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Approaches to microRNA discovery

Eugene Berezikov, Edwin Cuppen & Ronald H A Plasterk

MicroRNAs (miRNAs) are noncoding RNAs that can regulate gene expression. Several hundred genes encoding miRNAs have
been experimentally identified in animals, and many more are predicted by computational methods. How can new miRNAs be
discovered and distinguished from other types of small RNA? Here we summarize current methods for identifying and validating

miRNAs and discuss criteria used to define an miRNA.

MicroRNAs are RNA molecules of approximately 22 nucleotides (nt),
derived from genome-encoded stem-loop precursors, that recognize
target mRNAs by base-pairing and thereby regulate their expression.
Other reviews in this issue focus on details of the biosynthesis of these
small RNAs, their mode of action and their function. Such details are also
relevant to the subject of this review: namely, the discovery of miRNAs.

After the initial wave of miRNA identification!3, about 250 miRNAs
were estimated to be encoded in the human genome?, but it was
subsequently recognized that this estimate could be low”. Later studies,
based on combinations of computational and experimental techniques,
support a substantially larger number of miRNAs®2. It is still difficult
to estimate the upper limit of miRNAs in humans and other mam-
mals, in part because of the difficulty in defining what a ‘true’ miRNA
is. Advances in technology and methodology may ultimately lead to
the description of thousands of candidate miRNA genes, and the issue
then will be which of these encode real, biologically functional miRNAs.

Yoy Currently accepted standards for miRNA classification® are largely based
@on evidence obtained from initial studies on the small RNA repertoire

= of aeukaryotic cell.

Here, we first provide an overview of these initial studies and review
recent advances in the methodology used to discover miRNAs. We then
discuss the standards used for miRNA classification in connection with
recent progress in our understanding of miRNA biology. As a focus for
the review, we concentrate on work done in animal systems.

Classic definition of an miRNA

Previously, miRNAs were defined as noncoding RNAs that fulfill the
following combination of expression and biogenesis criteria®. First,
mature miRNA should be expressed as a distinct transcript of ~22 nt
that is detectable by RNA (northern) blot analysis or other experimen-
tal means such as cloning from size-fractionated small RNA libraries.
Second, mature miRNA should originate from a precursor with a cha-
racteristic secondary structure, such as a hairpin or fold-back, that does
not contain large internal loops or bulges. Mature miRNA should occupy
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the stem part of the hairpin. Third, mature miRNA should be processed
by Dicer, as determined by an increase in accumulation of the precursor
in Dicer-deficient mutants.

In addition, an optional but commonly used criterion is that mature
miRNA sequence and predicted hairpin structure should be conserved
in different species. An ‘ideal’ miRNA would meet all the above criteria.
In practice, variations are possible, but at the very minimum expression
of a ~22-nt form and the presence of a hairpin precursor need to be
demonstrated to classify a sequence as an miRNA.

All approaches to discovering miRNAs, as we review below, are based
on these definitions of an miRNA gene and can be split into two groups.
In experiment-driven methods, the expression of small RNAs is first
established, and bioinformatics is then used to identify RNAs that meet
structural requirements. In computation-driven approaches, candidate
miRNA are first predicted in (whole) genome sequences on the basis
of structural features, and experimental techniques are then used to
validate these predictions by demonstrating expression of the corre-
sponding sequences.

Identification of miRNAs by forward genetics

As is often found in biology, forward genetics methods were instru-
mental in identifying the first miRNA genes, lin-4 and let-7. Analysis of
a Caenorhabditis elegans mutant with a defective cell lineage indicated
that a mutation in a small noncoding RNA, lin-4, was responsible for
the phenotype!?. The lin-4 RNA showed several intriguing features. It
had two forms: a large ~60-nt RNA, which could fold into a stem-loop
structure (a hairpin); and a small ~22-nt RNA, which was part of the
stem of the larger form and repressed expression of the lin-14 gene by
imperfect pairing with the 3 UTR of lin-14 mRNA!!.

Several years later, another RNA with similar characteristics, let-7, was
identified in C. elegans'?; this discovery jump-started the miRNA field
because let-7, in contrast to lin-4, was found to be conserved among a
wide range of phylogenetic taxa!>!4, indicating that miRNA-mediated
gene regulation might be more ancient and common than was previ-
ously thought. Since then, forward genetics approaches have yielded only
four additional miRNAs, bantam, miR-14 and miR-278 in Drosophila
melanogaster'>™'7 and Isy-6 in C. elegans'®.

Several explanations can be given for the relative inefficiency of
miRNA gene discovery by forward genetics methods. The small size of
miRNAs and their potential tolerance to mutations that do not affect
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Figure 1 Methods for cloning miRNA. In 1, total RNA is separated on a
polyacrylamide gel and the fraction corresponding to RNAs of 18-25 nt is
recovered. In 2, a 3" adapter can be introduced in different ways: the adapter
can be ligated to a dephosphorylated RNA, which is then phosphorylated
(2a); a preadenylated adapter can be ligated to RNA without free ATP in
the reaction (2b); or the RNA can be polyadenylated by poly(A) polymerase
(2c). In 3, a 5" adapter is introduced either by ligation (3a), or by template
switching during reverse transcription (3b). In 4, cDNA is amplified by PCR
and cloned into a vector to create a library. Alternatively, PCR products can
be sequenced directly by single-molecule sequencing methods (massive
parallel sequencing).

the so-called ‘seed sequence’ make miRNAs genes ‘difficult-to-hit’ tar-
gets in spontaneous or induced mutagenesis. Even if an miRNA is hit
and knocked out, researchers may still miss it because efforts to map a
mutation are usually concentrated on protein-coding regions. Finally,
many miRNA mutants may not be recognized in a phenotype-driven
screen because of redundancy!®. Although more miRNA genes might
be identified in the future by means of forward genetics, this approach
is unlikely to be a main contributor to the ever-growing list of biologi-
cally functional miRNAs.

PERSPECTIVE

Identification of miRNAs in small RNA libraries

The preferred approach to de novo identification of miRNAs is to
sequence size-fractionated cDNA libraries. Initially, a protocol, origi-
nally devised for cloning ~22-nt small interfering RNA molecules?’,
seemed to be also useful for identifying endogenous small RNAs, many
of which turned out to be miRNAs!. Variations of protocols for cloning
small RNAs have been developed independently®3, and these different
protocols have been successfully applied to identification of most of the
currently known miRNAs. All protocols follow the same principle but
differ in their details®! (Fig. 1). In brief, an RNA sample is separated in
a denaturing polyacrylamide gel and the size fraction corresponding to
20-25 nt is recovered. Next, 5 and 3" adapters are attached to the RNAs,
RT-PCRis carried out and the fragments are cloned into vectors to create
a cDNA library. Individual clones are then sequenced and analyzed to
determine the genomic origin of the small RNA.

For the first-strand cDNA synthesis, a 3" adapter needs to be ligated
to the mature miRNA to introduce a site at which to anneal the primer
used by reverse transcriptase. To prevent self-circularization of the
mature miRNAs and the adapter, small RNAs are usually dephosphory-
lated before ligation and the 3’-hydroxyl terminus of the 3" adapter
is blocked by incorporating a non-nucleotide group during chemical
synthesis of the oligonucleotide??. In another popular variation of the
protocol, the 3" adapter is preadenylated, removing the need to dephos-
phorylate the small RNA>23, Alternatively, ligation of the 3" adapter
can be replaced by addition of a poly(A) tail to the small RNAs using
poly(A) polymerase®*, in which case oligo(dT) is used as a primer for
reverse transcription.

Before the reverse transcription reaction, a 5" adapter is ligated to the
gel-purified and, if necessary, phosphorylated product of 3" adapter liga-
tion. Ligation of the 5" adapter can be omitted in protocols using cDNA
cloning by SMART technology (Clontech)?, which relies on the property
of some reverse transcriptases to add several nontemplated nucleotides
(predominantly deoxycytidine) to the 3" ends of synthesized cDNAs.
These overhanging nucleotides can be subsequently used in switching
the template from miRNA to the 5" adapter.

Finally, PCR-amplified cDNAs are often concatamerized into large
fragments before being cloned into vectors to increase the length of
informative sequence obtained from each sequenced clone!222,
Recently, a serial analysis of gene expression (SAGE)-like variation of the
concatamerization step has been developed?” that increases the average
number of small RNA tags per clone from 5 to 35, thereby boosting the
throughput and cost-efficiency of sequencing small RNA libraries.

New approaches that increase sequencing depth may replace conven-
tional sequencing?®. In a first example, Lu et al.”’ applied massive parallel
signature sequencing to elucidate of the small RNA component of the
Arabidopsis thaliana transcriptome. This technology enables hundreds
of thousands of short (17-nt) sequencing tags to be generated in one
run. An alternative technology that is emerging can produce a similar
number of longer (100-150-nt) sequence reads in a single analysis run?8.
Although no small RNA libraries sequenced by this technology have
been published so far, preliminary results from different research groups,
including ours, indicate that this sequencing method is likely to have a
big impact on the discovery of miRNAs and other small RNAs.

A common limitation in the discovery of miRNAs by cloning is that
it is difficult to find miRNAs that are expressed at a low level, at very
specific stages or in rare cell types. In principle, this limitation can be
overcome by deep sequencing of small RNA libraries from a broad range
of samples. In addition, a more difficult problem to solve is that some
miRNAs may be hard to clone owing to physical properties, including
sequence composition, or to post-transcriptional modifications, such
as editing or methylation?°-31,
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Once a small RNA is cloned from a cDNA library, bioinformatics is
required to identify its origin in the genome. It may seem a trivial task to
determine the genomic location (or locations) of a 22-nt sequence and
to check whether a hairpin precursor is encoded in the genomic region
and whether the hairpin structure is conserved in other species. This
analysis is complicated, however, by the fact that hairpin structures are
common in eukaryotic genomes and are not a unique feature of miRNAs.
Additional care should be taken to distinguish miRNAs from other types
of endogenous small RNA?!32 and from degradation products of mRNAs
or structural RNAs. Unfortunately, there is no publicly available software
for processing sequencing results from small RNA libraries at present,
and research groups hunting for miRNAs by sequencing will need to
implement in-house bioinformatics analysis programs.

Computational prediction of miRNA genes

Surveying genomic sequences to predict miRNAs became popular
after initial cloning efforts generated sufficient information about
miRNA properties to recognize a set of distinctive miRNA features>34.
Numerous approaches to miRNA prediction have been developed and
can be categorized on the basis of the particular miRNA features that
they use for prediction. First, all approaches use secondary structure
information, because the presence of a fold-back structure is an essential
characteristic of miRNA. Second, many rely on phylogenetic conserva-
tion of both sequence and structure to distinguish miRNA candidates
from irrelevant genomic hairpins. Last, other methods assess the ther-
modynamic stability of hairpins and sequence and structure similarity
to known miRNAs, or use information on genomic location relative to
known miRNAs.

The first methods of miRNA prediction relied heavily on conservation
criteria. MirScan software identified and ranked conserved hairpins on
the basis of their similarity to experimentally confirmed miRNAs and
predicted 35 new miRNA candidates in C. elegans®> and 107 in human?,
many of which were experimentally confirmed. The predictions in
C. elegans were subsequently refined by incorporating into the algorithm
the conservation of a characteristic motif upstream of the hairpin struc-
tures®®. Another conservation-based software, snarloop, has been used to
predict 214 candidate miRNAs in C. elegans®” and has provided a basis

=) for estimates of between 140 and 300, or more, miRNA genes in the

@C elegans genome. In D. melanogaster, 48 candidate miRNAs have been

=" predicted by miRSeeker®, which does not simply use conservation but

recognizes conservation patterns specific to miRNAs (such as a more
diverged loop sequence and a more conserved hairpin stem). A similar
approach, based on the shapes of conservation patterns of known
miRNAs, has been used to predict more than 800 new miRNA candidates
that are conserved between human and rodents®.

Conservation of potential target sequences rather than hairpins can
be used as an alternative starting point in miRNA prediction. Xie et al.”
analyzed conserved motifs that are overrepresented in the 3" UTRs of
genes and found that many of them correspond to complements of seed
sequences of known miRNAs. The seed sequence is formed by seven or
eight nucleotides of the mature miRNA, starting from the first or second
nucleotide, and is most crucial for interaction between the miRNA and
its target®*~*, Using motifs that did not match to known miRNAs, Xie
et al.” predicted 129 new miRNA candidates in human. Similar ‘tar-
get-driven’ approaches have been recently applied to the prediction of
miRNAs in A. thaliana®®, flies and worms?”.

Thermodynamic stability of secondary structure is another charac-
teristic that can be used to distinguish miRNAs from other hairpins.
Bonnet et al.*8 demonstrated that miRNAs, in contrast to tRNAs and
rRNAs, have free energies of folding that are significantly lower than
those of shuffled sequences. RNAz software combines thermodynamic

stability and conservation of secondary structure to predict noncoding
RNAs*>%0, and has been successfully used to predict miRNAs in various
organisms’!=>3,

Recently, several alignment-type methods for identifying homologs
of known miRNAs have been developed®* ¢ that search for genomic
sequences that can be ‘aligned’ with original miRNAs at both the
sequence and structural level. Importantly, not only close but also dis-
tant homologs can be identified in this way>.

Obviously, methods that rely on phylogenetic conservation of the
structure and sequence of an miRNA cannot predict nonconserved
genes. To overcome this problem, several groups have developed ab ini-
tio approaches to miRNA prediction®>738 that use only intrinsic struc-
tural features of miRNAs and not external information. Each of these
methods builds classifiers that can measure how a candidate miRNA is
similar to known miRNAs on the basis of several features (for example,
Sewer et al.>7 distinguish 40 features, such as free energy of folding,
length of the perfect longest stem, average size of symmetrical loops, and
proportion of different nucleotides in the stem, among others). Once a
set of features is defined, a popular machine learning approach called
‘support vector machines’ is used to build a model, based on positive
and negative training sets, that assigns weights to different features such
that their contribution to an overall score results in the optimal separa-
tion of positives and negatives. With these ab initio prediction methods,
many nonconserved miRNAs have been discovered and experimentally
verified in viruses®® and human®.

Another productive way to discover miRNAs is to explore genomic
sequences surrounding known miRNAs, because many miRNAs are
clustered or located close to one other?. Numerous human and mouse
miRNAs have been identified in this way®®¢! and the indications are
that more will be found™’.

Experimental validation of candidate miRNAs

Computationally predicted candidate miRNAs need experimental
validation. In principle, an miRNA can be considered to be validated
when expression of its mature ~22-nt form is demonstrated. Validation
approaches can be split in two categories: those that determine the exact
ends of the mature RNA; and those that demonstrate expression but do
not identify the exact ends (Fig. 2). It is important to realize that miRNA
prediction algorithms often cannot predict the location of the mature
miRNA in a precursor with nucleotide precision. However, establishing
the mature miRNA ends, especially the 5" end, is essential for down-
stream applications such as miRNA target prediction. For this reason,
validation approaches based on the cloning and sequencing of small
RNAs are the most informative.

A combination of random cloning from small RNA libraries and
miRNA prediction is a viable, albeit not directed, approach in which
predictions are not used at the experimental stage but they simplify
analysis of the cloned sequences®!. In a PCR-based directed cloning
approach, one of the primers is universal and corresponds to the 5
adapter, whereas the other overlaps with the 3" region of the miRNA,
facilitating amplification of specific cDNA clones from a small RNA
library®3>. With this approach, only one of the miRNA ends (the 5’
end) can be determined. In another directed cloning method, biotinyl-
ated oligonucleotides corresponding to predicted miRNAs are used to
enrich for specific cDNAs before library construction®. The advantage
of this method is that the complete sequence of the mature miRNA can
be deduced.

Different hybridization-based methods can be used to demonstrate
the expression of predicted miRNAs. RNA (northern) blot analysis is a
robust technique that can provide information on the size and expression
of predicted miRNAs. It is also frequently used to confirm expression
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Figure 2 Validation of miRNA candidates. (a) Cloning-based approaches. In

1, miRNA can be validated indirectly by random sequencing from small RNA
libraries. In 2, primers overlapping the predicted miRNA and the adapter

can be designed to amplify specific candidate miRNAs from a library. In 3,

a biotinylated probe can be used to enrich the RNA sample before library
construction. (b) Hybridization-based methods. In 1, candidate-specific probes
can be used in RNA blot analysis, primer extension, microarray analysis or in
situ hybridization. In 2, a tiling path of probes overlapping the predicted 3" end
of a mature miRNA can be designed and used in an RNA-primed, array-based
Klenow enzyme (RAKE) assay to establish the exact 3" end of the miRNA.

of miRNAs cloned from size-fractionated cDNA libraries'=. The dis-
advantages of RNA hybridization are its low throughput and limited
sensitivity for detecting rare miRNAs.

o Another hybridization-based method for miRNA validation is primer
extension. In this approach, a primer that is several nucleotides shorter
than the predicted miRNA is hybridized to an RNA sample and extended
by reverse transciptase using RNA as template; gel electrophoresis is then
used to detect extended products®?. Only the 5" end of an miRNA can
be identified in this way. An inversed version of this approach is used in
the RNA-primed array-based Klenow extension (RAKE) assay, in which
miRNAs are hybridized to probes on a microarray and are used by Klenow
enzyme as primers in an extension reaction®>. RAKE was originally devel-
oped for expression profiling of known miRNAs, but it can be adapted to
map the 3" ends of predicted miRNAs in a high-throughput fashion. We
have designed RAKE tiling path probes with single-nucleotide resolution
that cover the potential ends of a set of previously predicted miRNAs®, and
have used high-density 44K Agilent custom microarrays to confirm the
expression of several hundred miRNA candidates (E.B.,E.C.and RH.A.P,
unpublished data). Although conventional miRNA microarrays can be
also used for high-throughput testing of candidate miRNA expression®!,

RAKE provides the additional advantage of establishing the dominant 3

end of an miRNA.

Finally, in situ hybridization methods for miRNA detection have been
developed recently®*-%® and can be used to determine the spatio-temporal
expression patterns of candidate miRNAs. I situ hybridization does not
provide information on the size or the ends of the RNAs detected, and
thus has limited value for validating predicted miRNAs.
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What is an miRNA?

In the literature, miRNAs are sometimes described as ~22-nt RNA
molecules that originate from fold-back precursors and can regulate
the expression of genes. This biologically intuitive definition implies
that miRNAs should have a demonstrated function; however, biologi-
cal function has been so far elucidated for only a few miRNAs, and the
criteria established for miRNA classification® deliberately do not include
the requirement that a small RNA must have a demonstrated function
to be annotated as an miRNA. Instead, phylogenetic conservation—an
indirect indication of a possible function—is proposed as supporting
evidence for annotation as an miRNA. Strictly speaking, and in keeping
with the general guidelines for annotating noncoding RNAs®, the term
‘candidate miRNA’ should be used as long as the function of the miRNA
is unknown. This may, however, not always be practical, and once expres-
sion and biogenesis evidence is obtained for reliable annotation of a gene
as an miRNA, the prefix ‘candidate’ can be dropped without a specific
function assigned to the gene. For border-line cases—for example, when
the only criteria satisfied are expression by sequencing of a single clone
and the presence of a nonconserved hairpin—the ‘candidate miRNA’
terminology may be justified.

Function aside, the main objective of the original guidelines was to
establish a uniform system for miRNA annotation and to prevent the
misclassification of other types of small RNA as miRNA. The guide-
lines have successfully fulfilled their role so far, but how will recently
generated data on small RNA sequencing and other approaches to
miRNA identification affect them in the future? Recent work on exten-
sive sequencing of small RNAs from human colorectal cells?® has pro-
vided a first glimpse of some of the issues that will undoubtedly arise.
In this study, Velculescu and coworkers?® identified 200 known and 133
unknown miRNAs by sequencing more than 270,000 cDNA tags. All
previously unknown miRNAs met the expression (=cloned) and bio-
genesis (=hairpin) criteria required for miRNA annotation, and 89 had
additional supporting evidence such as conservation, multiple observa-
tions of expression, genomic clustering, cloning of the star sequences, or
homology to known miRNAs. Yet the set of newly discovered miRNAs
was fundamentally different from the set of known miRNAs.

First, the set was supported by only 2,000 tags as compared with
70,000 tags for known miRNAs, indicating that the newly identified
miRNAs are expressed at substantially lower levels. Second, only six
of the new miRNAs were differentially expressed in a cell line in which
Dicer expression was knocked down, as compared with 55 of the 97
known miRNAs. Third, only 32 of the 133 new miRNAs are conserved.
Last, our analysis (unpublished data) indicates that 25 of the new
miRNAs overlap with repeat annotations (as provided in Ensembl v.36),
including L1 elements, 2 overlap with tRNA annotations (hsa-mir-565
and hsa-mir-594) and 1 overlaps with Alu repeats (hsa-mir-566). Does
this mean that some RNAs identified in this study are erroneously anno-
tated as miRNAs?

This question is difficult to answer because for every argument against
miRNA annotation, a counterargument can be provided. Low expres-
sion, as judged by a few observed clones, would be expected, because
abundant miRNAs are easily cloned and were identified long ago; how-
ever, in this study 20 known miRNAs were also observed only once?>.
Thus, the number of times that an RNA sequence is observed in the
experiment is not always a good filter. Neither is conservation, because
this is not a general feature of functional noncoding RNAs®, and several
nonconserved miRNAs have been identified®®°. In addition, overlap
with repeat annotations does not immediately taint a candidate, because
examples of repeat- and pseudogene-derived miRNAs are known’%71,
No differential expression in a Dicer mutant is perhaps more worrying,
but can be explained by the technical difficulties of detecting miRNAs
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expressed at low levels. This leaves us with only two operational criteria:
expression of a ~22-nt RNA, and the presence of a potential fold-back
structure. Although these criteria are indeed not sufficient to declare
an RNA as a bona fide miRNA?, they do warrant its annotation as a
candidate miRNA. From the practical side, these candidate miRNAs
should still be deposited in miRBase’? with appropriate remarks and
under distinctive names, thereby providing a consistent basis for their
further investigation.

What evidence can be considered to generate a definition of an miRNA
that is precise, generally applicable, and based on our biological mean-
ing of an miRNA? Given the known functions of miRNAs, one might
require that a real miRNA regulates target mRNAs. We would not, how-
ever, want to exclude miRNAs that enhance, rather than repress, a target
mRNA (perhaps by stabilizing it). We also would not want to exclude an
miRNA that can be clearly shown to bind targets, but without affecting
their expression. After all, recent reports show that external signals may
function to release a mRNA from miRNA binding’>74; thus, a miRNA
may affect the expression of a target only under specific in vivo condi-
tions and/or in some tissues or cell lines, and regulatory effects might
not be observed under the experimental conditions used.

The criterion that an miRNA needs to interact with a target is also
probably not appropriate: at least in animal cells the current thought
is that many, if not all, miRNAs that share their 7-bp seed sequence
with an mRNA in the cell will bind to that mRNA*3~4>, Because other
sequences within the 22 nt may also affect binding (there is selective
pressure on the conservation of such residues), because the structure
of the target mRNA may have a role, and because there may even be
hindrance by other bound miRNAs, we probably need to move away
from the clean discrete picture that is seen in the early miRNA litera-
ture: namely, one mRNA with a fixed set of miRNAs cleanly bound to
its 3" UTR. There may be many miRNAs that jump off and on, there
may be partially occupied sites, and thus there may be different copies
of the same mRNA in the same cell that are occupied by a partially
different set of miRNAs.

Certainly, a useful criterion is that miRNAs are made by the Dicer
pathway. Other small regulatory RNAs are very likely to exist, but if
they are made by other nucleases, then they are not included in the

e, definition of miRNAs. Indeed, this criterion is precise, it fits with the
@intuitive biological definition, and it is probably robust (although the

= Dicer pathway may turn out to be a member of a larger family of related

small RNA pathways and then even this defining criterion may need to
be reconsidered). Demonstrating that a small RNA is made in a Dicer
pathway can be technically challenging, however, because Dicer homo-
zygous mutants are unviable’>~77 and ‘tricks’ are required to circumvent
this problem25>78. An additional general feature of miRNAs, which can
be useful in their discrimination, is that they are handed over’ by Dicer
to the RNA-induced silencing complex or RISC protein complex. This
criterion, however, is also technically challenging to assess.

© 2006 Nature Publishing Group http://www.nature.com/naturegenetics

Outlook

Technologies such as massively parallel sequencing will boost the dis-
covery of many expressed small RNAs and will undoubtedly result in
the identification of more candidate miRNAs. The currently accepted
standards for classifying bona fide miRNAs will remain the basis of the
miRNA definition, even though the limitations of some of the criteria
are becoming obvious. It is, however, premature and perhaps impossible
to propose an absolute set of standards that will apply to all systems,
and considerable validation assays that establish functionality will be
needed to advance our understanding of miRNAs and to provide a real-
istic estimate of the total number of miRNAs encoded by a human or
mammalian genome.
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