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MicroRNAs are 20- to 23-nucleotide RNA molecules that can regulate gene expression. Currently >400 microRNAs
have been experimentally identified in mammalian genomes, whereas estimates go up to 1000 and beyond. Here we
show that many more mammalian microRNAs exist. We discovered novel microRNA candidates using two
approaches: testing of computationally predicted microRNAs by a modified microarray-based detection system, and
cloning and sequencing of large numbers of small RNAs from different human and mouse tissues. Together these
efforts experimentally identified 348 novel mouse and 81 novel human microRNA candidate genes. Most novel
microRNAs candidates are not conserved beyond mammals, and ~10% are taxon-specific. Our analyses indicate that

the entire microRNA repertoire is not remotely exhausted.

[Supplemental material is available online at www.genome.org. All novel microRNAs described in this study are
submitted to the central miRNA repository miRBase, maintained at the Wellcome Trust Sanger Institute, under the

ID nos. listed in the Supplemental material.]

Although the first microRNA (miRNA) was identified >10 yr ago
(Lee et al. 1993; Wightman et al. 1993), it was only recently
recognized that miRNAs form a major class of ribo-regulators
(Lagos-Quintana et al. 2001; Lau et al. 2001; Lee and Ambros
2001). Currently, >400 miRNAs have been described for human
(Griffiths-Jones 2004), but estimates based upon computational
predictions range between 500 and 1000 (Bentwich et al. 2005;
Berezikov et al. 2005, 2006; Xie et al. 2005). miRNAs are tran-
scribed as long precursors (pri-miRNAs) that are processed by
Drosha, resulting in an ~70-nucleotide (nt) stem-loop structure
(pre-miRNA), are transported to the cytoplasm, and are further
processed by the Dicer-containing complex. The resulting 20- to
25-nt mature miRNAs are loaded in the RNA-induced silencing
complex (RISC) that can effect gene silencing through sequence-
specific base pairing with target mRNAs, resulting in either tran-
scriptional repression or target breakdown (Bartel 2004; Du and
Zamore 2005). Although only a limited number of biological tar-
gets has been validated experimentally, computational ap-
proaches, applying rules based on validated targets, suggest that
the currently known set of miRNAs may regulate between 20%
and 30% of all transcripts in a vertebrate genome (Lewis et al.
20035; Lim et al. 2005). Indeed, many developmental and disease
processes have now been found to be under critical regulation by
miRNAs (Alvarez-Garcia and Miska 2005; Plasterk 2006). To ob-
tain better insight into the biological function of this class of
small RNA molecules in general and individual miRNAs in par-
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ticular, it will be essential to identify all miRNAs that are ex-
pressed from a genome. Here, we describe the identification of
many novel miRNA candidates by following two different experi-
mental approaches. First, we used a modified microarray-based
detection system to experimentally confirm computationally
predicted miRNAs; secondly, we generated several high-titer
cDNA libraries for small RNAs from different human and mouse
tissues, followed by sequencing and computational analysis of
inserts. Together, these efforts identified 348 novel mouse and 81
novel human microRNA candidate genes and suggested that still
more miRNAs exist in genomes.

Results

Microarray-based confirmation of computationally
predicted candidates

Previously, we reported computational predictions of >800 novel
mammalian miRNA candidates that meet stringent phylogenetic
conservation profiles and RNA folding criteria (Berezikov et al.
2005). To verify these predicted miRNA candidate genes experi-
mentally, we now employed a modified RNA-primed Array-based
Klenow Extension (RAKE) approach (Nelson et al. 2004). This
assay is based on the ability of an RNA molecule to function as a
primer for Klenow polymerase extension when fully base-paired
with a single-stranded DNA molecule (Fig. 1A). As the exact 3’
end of the miRNA should be known for successful extension, and
computational predictions are not optimal for predicting the cor-
rect start and end of the mature miRNA, we designed a tiling path
of probes complementary to both known and predicted miRNA
precursors (Fig. 1B). Such a tiling path RAKE assay is less prone to
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Figure 1. Schematic representation of the modified RAKE assay (A) and experimental results ob-

tained for known (B) and novel (C) candidate miRNAs. (A) A 44K microarray with a tiling path of
60-mer probes that are attached with their 3’ end to the glass surface was designed for the Agilent
platform. Each DNA probe consists of a universal 3’ spacer sequence (black) followed by 22 nt of
sequence complementary to the microRNA candidate (red), three thymidine nucleotides (green), and
a short universal spacer (black). Unlabeled small RNA is hybridized to these arrays, followed by a
Klenow extension reaction in the presence of biotinylated dATP. As miRNAs function as a primer for
extension and the thymidines are the only template for extension, a complete 3’-end match is required
for biotin incorporation and streptavidin fluorophore-mediated detection in the final step. (B) Sche-
matic representation of the miR-293 pre-miRNA with predicted secondary structure and RAKE results.
The mature miRNA (red) and numbers above the sequence indicate the 3’ end that fully matches the
respective tiling path probe on the array. The strongest signal in the RAKE assay is obtained for probe
14, confirming the known 3" end of miR-293. A weaker signal is obtained for probe 8, consistent with
sensitive detection of the star sequence, which is produced as a side product from the hairpin structure
by Drosha and Dicer nucleases that cut double-stranded RNA with a 2-nt 3’ overhang. The star
sequence cannot be detected for all positive miRNAs. (C) RAKE results for three candidate miRNAs
confirm the existence of novel miRNAs and identify the 3" end of the mature miRNAs. For cand208 the
star sequence can be detected (probe 7), whereas for cand973 multiple probes are positive with a
rapidly decreasing intensity around the predominant probe, most likely representing imprecise 3" end
processing.

false positives than standard hybridization assays, as it depends
on the presence of a fully matching 3’ end of the miRNA and
hence distinguishes between miRNA family members that differ
in their 3’ sequences. Flanking tiling path probes function as
negative controls.

Although some rules have been put forward to determine
which strand of the stem is preferentially loaded as mature
miRNA in the RISC complex (Khvorova et al. 2003; Schwarz et al.
2003), such computational predictions can be done only when
the precise ends of the processed miRNA duplex are known. In
addition, due to the nature of the hairpin sequence it is often

difficult to predict which strand of the
genomic DNA encodes a precursor. To
take a fully unbiased approach, we de-
signed tiling paths of 11 probes covering
each arm of the stem-loop structure, for
the sense as well as the antisense ge-
nomic sequence, resulting in sets of 44
probes per candidate microRNA gene.
Due to G-U pairing allowed in RNA fold-
ing and different nucleotide composi-
tion of the complementary DNA strand,
antisense transcripts do not necessarily
fold into stable stem-loop structures,
and for such candidates only 22 probes
were included. The central position in
the tiling path was determined by pre-
dicting the most likely Dicer/Drosha
processing sites from secondary struc-
ture hairpin information.

We designed a custom validation
microarray with 44,000 features, cover-
ing 259 known mouse miRNAs and 687
novel predicted miRNAs that are con-
served between mouse and human, and
filled up the array with 200 additional
candidates based on stringent randfold
criteria (Bonnet et al. 2004) and mouse
and rat genome conservation. These ar-
rays were probed with four different
sources of small RNAs: mouse embryos
at embryonic days 8.5 and 16.5, adult
mouse brain, and embryonic stem (ES)
cells (Fig. 1C). Mature miRNAs were
semi-manually annotated after pre-
processing the raw microarray output
data using custom scripts. A nonredun-
dant set of 184 of the known miRNAs
(71%), 419 of the candidate conserved
miRNAs (61%), and 128 of the extra set
(64%) were found positive (Supplemen-
tal data 1, 2). The confirmed numbers of
known and novel miRNAs may still be
underestimates due to the limited num-
ber of different tissues assayed and the
limited length of the tiling path used.
Interestingly, for more than half of the
known miRNAs the most prominent 3’
end observed in the RAKE assay differed
from the annotated form, including sev-
eral mature miRNAs residing in the
other arm of the hairpin, suggesting that

originally the star-sequence was annotated (Supplemental data
1). In addition, for various candidate and known miRNAs, mul-
tiple subsequent probes (2 or 3) resulted in a positive signal,
indicating that 3" end processing of miRNAs is not a completely
accurate process at the single nucleotide level. These findings are
in line with the observed variation in ends of cloned miRNAs
(Aravin and Tuschl 2005).

Manual inspection of microarray signal along the tiling
paths in known miRNAs suggests a high specificity of the RAKE
assay, since we did not observe signal outside the expected loca-
tions (Fig. 1B). To directly estimate the rate of false-positive
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discovery in RAKE, we tested a number of RAKE-positive candi-
dates by Northern blot analysis (Supplemental Fig. 1). From a
selected set of 29 candidates that had a clear signal on RAKE, 22
were found positive on Northerns (76%). For another set of 11
candidates that were classified as “inconclusive” based on RAKE
results, 6 (55%) were positive on Northerns (Supplemental Table
1), suggesting that among candidates that failed in our RAKE
experiments there is still a substantial fraction of real miRNAs.
During the course of the experiments, 18 of the 28 miRNA can-
didates that were confirmed by Northern blot analysis were also
identified by other research groups and are currently annotated
in miRBase (Poy et al. 2004; Bentwich et al. 2005; Sewer et al.
2005; Xie et al. 2005; Mineno et al. 2006; Wheeler et al. 2006).
However, as it will remain difficult to obtain solid numbers on
false-negative rates, but more importantly also on false-positive
rates of the RAKE assay, we propose to consider all RAKE-positive
hairpins as candidate miRNAs until independent additional con-
firmation (e.g., cloning, Northern, PCR-based amplification) is
obtained.

Small RNA cloning and analysis

The second approach we pursued is deep sequencing of size-
fractionated small RNA libraries of isolated human and mouse
tissues. Although it was suggested previously that such efforts
had reached near saturation (Lim et al. 2003), only limited num-
bers of library clones from a selected set of vertebrate tissues have
been sequenced. Moreover, our computational predictions and
microarray-based confirmations suggested many novel miRNAs
yet to be discovered. Therefore, we generated nine high-titer
nonconcatamerized libraries of size-fractioned small RNAs from
mouse brain and various human fetal tissues (brain, skin, heart,
lung, and mixed tissues), primary cells (human umbilical cord
blood-derived endothelial progenitor cells, UCB-EPC; human
foreskin-derived microvascular endothelial cells, MVEC), and cell
lines (mix of six colon tumor cell lines, CTCL) and sequenced in
total >140,000 clones (Table 1). After vector and quality trim-
ming, 87,704 inserts >18 bases were recovered.

We established a computational pipeline for automated an-
notation of the cloned sequences, taking into account unique
chromosomal position, location in repetitive elements or rRNA,
tRNA, snoRNA genes, conservation data from 18 animal genomes

(human, chimp, macaque, mouse, rat, dog, cow, chicken, opos-
sum, zebrafish, fugu, tetraodon, Xenopus, Anopheles, bee, fly,
worm, Ciona), and secondary structure information using rand-
fold (Bonnet et al. 2004). This analysis was applied to the mouse
and human cloned fragments, as well as to all known human and
mouse miRNAs and the positive candidates identified using the
RAKE assay (Table 2; Supplemental Data 3). Two hundred
twenty-two out of 335 mouse (66%) and 204 out of 328 human
(62%) miRNAs, as deposited in miRBase (Griffiths-Jones 2004),
passed the automated filtering and annotation. Most of the
miRNAs that were discarded by the computational pipeline over-
lap with various repeat annotations. For the 873 mouse miRNA
sequences that tested positive in RAKE, 312 were rejected ad hoc
by the computational analysis for various reasons (Supplemental
Data 1). To maintain very stringent criteria for all novel miRNA
candidates reported here, we decided to exclude the latter set
from further analyses and calculations, although they may rep-
resent genuine miRNAs.

For the sequenced small RNAs, 19,291 mouse (79%) and
23,351 human (60%) clones passed this filtering. Known abun-
dant microRNA sequences dominate this set, but, interestingly,
~0.5% of the reads represent 54 novel mouse and 81 novel hu-
man miRNA genes (Supplemental Data 3). Underrepresentation
of novel miRNAs in cloning and sequencing experiments can be
expected, as there is a strong bias toward highly expressed and
abundant miRNAs, which have already been identified in previ-
ous low-depth sequencing efforts. As a result, 76% of the novel
miRNAs are supported by only a single clone, but it should be
noted that 28% of the known miRNAs were also detected only
once or not at all in our set of tissues (Fig. 2). It now becomes
clear that expression levels of miRNAs may range over more than
three orders of magnitude (Neely et al. 2006), which is indeed
reflected in our cloning results where the most abundant miRNAs
were picked up >3000 times and many others (both known and
novel) only once (Supplemental data 4).

Overlap between approaches

Overlap between the novel miRNAs obtained by the RAKE-based
computational verification experiments and the cloning experi-
ment is limited (Fig. 3), potentially reflecting the fundamentally
different biases underlying each approach, such as phylogenetic

Table 1. Small RNA library statistics
Human Human Human Human Human Human Human Human Human Mouse
brain skin heart lung mix1? mix2® UBC-EPC° MVECH CTCL® brain Total
cfu 2.4 %X 10° 1.2 x 10° 2.1 X 10° 2.7 x 10° 2.0 X 10° 3.3 X 10° 6.6 x 10° 7.2 x 10° 0.9 x 10° 2.3 x 10°
PCR cycles' 20 17 20 17 22 22 17 17 18 15
Total number of reads 11,520 4992 6144 6144 3840 8064 24,369 18,432 18,048 42,336 143,889
Accepted reads? 6761 4109 3949 4521 415 648 18,406 4878 12,429 31,588 87,704
Success rate 59% 82% 64% 74% 11% 8% 76% 26% 68% 75% 61%
Known miRNAs 157 164 121 144 29 50 144 121 154 206
(reads) (4745) (2177) (1380) (2418) (95) (84) (8328) (2527) (4886) (19,407)
Novel miRNAs 17 6 11 8 1 4 24 7 28 57
(reads) 21) (8) an 12) m 4) (34) (13) (51) (155)
aVarious uncharacterized fetal tissues.
PLiver, stomach, bowel.
‘Human umbilical cord blood-derived endothelial progenitor cells.
9Human foreskin-derived microvascular endothelial cells.
*Mix of six colon tumor cell lines.
PCR cycles needed for cDNA amplification before cloning.
9After computational analysis.
Genome Research 1291
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Table 2. Computational analysis statistics for known and novel miRNAs

Human Mouse
All libraries miRBase Brain RAKE miRBase
Category® Reads Loci Reads Loci Reads Loci Reads Loci Reads Loci
Accepted 56,116 328 31,588 873 335
Mapped to genome 38,928 29,275 326 338 24,366 3869 870 2215 331 1573
Repeats 2868 24,588 52 62 1403 2124 68 1514 23 27
rRNA, tRNA etc. 3670 2856 5 4 1296 512 33 25 20 20
GC-rich, incorrect length 1781 57 6 6 796 9 12 9 3 4
Nonhairpin regions 3389 1165 10 7 1158 840 128 124 29 308
Known miRNAs within repeats 3263 42 42 50 210 21 7 20 15 906
Known miRNA passed randfold 23,196 193 204 199 19,136 178 220 169 222 223
Known miRNAs failed randfold 181 10 7 10 61 7 4 4 19 85
Hairpins passed randfold 155 81 0 0 155 57 341 296 0 0
Hairpins failed randfold 425 283 0 0 151 121 57 54 0 0

2See Methods for details.

conservation for the RAKE experiments and expression abun-
dance in cloning from tissue samples. Furthermore, different tis-
sue sources that potentially express different miRNAs were used
in the various experiments to maximize the chance of finding
novel miRNAs. Both the cloning approach and the microarray
experiments show that the abundance of miRNAs varies over
several orders of magnitude and that different tissues are charac-
terized by a different group of highly expressed miRNAs (Supple-
mental data 4). Since the tissues used consist of many different
cell types, miRNAs that are highly expressed in only a few cells of
a tissue would seem to be expressed at low levels when the whole
tissue is assayed and could easily be missed by cloning efforts.
However, such miRNAs would be extremely powerful indicators
for specific cell types (Wienholds et al. 2005) and, in line with
previous reports, could be very valuable, for example, in classi-
fying tumors (Calin et al. 2005; He et al. 2005; Lu et al. 2005).
To test the presence of RAKE-confirmed miRNAs in our
small RNA libraries, we used information about the 3’ ends of
miRNA to design primers that overlap with the miRNA sequence
and the poly-A tail that was introduced during the cloning pro-
cess. These oligos can be used in combination with a vector-based
primer to amplify specific miRNA clones from total library DNA.
From 32 known miRNAs tested, eight were positive in this PCR
assay using the mouse brain library as template, indicating that
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Figure 2. The cloning frequency for known and novel mouse and hu-
man miRNAs is significantly different. Although many known miRNAs
were not picked up in our cloning experiments and about half of the
novel miRNAs were identified multiple times, a relatively high fraction of
novel miRNA candidates was identified only once, indicating that small
RNA sequencing efforts have not been exhausted.

in principle the assay can be used for specific amplification of
miRNA clones, although the success rate is only 25% (Supple-
mental data 5). From 276 novel RAKE candidates that were tested
by PCR, three candidates were positive (MM_25, MM_139, and
MM_359). From these, two candidates (MM_25 and MM_139)
were also observed in sequenced clones from mouse brain library,
and MM_139 appeared to be a homolog of a recently published
human miRNA, mir-551b (Cummins et al. 2006). Although con-
firmation rates are rather low, the results do also indicate that
library sequencing is not exhausted and that more extensive se-
quencing of the libraries may yield more novel miRNAs and in-
crease the overlap between miRNA candidates identified by RAKE
and by cloning.

To further assess reliability of the RAKE assay, we compared
mouse brain cloning and RAKE data. One hundred eleven known
miRNAs were positive on RAKE using RNA from mouse brain and
were also cloned from the mouse brain library. In 63 cases (57%),
the most frequently cloned sequence had the same 3’ end as that
identified in the RAKE experiment, and in 32 cases (29%), the
miRNAs RAKE 3’ end corresponded to 3’ ends of some of the
cloned inserts, but these were not the most frequently cloned
sequences. Only in 16 cases (14%) were there no matching 3’
ends between RAKE and cloned sequences. This analysis demon-
strates that, at least for known miRNAs, there is a good agreement
between RAKE and cloning data, further substantiating the va-
lidity of the RAKE approach.

Discussion

According to the guidelines for miRNA annotation (Ambros et al.
2003), a cloned RNA must have either convincing evolutionary
conservation or some other evidence of expression in order to be
annotated as a genuine miRNA. Although most of the novel
miRNAs presented here are supported by evolutionary conserva-
tion and stringent bioinformatic criteria, independent expres-
sion evidence is lacking for most of them. To distinguish between
miRNAs that are extensively verified by independent experimen-
tal assays (e.g., Northern blots) and RNA species that are sup-
ported by limited single experiments (e.g., cloned only once, or
only found positive in RAKE), but are highly likely to be real
miRNAs, we prefer to use the term “miRNA candidate” for the
latter class. Taken together, we identified 348 novel mouse (RAKE
and cloning) and 81 novel human (cloning only) miRNA candi-
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Figure 3. Overlap of cloned small miRNAs and RAKE results for known
(A) and novel (B) mouse miRNA candidates. Known microRNAs were
found to varying degrees in the different experiments, but most are de-
tected in limited numbers of samples in both human and mouse. Most

novel microRNA candidates were identified by the combination of com-
putational prediction and RAKE confirmation approach.

date genes (Fig. 3). Novel miRNAs in general are expressed at a
very low level and constitute <1% of clones in small RNA librar-
ies. At the same time, novel miRNA candidates are less conserved
than known miRNAs (Table 3). While the majority of known
miRNAs are conserved among invertebrates, vertebrates, and
mammals, only a few novel miRNAs are conserved to this extent.
Instead, most of the novel miRNAs are conserved only in mam-
mals, primates (for human-derived miRNAs), or rodents (for
mouse-derived miRNAs). Seven percent of human and 11% of
mouse novel miRNA are species-specific.

Similar to known miRNAs, several of the novel miRNA can-
didates were found to belong to families that have high sequence
similarity, even though this characteristic has already been used
to identify miRNAs by systematic genome analysis (Nam et al.
2005). In human, one family was identified that contains only
novel miRNA candidates, and eight families were found to con-
tain both known and novel miRNAs (Supplemental Table 2). In
mouse, novel miRNA candidates make up 12 novel families and
contribute to two known miRNA families.

Genomic clustering is a feature that has been employed for
miRNA gene discovery previously (Altuvia et al. 2005), and from
our newly identified set of miRNA candidates 19 mouse and 13
human miRNA genes reside in existing or novel (11 and five,
respectively) genomic clusters (with 20 kb distance) of multiple
miRNAs (Fig. 4; Supplemental Table 3). Interestingly, 10 miRNA
candidates are novel members of a large cluster of >30 miRNAs.

Many known miRNAs reside in introns of protein-coding
genes and in introns and exons of noncoding RNAs (Rodriguez et
al. 2004). Similarly, 46% of novel human miRNA candidates are
intronic (Table 4), and 27% overlap with both coding and non-
coding exons, including 11% that overlap exon-intron junctions
(“boundary” in Table 4). In mouse, 29%, 10%, and 13% of novel
miRNAs are intronic, boundary, or exonic, respectively, and 48%
of miRNAs do not overlap with known transcripts. The majority
of novel miRNA candidates originate from the same strand as a
host gene (66% in human and 73% in mouse).

Our results do indicate that miRNA discovery efforts are not
exhausted. We have used very stringent parameters for the com-
putational prediction of phylogenetically conserved miRNAs,
thereby missing miRNAs that are less conserved or even species-
specific. Indeed, using the RAKE assay, we could experimentally
detect many novel miRNAs that were predicted without using
stringent phylogenetic conservation criteria. Several miRNA can-
didates that gave inconclusive results on RAKE (and were ex-
cluded from further analysis) were still positive by Northern blot
analysis, indicating that there are more real miRNAs among

RAKE candidates than we were able to confirm. Furthermore, we
discarded many RAKE-positive candidates that failed the compu-
tational pipeline developed for analysis of sequences from small
RNA libraries. We decided to comply with these very stringent
filtering criteria for consistency with the cloning approach, and
to obtain the most reliable data set, although one should realize
that we may have filtered out genuine miRNAs. Indeed, a num-
ber of known miRNAs did not pass the pipeline under the se-
lected stringent parameters (Table 2), and several nonpassed
RAKE candidates were confirmed by Northern blot analysis
(Supplemental Table 1). The 296 miRNA RAKE candidate regions
that passed the computational pipeline overlap poorly with our
cloning efforts (Fig. 3), with only three miRNAs confirmed by
cloning and one additional RAKE candidate recovered from the
mouse brain library by directed PCR (Supplemental data ). Posi-
tive results of directed PCR indicate that more RAKE candidates
can be confirmed by increasing the sequencing depth of small
RNA libraries. At the same time, the limited success rate of the
PCR-based confirmation suggests that many RAKE candidates
may not be present in the libraries. Since the confirmation rate of
RAKE candidates by Northern blot analysis is >50% (Supplemen-
tal Fig. 1), it is possible that some real miRNAs are simply not
“clonable” by the methods used, for example, due to their physi-
cal properties or modifications, and therefore cannot be detected
in small RNA libraries. Although we provide strong bioinformat-
ics and expression evidence for 296 RAKE miRNA candidates, for
290 of them we do not have experimental evidence for the exact
location of the 5’ end of the mature miRNA sequence, and
therefore these miRNAs should still be considered as candidate
miRNAs.

Our cloning efforts also suggest that more miRNAs can be
discovered in the future. Many known and novel miRNAs were
represented by just a single clone in the various libraries (Fig. 2).
Near saturation is expected only when the vast majority of
miRNAs has been identified multiple times. Both increased depth
analysis of existing libraries and cell-type-specific analyses are
likely to further increase the number of miRNAs. To minimize
the false-discovery rate, we have applied stringent criteria for
computational analysis of small RNA sequencing reads that dis-
carded several hundred potential miRNA hairpins along with a
number of known miRNAs (Table 2). Future improvements in the
bioinformatics analysis combined with experimental methods of
independent verification of miRNA candidates may further in-
crease the yield of novel miRNAs from small RNA sequencing
efforts. Eventually, a comprehensive inventory of mammalian
microRNA genes will facilitate elucidation of biological functions
of this class of genes and aid in the identification of the involve-
ment of individual microRNAs in development and disease pro-
cesses (Alvarez-Garcia and Miska 2005; Hammond 2006; Plasterk
20006).

Table 3. Conservation of known and novel miRNAs

Human Mouse

Conservation

level Known Novel Known Novel
Invertebrates 28 2 24 2
Vertebrates 96 5 107 34
Mammals 61 27 53 221
Order-specific? 13 41 18 53
Nonconserved 1 6 2 38

@Primates for human, and rodents for mouse.
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Figure 4. Chromosomal location of human (A) and mouse (B) miRNAs. (Red) Novel miRNA candidates, (green) known miRNAs. Clustered miRNAs
are stacked.
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Table 4. Genomic context of novel miRNAs

Strand Location Coding® Human Mouse
Intergenic 22 168
+ Intronic + 25 48
+ Intronic — 9 16
— Intronic + 3 33
- Intronic - 0 4
+ Boundary? + 6 12
+ Boundary - 3 5
- Boundary + 0 10
- Boundary - 0 7
+ Exonic + 4 17
+ Exonic - 8 8
— Exonic + 1 13
- Exonic - 0 7

#“Boundary” is a case in which a miRNA hairpin overlaps an intron-exon
junction.

®For intronic and boundary locations, noncoding means that surrounding
exons are noncoding.

Methods

Computational prediction of novel microRNAs

All conserved human-mouse microRNAs were deduced from the
candidate microRNA set as described in Berezikov et al. (2005).
To produce additional candidate microRNA genes, the mouse
genome was scanned for potential hairpins with a sliding win-
dow of 100 nt, and randfold values were calculated for resulting
hairpins (mononucleotide shuffling, 1000 iterations). From a
large set of hairpins that have low randfold values but are not
necessarily conserved in other species, a subset of 200 was ran-
domly selected to fill up the array.

RAKE microarray design and analysis

The microarray for verification of candidate microRNAs using the
RAKE assay was designed as a 44K custom microarray (Agilent
Technologies). Probes (60-mer) that are attached to the glass sur-
face with their 3’ end were designed to include a fully matching
probe sequence of 22 nt complementary to the predicted mi-
croRNA with universal spacers on each side (5’ end, 5" spacer:
CGATCTTT, sequence of 22 nt complementary to the microRNA
candidate region [tiling path], 3" spacer: TAGGGTCCGATAAGG
GTCAGTGCTCGCTCTA, 3’ end attached to glass surface). The
three Ts in the 5’ spacer function as a template for Klenow-
mediated microRNA extension using biotin-dATP. A tiling path
of 11 nt was designed to cover the most likely Dicer/Drosha
cleavage site determined at 22 nt upstream and downstream from
the terminal loop extended to contain at least 11 unpaired
nucleotides. For all cases, probes were designed for both arms of
the hairpin sequence, and for 648 candidates an additional set of
2 X 11 probes was designed, as the transcript originating from
the antisense genomic sequence can also efficiently fold into a
stable hairpin structure. All 22/44 probes for a candidate mi-
croRNA were located in clusters on the array to exclude regional
background effects. Ten different hybridization controls comple-
mentary to plant microRNAs (miR-402, UUCGAGGCCUAUU
AAACCUCUG; miR-418, UAAUGUGAUGAUGAACUGACCU;
miR-167, UGAAGCUGCCAGCAUGATCUGG; miR-416,
GGUUCGUACGUACACUGUUCAU; miR-173, UUCGCUUGCA
GAGAGAAAUCAC; miR-417, GAAGGUAGUGAAUUUGUUC
GAC; miR-163, GAAGAGGACUUGGAACUUCGAU; miR-419,
UUAUGAAUGCUGAGGAUGUUGU; miR-405, GAGUUGGGU
CUAACCCAUAACU; miR-420, UAAACUAAUCACGGAAAUG
CAC) were represented 10 times randomly distributed on the

array. Microarrays were scanned on an Agilent scanner model
G2565B at 10-pm resolution, and spot identification and inten-
sity determination was done using Agilent Feature Extraction
software (Image Analysis version A.7.5.1) with standard settings.
To permit manual inspection and annotation of mature mi-
croRNA sequences, the raw images and spot intensity data were
processed using custom scripts and visualized together with til-
ing path sequence information (Supplemental data 2). Web-
based interfaces were designed for annotation of single experi-
ments and for summarizing all experiments. After manual in-
spection, all novel mature microRNA sequences that were
positive (Supplemental data 1) were fed into the bioinformatics
analysis pipeline set up for the evaluation of the cloned small
RNAs, to filter out signal originating from repetitive elements
and structural RNAs and to find homologous miRNAs in other
species (Table 2).

Modified RAKE assay

The original RAKE assay (Nelson et al. 2004) was modified for use
with high-density custom-printed microarrays in the Agilent
platform. Most importantly, in contrast to most custom-spotted
microarrays, custom-printed probes are attached with their 3’
end to the glass surface. This excludes the need for the exonucle-
ase step that was included in the original protocol to reduce
background signal from fold-backs of the free 3’ ends of the
probes that result in double-stranded DNA structures that can
function as a template for the Klenow extension, resulting in
nonspecific background signal. Furthermore, hybridization,
washing, and incubation conditions were adapted. All hybridiza-
tion and wash buffers were made fresh from autoclaved stock
solutions using DEPC-treated water, filter-sterilized, and pre-
heated. Microarray slides and coverslips were pre-washed two
times for 2 min at 37°C with preheated wash buffer (2x SSPE,
0.025% N-lauroylsarcosine), followed by 5 min incubation with
pre-hybridization buffer (5x SSPE, 40% formamide, 0.025%
N-lauroylsarcosine). Next, the Agilent hybridization chamber
was completely filled with hybridization mix, leaving no air
bubbles, as the usual air bubble for mixing does not move around
at low temperature and with the hybridization mix used. The
hybridization mix (750 pL total per slide) consists of 500 uL of
1.5 X hybridization buffer (7.5 X SSPE, 60% formamide, 0.0375%
N-lauroylsarcosine), 10 pL of spike-in RNA (control plant
microRNAs stock: miR-402, 1 X 10~° M; miR-418, 3.3 X 107
M; miR-167, 1 X 1077 M; miR-416, 3.3 x 10~ 8 M; miR-173,
1 x 107% M; miR-417, 3.3 X 1072 M; miR-163, 1 X 10~ ° M;
miR-419, 3.3 X 10719 M; miR-405, 1 x 10~ 1° M; miR-420,
3.3 X 107 M), and 20 pg of small RNA sample (8.5 dpc and
16.5 dpc mouse embryo, mouse embryonic stem [ES] cells, and
total brain), isolated using the MirVana microRNA isolation kit
(Ambion) and supplemented with DEPC-treated water up to 240
pL. The hybridization mix was heated for 5 min to 75°C and
cooled on ice before application to the array. The array was in-
cubated overnight at 37°C, followed by four washes of 2 min in
wash buffer and one wash for 2 min in 1 X Klenow buffer (10 mM
Tris pH 7.9, 50 mM NaCl, 10 mM MgCl,, 1 mM DTT, 0.025%
N-lauroylsarcosine). For the Klenow extension, an enzyme mix
(750 pL total per slide) containing 375 pL of 2 Klenow buffer,
365 pL of DEPC-treated water, 2.5 pL of Klenow Exo— (50,000
U/uL, NEB), and 7.5 pL of biotin-14-dATP (4 uM stock, Perkin
Elmer) was applied to the array in a clean incubation chamber
and incubated for 1 h at 37°C. Next, the array was washed four
times for 2 min with wash buffer and once for 2 min with 1x
Klenow buffer. Next, the dye conjugation mix (total volume 750
pL) consisting of 375 pL of 2 X Klenow buffer, 368 pL of DEPC-
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treated water, and 20 pL of streptavidin-conjugated Alexa fluor-
647 (2 mg/mL stock, Invitrogen) was applied in a new incubation
chamber for 30 min at 37°C, followed by four washes of 2 min at
37°C with wash buffer and five brief dips in DEPC water to re-
move salts. Slides were dried by centrifugation in a 50-mL tube by
spinning for 5 min at 1000 rpm (180 X g).

Northern blot analysis

The small RNA fraction of 16.5 dpc mouse embryos was isolated
using the mirVana miRNA isolation kit (Ambion). Two micro-
grams of small RNA was loaded per lane and separated on 12%
denaturing polyacrylamide gels alongside the RNA Decade
marker (Ambion), transferred by electroblotting to positively
charged nylone membranes (Roche). Blots were hybridized over-
night at 37°C with radioactively (*?P) labeled DNA oligo probes
in modified Church and Gilbert buffer, washed three times with
2% SSC, 0.1% SDS at 37°C, and visualized using phosphoimaging
(Typhoon).

Small RNA library construction and sequencing

Nine high-titer small RNA libraries (Table 1) were made by Vertis
Biotechnology AG. For human fetal tissue collection, individual
permissions using standard informed consent procedures and
prior approval of the ethics committee of the University Medical
Center Utrecht were obtained. Briefly, the small RNA fraction
from adult mouse brain (12 wk), various human fetal tissues (17
wk of development: brain; heart; skin; lung; mix 1: multiple fetal
tissues; mix 2: liver, stomach, bowel), UCB-EPC (primary human
endothelial progenitor cells, cultured from CD34+ cells purified
from human umbilical cord blood), MVEC (primary human fore-
skin-derived microvascular endothelial cells), and colon tumor
cell lines (mix of six cell lines) were isolated using the mirVana
microRNA isolation kit (Ambion), followed by an additional en-
richment by excision of the 15- to 30-nt fraction from a poly-
acrylamide gel. For cDNA synthesis, the RNA molecules in this
fraction were first poly A-tailed using yeast poly(A) polymerase
followed by ligation of a RNA linker oligo to the 5’ phosphate of
the miRNAs. First-strand ¢cDNA synthesis was then performed
using an oligo(dT)-linker primer and M-MLV-RNase H- reverse
transcriptase. The resulting cDNA was then PCR amplified for
15-22 cycles (depending on the starting material quality and
quantity; see Table 1 for details), followed by restriction nuclease
treatment, gel purification of the 95- to 110-bp fraction, and
cloning in the EcoRI and BamHI sites of the pBSII SK+ plasmid
vector. Ligations were electroporated into T1 Phage-resistant
TransforMaxTMEC100TM electrocompetent cells (Epicentre), re-
sulting in titers between 1.2 and 3.3 X 10° recombinant clones
per library. A total of 83,328 colonies was automatically picked
into 384-well plates (Genetix QPix2) containing 75 puL of LB-Amp
and grown overnight at 37°C with continuous shaking. All of the
following pipetting steps were performed using liquid-handling
robots (Tecan Genesis RSP200 with integrated TeMo96 and Ve-
locity11 Vprep with BenchCell 4 x). Five microliters of culture
were transferred to a 384-well PCR plate (Greiner) containing 20
uL of water, and cells were lysed by heating for 15 min at 95°C in
a PCR machine. One microliter of lysed suspension was trans-
ferred to a fresh 384-well plate containing 4 pL of PCR mix (final
concentrations: 0.2 uyM M13 forward, TGTAAAACGACGGC
CAGT; 0.2 pM M13 reverse, AGGAAACAGCTATGACCAT; 400
uM of each dNTP; 25 mM tricine; 7.0% glycerol [w/v]; 1.6%
DMSO [w/v]; 2 mM MgCl,; 85 mM ammonium acetate pH 8.7;
and 0.2 U Taq polymerase in a total volume of 10 pL), and the
insert was amplified by 35 cycles of 20 sec at 94°C, 10 sec at 58°C,
and 30 sec at 72°C. After adding 30 uL of water, 1 pL of PCR

product was directly used for dideoxy sequencing by transferring
to a new 384-well PCR plate containing 4 pL sequencing mix
(0.027 pL of BigDye terminator mix v3.1 [Applied Biosystems],
1.96 pL of 2.5 x dilution buffer [Applied Biosystems], 0.01 pL of
sequencing oligo [100 pM stock T7, GTAATACGACTCAC
TATAGGGC], and 2 pL of water). Thermocycling was performed
for 35 cycles of 10 sec at 94°C, 10 sec at 50°C, 20 sec at 60°C, and
final products were purified by ethanol precipitation in 384-well
plates as recommended by the manufacturer (Applied Biosys-
tems) and analyzed on ABI3730XL sequencers with a modified
protocol for generating ~100-nt sequencing reads.

PCR-based miRNA verification of library DNA

About 0.6 X 10° cfu from the mouse brain small RNA library was
used for inoculation of a 100-mL liquid culture (LB + ampicillin).
After overnight growth, plasmid DNA was isolated using mini-
columns according to the manufacturer’s instructions (Qiagen).
Ten nanograms of plasmid DNA was used as a template for PCR
using a vector-based forward primer (M13 forward) and miRNA-
specific reverse primers that are complementary to the last 14 nt
of the candidate miRNA and 8 nt of the poly-A tail that was
introduced in the cloning procedure. PCR and sequencing (using
T7 primer) conditions were identical to those described above for
the small RNA library sequencing.

Computational analysis of cloned small RNAs
sequencing reads

Base calling and quality trimming of sequence chromatograms
were done by Phred software (Ewing et al. 1998). After masking of
vector and adapter sequences, and removing redundancy, inserts
of length =18 bases were mapped to genomes (ncbi35 assembly
for human and ncbim34 assembly for mouse) using MegaBlast
software (ftp://ftp.ncbi.nlm.nih.gov/blast/). Not all inserts
matched perfectly to a genome, and detailed analysis of non-
matching sequences indicated that in most cases the best hit in
the genome corresponded to the beginning of the read, with
several nucleotides at the 3’ end of the read nonmatching
(Supplemental Fig. 2A). The fraction of known miRNAs in perfect
and nonperfect reads is similar (Supplemental Fig. 2B), justifying
trimming of the nonmatching bases. These nongenomic se-
quences may be artifacts of the cloning procedure or a result of
nontemplated modification of mature microRNAs (Aravin and
Tuschl 2005). Such sequences were trimmed at the 3’ end accord-
ing to the best blast hit to a genome. Next, for every genomic
locus matching to an insert, repeat annotations were retrieved
from the Ensembl database (http://www.ensembl.org) and tRNA,
rRNA, snoRNA regions, and repetitive regions were discarded
from further analysis, with the exception of simple and trf re-
peats, since these repeat annotations overlap with some known
miRNAs. Genomic regions containing inserts with 100-nt flanks
were retrieved from the Ensembl and RNAshapes programs (Stef-
fen et al. 2006), and were used to find hairpin structures in slid-
ing windows of 80, 100, and 120 nt that folded into hairpins with
the abstract shape “[ ],” had a probability of folding >0.8, and
contained an insert in one of the hairpin arms.

To find homologous hairpins in other genomes, mature
miRNA regions were blasted against human, chimpanzee, ma-
caque, mouse, rat, dog, cow, opossum, chicken, zebrafish, fugu,
tetraodon, Xenopus, Anopheles, Drosophila, bee and Ciona ge-
nomes. Where available, BLASTZ_NET aligned regions were also
retrieved from Ensembl. All hits matching to at least seven con-
tinuous nucleotides starting from the 1st, 2nd, or 3rd nucleotide
of the mature sequence were extracted and folded using the
RNAshapes program with the same parameters as mentioned
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above. Next, similarity between all potential homologous hair-
pins and the original hairpin was calculated using RNAforester
software (http://bibiserv.techfak.uni-bielefeld.de/rnaforester). If
a BLASTZ_NET aligned region folded into a hairpin and had an
RNAforester score >0.3, it was assigned as an orthologous hairpin
in a particular species; otherwise, the highest scoring hairpin
above a score of 0.3 was defined as an ortholog. Next, homologs
from different organisms were aligned with the original hairpin
by CLUSTAL W (Thompson et al. 1994) to produce a final mul-
tiple alignment of the hairpin region. Chromosomal locations of
homologous sequences were used to retrieve gene and repeat
annotations from the respective species in the Ensembl database.
Hairpins that contained repeat/RNA annotations in one of the
species, as well as hairpins containing mature regions >25 nt or
with GC content >85% were discarded. For the remaining hair-
pins, randfold values were calculated for every sequence in an
alignment using mononucleotide shuffling and 1000 iterations
(Bonnet et al. 2004). The cut-off of 0.005 was used for randfold,
and only regions that contained a hairpin below this cut-off for
at least one species in an alignment were considered as miRNA
candidates. Finally, positive hairpins were split into known and
novel miRNAs according to annotations. To facilitate these an-
notations and also to track performance of the pipeline, mature
sequences of known microRNAs from miRBase v.8.0 (Griffiths-
Jones 2004) were included into the analysis.
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