosophila the nuclear transcripts of the non-coding
hsr-o were found in complexes with heterogenous nuclear
RNA binding proteins (hnRNPs) in the interchromatin
space. It has been suggested that the hsr-o nuclear tran-
scripts play a role in regulation of the trafficking and avail-
ability of hnRNPs in the nucleus [48].

Non-coding RNAs with unknown functions

The response to bone morphogenetic proteins (BMP) and
osteogenic proteins (OP), members of the TGF-f superfam-
ily that have been identified as factors responsible for the
induction of bone formation in vivo, also seems to involve
non-coding RNA transcripts. Two proteins, BMP-2 and
OP-1, specifically induce transcription of the 3 kb non-
coding BORG RNA (BMP/OP-responsive gene), which may
play a key role in osteoblast differentiation although its
precise function is unknown [49]. Recently it has been
found that overexpression of a specific non-coding tran-
script from the DD3 gene is associated with prostate cancer.
Initial characterization of the gene transcripts revealed that
it exists in several variants as a result of alternative splicing
and alternative polyadenylation. Its expression is limited to
malignant prostate cells and it does not show significant
homology to any other genes. As is the case for most of non-
coding RNAs, the function of this RNA is unknown and the
mechanism underlying its overexpression in malignant cells
has not yet been characterized [50].

Most of the data on regulatory non-coding RNAs come from
the studies in animals or bacteria. Several non-coding RNA
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Figure 2

Translational regulation of the E. coli ¢ factor RpoS by the non-coding RNAs DsrA and OxyS. Translational activation of RpoS depends on base pairing
between the rpoS mRNA and the DsrA RNA. DsrA competes with a secondary structure within the rpoS mRNA that serves as a cis-acting inhibitor of
translation. DsrA-mediated translation of RpoS requires the RNA-binding protein Hfq and is negatively regulated by the OxyS RNA, which competes for

the RNA-binding site in Hfq.

transcripts have also been isolated and partially character-
ized in plants, however. One of the first to be identified was
the ENOD40 RNA, which is produced in response to inocu-
lation with the nodule-inducing bacterium Rhizobium or
other nodulation factors. This RNA, the length of which
ranges from 0.4 to 0.9 kb, has been found in several plant
species [51]. The CR20 RNA is a product of a cytokinin-
responsive gene that is repressed in response to cytokinins
(plant hormones) or stress conditions and was first isolated
from cucumber and later reported in several other plant
species [52]. Another hormonally regulated transcript is
GUT15 (gene with unstable transcript 15) from tobacco [53].
The function of the CR20 and GUTi5 transcripts is
unknown, but their hormonal regulation and low stability
suggest that they may play regulatory roles. Medicago trun-
catula Mt4 RNA and tomato TPSI1 represent another family
of plant non-coding transcripts upregulated by phosphate
starvation [54,55]. Members of this family show a very high
degree of nucleotide sequence conservation, but there is no
evidence that they are translated into protein products.

Searching genomic sequences for non-coding
RNAs

Most gene-finding algorithms are designed to look for protein-
coding sequences, which can be more readily identified than
non-coding RNAs by virtue of their ORFs, polyadenylation
signals, conserved promoter regions or splice-site signals.
Because it was assumed that non-coding RNAs of interest
would have stable secondary structures, early ideas about how
to identify RNA-coding genes concentrated on secondary
structure prediction by energy minimization [56]. A modified
approach, using stochastic context-free ‘grammar’ for RNA
structure prediction, has been used to screen several genomic
sequences [57]. The results of these studies [56,57] led to the
conclusion that the secondary structures of genuine non-
protein-coding RNAs cannot be distinguished from the struc-
tures predicted for random RNA sequences, so these methods
are unusable for predicting non-protein-coding genes.

Currently, the identification of RNA-encoding genes in
genomic sequences is based on structural or sequence



homologies. There are efficient programs that search for
tRNA or small nucleolar RNA (snoRNA) genes by using
conserved structural elements or sequences inferred from
the analysis of known RNAs, for example [58,59]. For a
global search approach that would work for all functional
RNAs, one would have to assume that there are significant
signals in all protein- and RNA-coding sequences that can
be used to distinguish them from regions of the genome
that are transcriptionally inactive. Methods using computa-
tional neural networks and support vector machines have
been used to extract common sequence features and struc-
tural elements from known RNAs, for example; these para-
meters were then used to screen eubacterial and archaeal
genomes [60]. The results showed that RNA-coding
sequences do, in fact, contain information that can be used
for accurate gene finding.

The wealth of genomic sequences now available from a
variety of organisms allows comparative sequence analysis,
which can potentially help to identify important sequences
that cannot be detected by analysis of individual genomes.
Such comparisons should distinguish structural RNAs from
other conserved sequences, assuming that structural RNAs
show compensatory mutations consistent with their sec-
ondary structure [61]. Comparison of the intergenic regions
of the E. coli genome with the genomes of five other enter-
obacteria and analysis of the resulting pairwise BLASTN
sequence alignments using the QRNA program, which
searches for conserved RNA structures, identified 275 poten-
tial non-coding RNA sequences [61]. Subsequent experi-
ments confirmed that some of these sequences are in fact
functional non-coding RNA genes [62,63].

Another approach used to find novel non-coding RNA genes
is a combination of computational and experimental
methods. A search in yeast for RNA polymerase IIT promot-
ers, typically found in small RNA genes (such as tRNA genes),
and analysis of the expression from the sequence ‘gaps’
between the predicted ORFs, led to the identification of novel
non-coding RNA transcripts as well as of RNAs containing
small ORFs [64]. The identification of several non-coding
RNA genes in plants, the expression of which is modulated by
biotic and abiotic stress conditions [13], as well as the obser-
vation that RNA can be transported over long distances by
the phloem sieve tubes [65], suggests that RNA may be
widely employed as a signaling molecule in plants. Because
all of the plant non-coding RNAs described so far have
mRNA characteristics, such as poly(A) tails and caps,
expressed sequence tag (EST) sequences from Arabidopsis
thaliana were systematically screened, and 19 clones that
probably function as non-protein-coding RNAs were identi-
fied. These clones are apparently plant-specific transcripts
with no homologs outside the plant kingdom [66].

In conclusion, the discovery of non-coding regulatory RNAs
and the variety of molecular phenomena in which such RNA
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molecules have been implicated suggest that non-coding
RNAs may play key roles in the overall molecular organiza-
tion of organisms. From the point of view of cell economy,
RNA is well suited to be a signaling molecule: RNA can be
synthesized in response to a particular stimulus and can
then be rapidly destroyed without the necessity of costly
protein synthesis. It has also been postulated that regulatory
RNA molecules could originate from the introns of protein-
coding genes as functional by-products [6,7]. The growing
number of new, functional, non-coding RNAs shows that to
fully understand the molecular mechanisms in a cell we have
to go beyond the predicted proteome when analyzing
genomic sequences.
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