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ABSTRACT

Cellular RNAs that do not function as messenger
RNAs (mRNAs), transfer RNAs (tRNAs) or ribosomal
RNAs (rRNAs) comprise a diverse class of molecules
that are commonly referred to as non-protein-coding
RNAs (ncRNAs). These molecules have been known
for quite a while, but their importance was not fully
appreciated until recent genome-wide searches
discovered thousands of these molecules and their
genes in a variety of model organisms. Some of
these screens were based on biocomputational pre-
diction of ncRNA candidates within entire genomes of
model organisms. Alternatively, direct biochemical
isolation of expressed ncRNAs from cells, tissues
or entire organisms has been shown to be a power-
ful approach to identify ncRNAs both at the level of
individual molecules and at a global scale. In this
review, we will survey several such wet-lab strategies,
i.e. direct sequencing of ncRNAs, shotgun cloning
of small-sized ncRNAs (cDNA libraries), microarray
analysis and genomic SELEX to identify novel
ncRNAs, and discuss the advantages and limits of
these approaches.

INTRODUCTION

Non-protein-coding RNAs (ncRNAs) do not encode proteins
but function directly at the level of the RNA in the cell. Over
the last few years, the importance of this surprisingly diverse
class of molecules has been widely recognized (1–5). NcRNAs
have been identified in unexpectedly large numbers, with
present estimates—based on bioinformatical approaches—in
the range of thousands per eukaryal and hundreds per
bacterial genome (6–9). They play key roles in a variety of

fundamental processes in all three domains of life, i.e.
Eukarya, Bacteria and Archaea. Their functions include
DNA replication and chromosome maintenance, regulation
of transcription, RNA processing (not only RNA cleavage
and religation, but also RNA modification and editing),
translation and stability of mRNAs, and even regulation of
stability and translocation of proteins (4,5,10–13). Many of
them have been discovered fortuitously, suggesting they
merely represent the tip of the iceberg. Many known ncRNAs
are small, i.e. typically <500 nt, and thus much shorter than
the majority of mRNAs. However, eukaryotes also express a
number of large ncRNAs, e.g. Xist or Air RNAs, which are
several 1000 nt long (14–16). The highly specific roles of
ncRNAs reflect in most cases their ability to selectively
bind a small set of proteins as well as their potential to
specifically recognize definite RNA targets via regions of
sequence-complementarity.

In recent years, new bioinformatical and experimental
strategies have been taken to identify a great number of
novel ncRNA candidates in various model organisms from
Escherichia coli to Homo sapiens (5–7,17–31). These findings
demonstrated that the number of ncRNAs in genomes of
model organisms is much higher than it had been anticipated.

In the following, we will review various experimental
strategies that were employed to identify novel ncRNAs in
genomes of model organisms. For these approaches, the term
‘Experimental RNomics’ has been coined (3). Four different
methods will be presented and their advantages as well as their
obstacles in the identification of novel ncRNA molecules will
be discussed: (i) RNA sequencing (enzymatically or chemic-
ally) as the most traditional method to reveal novel ncRNA
species; (ii) the parallel cloning of many ncRNA by generating
specialized cDNA libraries; (iii) the use of microarrays to
predict ncRNAs that are expressed under a given experimental
condition; (iv) ‘genomic SELEX’ and its potential application
to select ncRNA candidates from the sequence space repres-
ented by the genome of an organism of interest.
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Alternatively to biochemical methods, genetic and bioin-
formatical tools may also be employed to identify ncRNAs in
model organisms. In fact, some of the first chromosomally
encoded regulatory ncRNAs, e.g. MicF, DsrA and RprA
of E.coli, were discovered in the course of a genetic screen
(32–34). Similarly, genetics also discovered the founding
member, lin-4 RNA, of the ever-growing class of eukaryotic
miRNAs (35). Due to space constraints, however, we would
like to refer the reader to (6,36,37) for a more detailed review
of genetic and biocomputational routes to ncRNA discovery.

Identification of ncRNAs by chemical or
enzymatic sequencing

In the very early days of ncRNA research, e.g. some 35–
40 years ago, single ncRNA species (at the time ribosomal
RNAs, tRNAs or viral RNAs) were selected by size-separation
of total RNA on denaturing gels, followed by visualization
and excision of specific bands, ideally representing single
ncRNA species. Thus, for its identification, the ncRNA of
interest must be present in high amounts, e.g. visible as a

distinct band in an ethidium bromide-stained polyacrylamide
gel, exposed to ultraviolet (UV) light (Figure 1A).

Subsequently (and prior to their identification by sequence
analysis), ncRNAs are labelled either at their 50 end or at their
30 end: (i) for labelling of RNAs at their 50 end, the mono- or
triphosphate group usually found at the 50 end of ncRNAs
is removed first. This is achieved by the addition of calf
intestinal alkaline phosphatase at an elevated temperature;
inactivation of the enzyme is performed by repeated extraction
with phenol/chloroform or by gel purification (38). Labelling
of the RNA is then performed by the addition of polynuc-
leotide kinase in the presence of [g-32P]ATP (38). (ii) For
labelling at their 30 end, ncRNAs can be labelled by the
procedure described by Bruce and Uhlenbeck using
50-32PpCp as a donor molecule in the presence of T4 RNA
ligase (39). Subsequently, ncRNAs are gel-purified on
denaturing polyacrylamide gels.

RNAs may also be labelled in vivo prior to extraction
from an organism. In some early studies, E.coli total
RNA was metabolically labelled with orthophosphate,
32PO4

3� (40–43). Orthophosphate is readily taken up by

Figure 1. Four experimental approaches (A–D) to identify candidates for ncRNAs are shown. (A) Identification of ncRNAs by chemical or enzymatic sequencing of
extracted abundant RNAs. (B) Identification of ncRNAs by cDNA cloning and sequencing; three different methods are indicated to reverse transcribe ncRNAs,
usually lacking poly(A) tails, into cDNAs (e.g. by C-tailing, C-tailing and linker addition, or linker addition, only, followed by RT–RCR). (C) Identification of
ncRNAs by micro-array analysis. DNA oligonucleotide covering the sequence space of an entire genome are spotted onto glass slides, to which fluorescently labelled
samples, derived from cellular RNA, is hybridized. (D) Identification of ncRNAs by genomic SELEX. By random priming, the sequence of a genome is converted
into short PCR fragments containing a T7 promotor at their 50 ends. Subsequently, in vitro transcription by means of T7 RNA polymerase converts this genomic
sequence of an organism into RNA fragments, which can then be assayed for function, such as binding to a specific protein or small chemical ligand, by SELEX.
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growing cells and incorporated into nucleic acids. Different
from the aforementioned 50 or 30 labelling procedures, the
extracted total RNA is randomly labelled at any nucleotide.
Such uniformly labelled RNAs are mainly used for ‘RNA
fingerprinting’ techniques (see below).

After extraction from a cell or organism, size separation
by PAGE and elution from the gel, ncRNAs are identified
by sequence analysis. This is either achieved by 2D RNA
fingerprinting or by enzymatic or chemical sequencing of
ncRNAs.

There are several versions of 2D RNA fingerprinting
techniques to sequence small RNAs (or oligonucleotides) or
prepare various RNase-digested oligonucleotide catalogs. The
differences are use of uniformly or end-labelled RNAs, partial
or complete digestion with various RNases, electrophoresis
on cellulose acetate strips or in acrylamide gels for the
first dimension, electrophoresis on DEAE-cellulose paper,
or homochromatography on DEAE-cellulose plates, or
gradient thin layer chromatography on DEAE-cellulose plates
(44–47).

For enzymatic sequence analysis, labelled ncRNAs (at 50 or
30 ends) are subjected to partial digestion with base-specific
ribonucleases at elevated temperatures (50–55�C) and in the
presence of 7 M urea to avoid interference of the secondary/
tertiary structure of the RNA with enzymatic hydrolysis
steps. For base-specific cleavage, a plethora of RNases
(RNase T1, T2, U2, PHY1, PHY M, CL3, A or M1) can be
used which cleave preferentially 30 to either G, C, U or A
bases (48–50). To resolve obtained RNA fragments by size,
1D gel electrophoresis is carried out on denaturing poly-
acrylamide gels (see below).

For chemical sequence analysis of ncRNAs, four different
base-specific chemical reactions generate a means of directly
sequencing RNA that was terminally labelled with 32P (51).
After a partial specific modification of each kind of RNA base,
an amine-catalysed strand scission generates labelled frag-
ments whose length determine the positions of each nucleo-
tide in a sequence. Dimethyl sulfate modifies guanosine,
diethyl pyrocarbonate attacks primarily adenosine, hydrazine
attacks uridine and cytidine, but salt suppresses the reaction
with uridine. In all cases, aniline induces a subsequent strand
scission (51).

Subsequent to enzymatic or chemical sequencing, electro-
phoretic fractionation of the labelled fragments is achieved
on denaturing polyacrylamide gels, followed by autoradio-
graphy, which allows determination of the RNA sequence
of interest.

The earliest studies to identify RNA molecules by
direct sequencing were performed on tRNAs as well as on
ribosomal RNAs (48,52–54). In the case of 16S ribosomal
RNA, exhibiting a size of �1500 nt, smaller fragments
were first generated by RNase T1 cleavage and subsequently
analysed by RNase fingerprinting techniques (54). Direct
RNA sequencing for identification of novel RNA species is
far from being outdated, as was shown in more recent studies:
by labelling and direct RNA sequencing, a novel class of
ncRNAs, designated as small nucleolar RNAs, involved in
rRNA modification (55) could be identified in eukaryotes.
Lately, this technique was also used to visualize and sub-
sequently sequence abundant RNAs of gram-positive bacteria
(56,57).

Obstacles and advantages of the method

Identification of novel ncRNA species by RNA sequencing
encounters four main obstacles. First, for identification,
ncRNAs have to be highly abundant to be visible as single
bands in ethidium-bromide stained gels; to circumvent this
problem, labelling of total RNA, followed by size separation
on a gel system (e.g. vice versa as described above), allows
identification of less abundant ncRNA species.

Second, no other ncRNAs in the same size range should
be present in the total RNA population, since it would
hamper isolation of a single RNA species and thus would result
in ambiguous sequencing data. If a band or spot is found to
contain multiple RNA species, these can be resolved by 2D gel
electrophoresis, which allows separation of RNA species with
similar or identical sizes.

Third, chemical or enzymatic sequencing of ncRNAs some-
times results in sequencing data that are difficult to interpret.
The reason being that, for enzymatic sequencing, RNases are
not strictly specific for a distinct base but possess residual
cleavage activity for other bases; similarly, chemical seq-
uencing does not always result in unambiguous modification
and cleavage of nucleotides, thus obscuring the readout of
obtained sequence data.

Finally, due to the sequencing methods and resolution
capacity of polyacrylamide gels, sequencing is limited to
RNAs sized—at the most—a couple of hundred nucleotides.
Thus, ncRNA species, which exceed this size range, cannot be
directly analysed by this method, but have to be cleaved
into smaller pieces (e.g. by T1 nuclease digestion) prior to
further analysis.

The advantage of direct RNA sequencing, as compared
with sequencing cDNA clones generated from ncRNAs (see
below), is the fact that ncRNAs do not have to be reverse
transcribed for analysis. Thus, RNA secondary/tertiary struc-
tures that might impede reverse transcription into cDNA do
not interfere with RNA identification by using direct RNA
sequencing.

Identification of ncRNAs by specialized cDNA libraries

The second method for the identification of novel ncRNA
species involves the generation of cDNA libraries, in analogy
to expressed sequence tag libraries (EST libraries) for
identification of mRNAs (58,59). The original mRNA cloning
method is based on reverse transcription of mRNAs from an
organism by an oligo(dT) primer and second strand synthe-
sis, resulting in a cDNA library that ideally represents all
protein-coding transcripts of a genome. Compared with
these conventional EST libraries, the main difference for
ncRNA library approaches is the source and treatment of
the cloned RNA.

Since most mRNAs are >500 nt in length but many
ncRNAs considerably smaller, first RNAs in the size range
of �20–500 nt are isolated. This fraction is usually depleted in
EST libraries as it will not be present in poly(A)+ mRNA. The
isolation of small-sized RNAs is achieved by size separation of
total RNA (either from the entire organism at different devel-
opmental stages or from an individual organ) by denaturing
PAGE (Figure 1B).

Alternatively, by employing an antibody against an
RNA-binding protein of interest, entire groups of ncRNAs

Nucleic Acids Research, 2006, Vol. 34, No. 2 637



can be isolated by immunoprecipitation. Thereby, RNAs are
not selected by their size but rather based on their function
since they bind to a common RNA binding protein, e.g. a
library generated by immunoprecipitation with an antibody
against a common small nucleolar RNA–protein will help
identify ncRNAs from the class of snoRNAs (26).

In many cases, these size- or antibody-selected RNAs will
lack poly-adenylated tails. In general, there are three different
methods to reverse transcribe ncRNAs into cDNA as a
prerequisite for cloning and sequencing (Figure 1B).

(i) First, to generate cDNA from this ncRNA fraction,
addition of an oligo(C) or oligo(A) tail to the RNA is
performed in the presence of poly(A) polymerase,
which uses ATP, but also—to a lesser extent CTP—as a
substrate (60). Subsequently, tailed RNAs are reverse
transcribed employing an oligo(dG) or oligo(dT) primer,
respectively. Following second strand synthesis by
employing DNA polymerase I and limited amounts of
RNase H and subsequent ligation of double-stranded
DNA linkers, the obtained double-stranded cDNAs are
cloned into a standard vector system (e.g. pSPORT1/
GibcoBRL), thus generating a cDNA library [for a
detailed method description see (61)].

(ii) As a second approach subsequent to C-tailing at the 30 end
(see above), an oligonucleotide linker is ligated to 50 end
of ncRNAs by T4 RNA ligase. The oligonucleotide can
be made from RNA or almost entirely from DNA [for a
more detailed method description see (62)]. To avoid mul-
timerization of linker sequences, the 50-oligonucleotide
carries a 50-hydroxyl group. Since T4 RNA ligase uses
RNA as a template, the last 3 nt at the 30 end of the oligo-
nucleotide should be ribonucleotides to increase effici-
ency of ligation. To add a linker to RNAs with modified
50 ends, such as a cap structure or a tri-phosphate group, the
RNA is first treated with tobacco acid pyrophosphatase
(TAP) which cleaves between the a and b phosphate
group, thus leaving 50-monophosphates (62). For RT–
PCR of RNAs, an oligo(dC) or d(T) primer is used in
combination with a 50-primer that is complementary to
the ligated 50 linker sequence.

(iii) In a third method, RNA oligonucleotide linkers are
sequentially ligated to both the 30 and the 50 end by T4
RNA ligase. To avoid mulitmerization of linker sequences,
the oligonucleotide at the 50 end of the RNA lacks a
phosphorylated 50 end, while the oligonucleotide ligated
to the 30 end of the RNA contains a blocked 30 end. Typi-
cally, the entire RNA pool is subjected to another round
of gel extraction after the first linker ligation step to
remove excessive linker that would otherwise form dimers
with the second adapter oligo. As described above, the
terminal 3 nt of the 50-oligonucleotide linker and the
first three of the 30-oligonucleotide linker might contain
RNA bases to increase efficiency of ligation by T4 RNA
ligase. RT–PCR of the ligated RNA fraction is achieved
by DNA primers complementary to the respective 50- or
30-linker oligonucleotide [for a more detailed method
description see (61)].

Subsequent to cDNA synthesis, cDNA fragments are cloned
into standard vector systems and sequenced by cycle sequen-
cing. Dependent on the expected complexity of the library, up

to 10 000 cDNA clones should be sequenced (for example in
the case of large eukaryal genomes). Sequencing is usually
followed by bioinformatical analyses, e.g. mapping of the
ncRNA gene to a certain locus on the genome and identifica-
tion of structure or sequence motifs, which might contribute to
the identification of the function of the ncRNA species of
interest.

In the recent past, numerous studies have been performed to
identify ncRNAs in genomes of model organisms by con-
structing specialized cDNA libraries. The first study was ini-
tiated in the mouse Mus musculus, where by a cDNA library
derived from size-selected RNAs (50–500 nt) 201 candidates
for ncRNAs were identified from �5000 cDNA clones ana-
lysed, about half of which belonging to the class of snoRNAs
(19). This study was followed by using a similar approach for
the plant Arabidopsis thaliana (20), the fruit fly, Drosophila
melanogaster (23), the two archaeal species Archaeoglobus
fulgidus and Sulfolobus solfataricus (21,22) and the eubacteria
E.coli (63,64) and Aquifex aeolicus (65).

Specialized cDNA library cloning was also applied to
identify certain subclasses of ncRNAs, e.g. miRNAs, in
different model organisms. Here, ncRNAs with a very narrow
size range of about 18–25 nt, i.e. centering around the known
sizes of miRNAs, were size-selected, cloned and sequenced
(10,66–72).

Identification of small ncRNAs by generation of specialized
cDNA libraries is now wide-spread and includes analysis of
amoebozoa such as the slime mold Dictyostelium discoideum
(62). For identification of specific classes of ncRNAs (such
as snoRNAs) the method of cDNA library generation by
immunoprecipitation with a snoRNA-binding protein like
fibrillarin followed by cloning of ncRNAs has been employed
successfully for C/D and H/ACA snoRNAs (26,73).

Obstacles and advantages of the method

The above method for cloning of ncRNAs has its downfalls
by the fact that it might not always be possible to reverse
transcribe an ncRNA into cDNA because of its structure or
modification (e.g. base or backbone modifications). Thus, a
cDNA library is neither likely to reflect all ncRNAs in a cell,
nor will it necessarily reflect—by number of indvidual cDNA
clones—the abundance of the respective ncRNA. The ration-
ale behind this is that less structured/modified ncRNAs are
more easily reverse transcribed than others and will be over-
represented within a cDNA library; similarly, smaller
ncRNAs will be more abundant than longer ones, since
they are more likely to be fully reverse transcribed.

For size-selected cDNA libraries, in general, it will not be
possible to identify all ncRNAs of a cell type or organism,
since the cut-off by size (e.g. 20–500 nt) will prohibit
identification of longer ncRNAs (such as ncRNAs like Xist
and Air RNA, which exhibit sizes in the range of many kb).
In addition, by the very nature of a cDNA expression library,
only those ncRNA species will be detected, which are
transcribed from a genome. This might depend, however,
on a specific developmental state of the organism or on expres-
sion in a certain tissue. Thus, to be able to clone all expressed
RNA sequences from an organism, ideally, all developmental
stages, in all tissues under all possible growth and nutrient
conditions would have to be analysed and total RNA extracted
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from these different states. This might not always be possible
and hence some ncRNA species, which are expressed under
certain conditions, only, will not be cloned.

As for cloning strategies, employing method I for conver-
sion of ncRNAs into cDNAs, e.g. the method of reverse tran-
scription, second strand synthesis and addition of DNA linkers
(see above) will not result in full-length cDNA clones, accord-
ing to our experience, but in truncated 50-termini lacking about
10–15 nt of the full-length RNA.

Conversely, the disadvantage of methods II and III invol-
ving a linker oligonucleotide (see above) is the rather
inefficient ligation step of the linkers to the potential
ncRNA of interest, and the failure of linker attachment to
modified termini. The advantage of this method is, however,
that often full-length cDNA clones can be obtained, as com-
pared with method I.

In general, cDNA cloning will result in identification of
highly abundant known ncRNA species, such as tRNAs or
small ribosomal RNAs (e.g. 5S or 5.8S rRNAs). To circum-
vent repeated sequencing of these already known ncRNA
genes, one can try to excise these ncRNA species from the
gel after PAGE. However, this might result in the loss of
ncRNA species exhibiting the same or similar sizes as these
known RNA species. Alternatively, one can spot cDNAs on
filters (as a dot blot) and hybridize filters with radiolabelled
oligonucleotides directed against the most abundant
known ncRNAs species. Subsequently, only those cDNA
clones are sequenced, which show no hybridization signal
on autoradiograms of filters.

Microarray analysis

Microarrays have become the preferred method to monitor
the levels of many transcripts in parallel and often at the
whole-genome level (Figure 1C). Microarrays, also known
as DNA chips or expression arrays, are glass (or silicon) slides
onto whose surface DNA probes have been printed in a grid-
like arrangement. To date, single-stranded DNA oligo-
nucleotides of 25–70 in length are the predominant type of
DNA probe on commercial microarrays, though double-
stranded PCR products may also serve as probes.

To analyse the entire level of cellular transcripts, samples
are prepared from total RNA of an organism. The samples
used for microarray hybridization can be the extracted RNA,
the converted cDNA or cRNA; in any case, these probes will
generally be labelled with fluorescent dyes, such as Cy3 or
Cy5. For more details on the various labelling protocols that
are currently being used, see references in (74) and the work
cited below. The prepared sample is then mixed with hybrid-
ization buffer and applied to the glass slide so that they will
hybridize to a spot on the microarray.

The fluorescence of the spots to which the sample hybrid-
ized is read by a scanner and the results are displayed as a
pattern of coloured, e.g. red or green dots, with the colour
intensity reflecting the amount of transcripts that was present
in the cell. If two samples labelled with different dyes were
hybridized in parallel onto the same microarray, additional
colours such as yellow or orange would indicate relative
amounts of the individual transcripts in the two RNA pools.

Microarrays are mostly used for mRNA expression
profiling but they could also be a means for studying

ncRNA expression or even for ncRNA discovery
(Figure 2). The main caveat for their use with ncRNAs, how-
ever, was—and in may cases still is—the design of the com-
mercially available microarrays. Since tailored for mRNA
profiling, most of these arrays carry probes only for coding
regions, thus transcripts from non-coding genome regions will
not be detected. Nonetheless, the last few years have seen
considerable improvement of this situation.

In bacteria, most of the functional ncRNAs are encoded in
intergenic regions (IGRs). The first microarray to include
IGRs in addition to coding regions was introduced for the
model bacterium E.coli by (75). Their high-density array
(tiling array) carries �300 000 strand-specific 25mer oligo-
nucleotide probes for all mRNA, tRNA and rRNA regions
at a 30 bp resolution as well as for all IGRs of >40 bp with
6 bp resolution.

While this initial study primarily focused on technical
issues of mRNA level profiling, Wassarman et al. (2001)
subsequently used this microarray type to specifically analyse
the transcriptional output from IGRs. They found that array
hybridization with RNA extracted from three different growth
conditions yielded signals for at least a third of the ncRNAs
that were detected by parallel probing on northern blots.

These global analyses of the E.coli transcriptome were
subsequently extended by (76). By including a much broader
set of growth conditions, additional transcripts from IGRs that
may be novel ncRNA candidates were detected. Notably, the
extraordinarily high probe density here facilitated detection of
30- or 50- UTR RNA fragments that accumulate independently
after the processing of mRNA transcripts.

In a third study with this microarray type, cellular RNAs
that associate with E.coli Hfq protein were analysed (77). This
bacterial Sm-like protein, over the previous years, has
emerged as a key player in regulation by small regulatory
ncRNAs (78) and was known to bind a number of bacterial
ncRNAs (i.e. in addition to mRNAs). By the time of the
study of Zhang et al. (2003), 46 ncRNAs were known in
E.coli, of which �30% were detected by array hybridizations
of RNA that co-immunoprecipitated with Hfq. For bacteria
other than E.coli, microarrys have been applied to support
biocomputational prediction of ncRNAs of Staphylococcus
aureus (56). In contrast to the aforementioned E.coli oligo-
nucleotide tiling array, selected S.aureus IGRs were PCR
amplified to yield double-stranded DNA probes that were
then spotted on glass slides.

Similar to bacteria, microarrays have been increasingly
used to confirm global predictions of certain classes of
eukaryotic ncRNAs as well as to study their expression profile
in different tissues. One such class, the �22 nt microRNAs, is
matured from 60 to 110 nt pre-miRNA hairpin transcripts
thought to derive from longer pri-miRNA products. Micro-
arrays with 40 or 60mer oligonucleotides to detect known
microRNAs or their hairpin precursors were introduced
recently (79,80). Barad et al. (80) evaluated several aspects
of the methodology in order to standardize it and define the
parameters needed to achieve efficient hybridization and
reliable results, including mismatch analysis to determine
the specificity of microRNA probes. It was observed that
signal intensity correlates with the location of the microRNA
sequence within the 60mer probes, showing that location at
the 50 region yields the highest signals, whereas the 30 end
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location results in poor signals. These results were
subsequently used to develop an integrative approach to the
discovery of new microRNAs, in which potential microRNA
precursor regions were predicted in the human genome and

5300 of these candidates tested in a high-throughput manner
on the aforementioned microarrays (81).

Several groups have recently used microarrays to study
ncRNAs of the yeast Saccharomyces cerevisiae. Following

Figure 2. Microarray detection of cellular RNAs, including ncRNAs, that associate with the bacterial Sm-like protein, Hfq, and the La homologous protein (Lhp1p)
of yeast (S.cerevisiae), respectively (77,87). Left panel: RNAs are co-immunoprecipitated from E.coli cell extracts with anti-Hfq antibodies, purified and hybridized
to high-density microarrays that carry DNA oligonucleotides covering the entire E.coli genome. RNAs that hybridized to probes on the arrays are detected with an
antibody that specifically sees DNA:RNA hybrids. Subsequently, such signals are detected as indicated and subtracted from those obtained in a control experiment in
which cell extracts were incubated with pre-immune sera, that is no immunoprecipitation of Hfq. Right panel: cell extracts from either wild-type yeast or yeast cells
that express epitope (myc)-tagged Lhp1p are incubated with an anti-myc antibody, RNA is extracted from immunoprecipitates and reverse transcribed. The two
obtained cDNAs are labelled with different fluorescent dyes (Cy3, red; Cy5, green), mixed and hybridized to yeast whole-genome microarrays. Spots that yield red
signals indicate that the corresponding RNA was enriched in Lhp1p-myc immunoprecipitates.
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earlier work with microarrays that carry individual probes for a
representative set of certain ncRNAs, e.g. snoRNAs (82), the
Hughes laboratory designed a tiling microarray to cover all
known and several predicted yeast ncRNAs (83). Here, each
ncRNA transcript is covered by oligonucleotide probes at
�5 nt intervals including 100 nt of flanking sequence on
both the 50 and 30 ends. Thus far, however, these arrays
have mainly been used to monitor the synthesis, processing
and modification of known ncRNAs (84,85).

New yeast ncRNAs were identified by means of a truly
whole-genome microarray that contains 6700 PCR fragments
to cover all yeast open reading frames, annotated small RNAs
and all intergenic regions (86,87). Here, Inada and Guthrie
(87) sought to identify the RNA binding partners of the yeast
La protein (Lhp1) at a global scale. La is a ubiquitous, nuclear
RNA-binding protein that is conserved among eukaryotes.
Aside from binding mRNAs, it is known to associate with
the primary transcripts of RNA polymerase III, including
all tRNAs and other small RNAs. To selectively identify
La binding RNAs in yeast, a Myc-tagged Lhp1 protein was
immunoprecipitated with its associated RNAs and an untagged
strain was used as the reference sample in subsequent micro-
array hybridizations (Figure 2). The La targets identified in
this work included 20 annotated snoRNAs. Furthermore, at
least three novel H/ACA snoRNAs that were not before
annotated as such were newly discovered in intergenic regions.
Additional highly enriched signals from other intergenic
regions suggest that these also represent novel unannotated
transcripts which may be unknown ncRNAs.

Customized tiling arrays have now also been applied to
systematically search for functional ncRNAs in higher euka-
ryotes. For example, a biocomputational approach was taken
to extract 3478 intergenic and intronic sequences that are
conserved between the human, mouse and rat genomes,
and that showed characteristics of ncRNAs by a number of
other criteria (88). This information was then used to design
tiling arrays that contained probes for this candidate set, and
these arrays were probed with RNA isolated from 16 wild-
type mouse tissues. Subsequently, 55 candidates for highly
expressed novel ncRNAs were tested on northern blots,
thus confirming eight of these as small, highly and ubiquit-
ously expressed RNAs in mouse. Interestingly, only five of
these ncRNAs could also be detected in rat tissues, but none in
human tissues or cultured cells. The conserved expression of
these five ncRNAs in mouse and rat may indicate these
molecules to be functional in these two organisms albeit
not in human.

Obstacles and advantages of the method

The aforementioned studies provided valuable clues as to
the potential of this technique for ncRNA discovery as well
as the problems associated with microarrays when assaying
small and highly structured ncRNAs. Analyzing the hybrid-
ization signals from E.coli tiling arrays it was noted that often
only a subset of the oligonucleotide probes within the range of
a given ncRNA transcript region yielded a signal peak, even
though the same sRNA locus gave a strong and distinct band
on northern blots [cf. Figures 2 and 3 in (18)]. Tjaden et al.
(76) occasionally observed transcripts on the strand opposite
an experimentally validated ncRNA, which may account

either for unknown ncRNA antisense transcripts or simply
for experimental noise.

Although so far techniques for the reliable microarray
detection of bacterial small RNAs, which are usually highly
structured, have not been thoroughly evaluated, sample
preparation would seem a major issue. To date, most microar-
ray approaches involve fluorescent labelling of the RNA to be
used as sample. Frequently, the RNA is converted into cDNA
in the presence of modified nucleotides that carry fluorescent
dyes. Most bacterial ncRNAs cluster in a size range of
100–150 nt (8,9), and thus reverse transcription may not be
efficient and could further be hampered by tight secondary
structure.

Whether direct labelling approaches, e.g. chemical labell-
ing of fragmented RNA as alternatively used in (18), would
fully solve these problems is currently unknown. However,
Zhang et al. (2003) drastically improved detection sensitivity
by directly hybridizing RNA to oligonucleotide arrays without
labelling or cDNA synthesis (Figure 2). Instead, hybridization
was assayed using an antibody that sees RNA:DNA hybrids.
The highly improved sensitivity of this method is demon-
strated by the detection of the oxidative stress-induced
OxyS RNA, which is present in very low concentrations
under the growth conditions used in this study.

Hence, microarrays bear a great potential to not only
detect many RNAs in parallel but also to point to transcripts
that are present at low levels. As a note of caution, the fact that
the vast majority of the mouse ncRNA candidates suggested
by microarray analysis failed in downstream northern analysis
(88) clearly emphasizes the need for validation of microarray
hybridization results by independent methods.

These authors also point out that hybridizing covalently
labelled total RNA as applied in their study, as opposed to
reverse transcribed RNA derived from poly-adenylated RNA,
would be important in tiling array analyses, since any ampli-
fication or enrichment steps are is likely to skew the repres-
entation of the large noncoding regions of eukaryotic genomes
and may thus make it difficult to distinguish such signals from
global ‘transcriptional noise’. The application of stringent
criteria when using microarrays for ncRNA discovery
seems to be imperative as more data from whole genome tiling
microarrays are becoming available (89–91) and this data will
increasingly serve as input for biocomputational ncRNA
predictions by others [e.g. (7)].

Genomic SELEX

Many ncRNAs form ribonucleo-protein particles (RNPs) at
various time points in their life cycle. Such RNA-binding
proteins may help an ncRNA fold into its active conforma-
tion, shield it from nucleases prior to exerting its function or
promote its annealing with target RNAs up to guiding a protein
to its proper target. Other ncRNAs interact with proteins to
directly regulate their activity.

The techniques discussed so far allow to identify ncRNAs
from the pool of expressed cellular RNAs after co-purification
with proteins, i.e. by cloning, direct sequencing or microarray
analysis. Given that many such proteins bind their RNA ligands
in a nanomolar range, it should also be possible to select RNA
ligands from the pool of ncRNAs that an organism can possibly
express even without isolating their in vivo transcripts.
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This approach, termed genomic SELEX (92), is based on
the in vitro generation of RNA species that are derived from a
library of an organism’s entire genomic DNA (Figure 1D). The
generated RNA pool will undergo successive rounds of
association with a given RNA-binding protein, partitioning
and re-amplification. As a result, RNA sequences that are
stringently bound by the protein partner will be enriched.
Once the sequence of the bound RNAs is determined, this
information can be used to search for matches in the genome,
and so predicted genomic regions could then be tested for
the expression of unknown ncRNAs. Genomic SELEX has
been successfully applied to select mRNA binding partners
of proteins [e.g. (93,94)], but to the best of our knowledge,
studies that focused on ncRNAs have not been published for
any organism, yet.

Currently, the Schroeder laboratory has taken this approach
to identify new Hfq-binding RNAs from E.coli (C. Lorenz
and R. Schroeder, personal communication). A representative
library of the E.coli genome was constructed from random
50–500 bp genomic DNA fragments to which defined linkers,
one of these containing a T7 RNA polymerase promoter, were
attached in the course of the initial library generation step (92).
These fragments were in vitro transcribed with T7 RNA poly-
merase, incubated with Hfq and selected for Hfq binding on
filters. Taking the standard SELEX route (95), the retained
RNA was converted to cDNA and subjected to additional
(eight) re-amplification and selection rounds, which finally
resulted in a pool of RNAs that bound Hfq with Kd values
of 5–50 nM. Subsequently, specific Hfq interaction of the
thus enriched RNAs was determined in vivo using a yeast
three-hybrid screen (96). Preliminary results suggest that
these experiments identified a number of novel Hfq-binding
RNAs, including antisense RNAs and candidate ncRNAs from
intergenic regions.

Obstacles and advantages of the method

Genomic SELEX would clearly have its strength in finding
ncRNAs that are overlooked by methods that require an
ncRNA gene to be expressed at a certain level. With their
small genome sizes, prokaryotes should be particularly
amenable to this type of approach. Since in bacteria functional
ncRNAs are mostly encoded by intergenic regions, the original
pool of DNA fragments could be loaded by specifically
amplifying this portion of the genome, which in bacteria typ-
ically constitute <10% of the entire genome. As a further
advantage of genomic SELEX, the tight association of an
ncRNA with a given protein that is a prerequisite for its
successful selection could also point to a biological role of
this ncRNA, e.g. its function as an antagonist or cofactor of
the protein’s activity.

At present, very few general RNA-binding proteins are
known that specifically form complexes with ncRNAs. Two
of the proteins discussed above, Hfq and La (Lhp1p), also
associate with mRNAs [references in (78,87)]. Thus, similar
to cDNA cloning and microarray analysis, a genomic SELEX
approach with such general RNA-binding proteins is expected
to yield many additional RNA candidates that one would not
readily consider as ncRNAs. What is more, this method only
indicates that a certain genomic locus could have a function
when transcribed into RNA. However, the exact condition

under which such an RNA is expressed—if it is at all—will
still have to be determined.

A major advantage of the genomic SELEX method,
compared with the cDNA cloning strategy (see above), is,
however, that the latter requires isolation of ncRNAs from
an organism or cell under all possible developmental and
growth conditions, which might not be always feasible. In
contrast, genomic SELEX generates RNA species from all
regions of a genome und thus is not dependent on isolating
RNAs from all these different states.

Functional RNomics approaches: techniques
following RNA identification

Identification of ncRNAs can be only regarded as a first
step towards the elucidation of their functions. The term
‘candidate’ should be used as a suffix to the ncRNA, as
long as the function of an ncRNA has not been elucidated.
Only then, the RNA species should be designated as a bona
fide ncRNA.

To obtain hints towards the function of an ncRNA
candidate, several approaches can be performed:

(i) Since most functional ncRNAs are part of an ribo-
nucleoprotein particle (RNP), the protein components of
ncRNAs can be searched for. This is achieved, for exam-
ple, by using the RNA as a ‘bait’ to fish for these RNA
binding proteins in cell extracts. RNAs can be synthesized
with an ‘affinity-tag’ such as biotin by T7 RNA polymerase
in vitro transcription in the presence of biotin-UTP. The
biotinylated RNAs are then coupled to a streptavidin
column. Alternatively, an RNA sequence binding to a
known protein can be cloned 50- or 30- to the ncRNA
gene. By attaching the known RNA binding protein to a
solid support, the ncRNP can be isolated by using the
known RNA tag as a bait (97). Elucidation of the
protein-components of an RNP can hint towards its
functions, since the proteins might exhibit domains with
known catalytic activity. For in vivo analysis, the yeast
two-hybrid system has been expanded to a three-hybrid
system, where the ncRNA is used as a bait in vivo to fish
for proteins which bind to it (98).

(ii) Many of the ncRNAs hitherto found exhibit specific RNA
targets, which they recognize by an antisense mechanism,
e.g. Watson–Crick base pairing (99). Target RNAs include
mRNAs or other ncRNAs such as ribosomal RNAs,
snRNAs or tRNAs. For elucidation of ncRNA targets,
either bioinformatical or experimental methods can be
employed. For bioinformatical methods, search for com-
plementarity can be performed. This was successfully
achieved, for example, in the case of miRNAs targets
(100,101). Experimental methods could include that by
fishing the ncRNA of interest through an RNA-binding
protein (see above), the target RNA, complementary to
the ncRNA, could be co-isolated as well. This might
require a cross-link prior to isolation of the RNA hetero-
duplex, depending on the stability of the RNA–RNA inter-
action. Alternatively, by expression/overexpression of an
ncRNA of interest and subsequent microarray analysis,
potential mRNA targets can be identified, if the ncRNAs
influences the abundance of its respective mRNA target(s)
in the cell (102).
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(iii) Analysis of expression patterns from an ncRNA of interest:
for example, the cellular/subcellular localization of the
RNA/RNP particle might shed some additional light on
its function, e.g. localization in the nucleolus, nucleus or
cytoplasm might hint towards an ncRNA involvement in
functions exerted in these cellular compartments. To this
end, fluorescent in situ hybridization techniques can be
used to localize the RNA of interest (103). In addition
to sub-cellular localization of ncRNAs, the tissue-
specific or developmental expression of ncRNAs can be
analysed by northern blotting, using total RNA from dif-
ferent tissues or developmental states. Thus, if an ncRNA is
only expressed in the brain, at a certain developmental
stage, for example, the function of the ncRNA can be
searched for within this temporal and spatial expression
window of the respective organism.

(iv) Ultimately, to address the function of ncRNAs, their genes
have to be eliminated in the genomes of respective organ-
isms. In other cases, overexpression of ncRNA genes has
been useful to obtain a more prominent phenotype [see
discussion of multicopy plasmid approaches in (36)].

For certain model bacteria such as E.coli, gene deletions
are usually accomplished in a few days (104,105). For most
other organisms, only the conventional time-consuming
knock-out technology is available for this purpose. Very
recently, the more elegant knock-down strategies by RNA
interference, so far applied only to protein-coding mRNAs,
have been shown - in some cases - to be also suitable for rapid
ncRNA depletion (106,107); however, the mechanism by
which RNAi targets ncRNAs is completely unknown. In addi-
tion, a very elegant study has also very recently demonstrated
the potential of chemically modified antisense miRNAs (so
called ‘antagomirs’) for the knock-down of certain miRNA
species (108).

CONCLUSION

The methods presented above offer a rich tool-box to
search for and identify ncRNAs at both large and small
scale in virtually any genome. In humans, thousands of appar-
ently non-coding RNA transcripts were observed by micro-
array analyses and proposed to be involved in regulating gene
expression (109). That some of these transcripts could also
be verified by northern blot analysis or quantitative PCR
makes it difficult to write them all off as experimental arte-
facts, mRNA degradation fragments or other transcriptional
‘noise’ (30). Furthermore, several of the ncRNAs that were
discovered in genome-wide searches in E.coli only a couple of
years ago (17,18) have meanwhile been assigned regulatory
functions (110–116).

Nonetheless, without a clue as to their biological functions,
newly identified ncRNAs molecules should rather be con-
sidered as ‘candidates for ncRNAs’ (see above). So, the burn-
ing question is: what are the functions of all of these RNA
transcripts? Or, if they are not functional, why does the cell
devote its resources to producing them? Thus, next to novel
methods to identify them in model organisms, also novel
methods—preferentially as high-throughput approaches as
used in (106,108)— are needed to tackle the biological
roles of ncRNAs.
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