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MicroRNAs are noncoding RNAs of ~22 nucleotides that sequence 89 new human microRNAs (nearly doubling the
suppress translation of target genes by binding to their mRNA current number of sequenced human microRNAs), 53 of which
and thus have a central role in gene regulation in health and are not conserved beyond primates. These findings suggest that
disease’->. To date, 222 human microRNAs have been the total number of human microRNAs is at least 800.

identified®, 86 by random cloning and sequencing, 43 by
computational approaches and the rest as putative microRNAs ~ We developed microRNA discovery tools that detect microRNAs mis-

homologous to microRNAs in other species. To prove our sed by existing methods, which detect only conserved hairpins. Our
hypothesis that the total number of microRNAs may be much approach (Fig. 1a) comprises the following steps: (i) computationally
larger and that several have emerged only in primates, we scanning the entire human genome for hairpin structures; (ii) anno-
developed an integrative approach combining bioinformatic tating all hairpins for conserved, repetitive and protein-coding regions;
predictions with microarray analysis and sequence-directed (iii) scoring hairpins by thermodynamic stability and structural

cloning. Here we report the use of this approach to clone and features, using a method (PalGrade) that detects a large percentage
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of known microRNAs while selecting a relatively small portion of all
genome hairpins (Fig. 1b); (iv) determining the expression of com-
putationally predicted microRNAs by a high-throughput microRNA
microarray in several tissues (placenta, testis, thymus, brain and
prostate); and (v) validating the sequence of predicted microRNAs
that gave high signals on the microarray using a new sequence-
directed cloning and sequencing method. This method uses a specific
biotinylated capture oligonucleotide, designed for the predicted
microRNA to be cloned, to ‘fish out’ the complementary sequences
from the microRNA-enriched libraries, which are then amplified,
cloned and sequenced (Fig. 1¢). This high-throughput approach has
enabled us to detect a substantially higher percentage of all existing
microRNAs, by dealing effectively with large groups of hairpins that
have a relatively high percentage of false positives.

Scanning the entire human genome identified ~ 11 million hair-
pins, including 86% of known microRNA precursors. Of all hairpins,
434,239 passed a minimal hairpin score threshold (PalGrade score
>0) and were not located on repetitive elements or protein-coding

Figure 3 Two new nonconserved microRNA a :
lusters. (a) Cluster on chromosome 19 located
Chimp * * *
and comprising 54 microRNA genes grouped into 25
four families on the basis of hairpin sequence
similarity (circles, black bars, gray bars and
triangles; white bars indicate nongrouped
microRNAs). Of these, 43 have been cloned and
sequenced (asterisks). The microRNAs of this
large family are numbered (for clarity, numbers
are shown only for every five microRNAs);
numbers match those indicated in Figure 4a.
The adjacent mir-371,2,3 cluster is depicted,
with its conserved hairpins found in dog and
mouse. This cluster is also conserved in rat.
(b) Cluster on chromosome X located at b
positions 145,967,859-146,072,859 (HG17). Dog
The cluster contains ten cloned and sequenced
(asterisks) microRNAs grouped into two families
on the basis of hairpin sequence similarity
(wide bars and triangles; thin bars indicate
nongrouped microRNAs). The microRNAs of
the cluster are numbered; numbers match
those indicated in Figure 4b. Seven precursors
in the cluster have homologous hairpins in dog
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Figure 2 The number of conserved microRNAs in the human genome.
Known conserved microRNAs® (blue) and new conserved microRNAs
(purple), including those validated by us (dashed), for each score group
(PalGrade). The five score groups are composed of the following PalGrade
ranges: 1, O (control group); 2, 0-0.25; 3, 0.25-0.55; 4, 0.55-0.93; and
5, 0.93-1. The number of new microRNAs is the number of hairpins
excluding known microRNAs of same score group in the genome, multiplied
by the validation success rate in a random sample. The validation success
rate is the percentage cloned and sequenced from a sample taken from the
group, after deliberate underestimations where success rate was below 5%,
divided by the validation success rate of the known microRNAs (76%), to
correct for undersampling of tissues (known, similar and adjacent microRNAs
were excluded from analysis to avoid positive bias). Because 14% of the
known microRNAs were not in the initial group and, hence, are in none of
the score groups, these numbers should be divided by 0.86. Thus, the total
projected number of conserved microRNAs is 460 (220 + 240).

regions. This smaller group, the initial candidate group, retains 86% of
known microRNAs, suggesting that systematic scanning would detect
86% of all microRNAs. We then divided all hairpins into conserved
and nonconserved hairpins, using a criterion by which 220 of the 222
known microRNAs are conserved. From the initial candidate group we
selected ~ 5,300 predicted microRNA sequences for high-throughput
expression validation by microarray’. These included randomly
sampled hairpins from the following groups: conserved hairpins
from different PalGrade score groups (~ 1,500), nonconserved clus-
tered hairpins from different PalGrade score groups (~800) and
nonconserved nonclustered hairpins ( ~ 3,000). We also used a control
group of ~7,500 hairpins that were not included in the initial
candidate group to test various aspects of the prediction approach.
Microarray experiments in placenta, testis, thymus, brain and
prostate resulted in 886 candidate microRNAs with significant signals
(P < 0.06) of at least one of their two predicted mature microRNAs.
We subjected 359 of these 886 candidate microRNAs to sequence
validation using our new sequence-directed cloning and sequencing
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(convergent mapping) and three in mouse (as well as in rat), as indicated by matching colors. The white bars have not mapped to any sequence that can
be folded into a hairpin. Neighboring known genes are shown for both clusters. The full list of the microRNA sequences in these clusters is given in

Supplementary Table 1 online.
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method (60 of 90 conserved hairpins from different PalGrade score
groups; 50 of 72 nonconserved clustered hairpins from different
PalGrade score groups; 59 of 161 randomly selected from noncon-
served nonclustered hairpins selected from different PalGrade score
groups; and 190 of 563 randomly selected from the control group). In
some cases, the cloning and sequencing method resulted in sequencing
of similar microRNAs that were slightly different in sequence from the
microRNA originally sought. We also carried out sequence validation
on 69 bioinformatically predicted microRNAs, which were not present

© 2005 Nature Publishing Group

ere successfully sequenced, resulting in more new sequences called

=" adjacent microRNAs.

Using this approach, we successfully cloned and sequenced 89
human microRNA genes that do not appear in the microRNA
registry® (version 5.1; Supplementary Table 1 and Supplementary
Figs. 1 and 2 online). Of these, 56 were found through the method’s
main pipeline (i.e., they were part of the original samples), and 33 are
either similar or adjacent microRNAs (these 33 were ignored in
calculating success rates). Only 1 of the 89 emerged from the large
control group, supporting the distinction between the initial candidate
group and the remaining >10 million genomic hairpins (Fig. 2).
Thirty-two of the 36 conserved microRNAs discovered and sequenced
by our approach also score highly on MirScan® (Supplementary
Table 1 online). Bioinformatic predictions of conserved microRNAs
published after we obtained our results include 32 of these 36
conserved microRNAs (12 appear in the 958 predictions of Berezikov
et al®, 10 in the 129 predictions of Xie et al.1% and 10 in both; of these,
8 were validated by northern-blot or primer extension analysis).

Fifty three of the new microRNAs that we found and sequenced are
located in two large nonconserved clusters (24 of these were in the
original sample and 29 were found by searching for adjacent micro-
RNAs; Fig. 3 and Supplementary Methods online). One of the
clusters, located on chromosome 19 and expressed only in placenta,

la.l on the microarray but are located adjacent to microRNAs that

Figure 4 Multiple sequence alignments of

cloned mature microRNAs from the two new
nonconserved clusters. The multiple alignments
were generated by the ClustalW program.
Conserved nucleotides are colored as follows:
black, 100%; dark gray, 80-99%; and light gray,
60-79%. The miRNA name obtained from the
microRNA registry® is shown to the left of each
sequence. The numbers to the right of each
sequence match the numbers indicated in

Figure 3. (a) Multiple sequence alignment of
cloned mature microRNAs from the highly related
family in the cluster on chromosome 19 derived
from the 3" stem (left column) and 5" stem (right
column) of the precursors. The microRNAs are
presented in groups by the 16 distinct seeds they
generate (a seed is defined as nucleotides 2-8 of
the mature microRNA). Mature microRNAs cloned
from the other arm of precursors from which
highly expressed microRNAs were cloned are
marked with asterisks. (b) Multiple sequence
alignment of cloned mature microRNAs from the
cluster on chromosome X derived from the 3’
stem (left column) and 5" stem (right column) of
the precursors. The microRNAs are presented in
groups by the seven distinct seeds they generate.
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is the largest microRNA cluster ever reported

and comprises 54 new predicted microRNAs,

43 of which we cloned and sequenced (Fig. 3a
and Supplementary Tables 1 and 2 online). These 54 microRNAs show
similarity to the neighboring mir-371,2,3 family (Fig. 3a) specifically
expressed in human embryonic stem cells'!. Although they are highly
similar, they generate 16 distinct ‘seeds’ (i.e., nucleotides 2-8 of the
mature microRNA; Fig. 4a). Homology analysis showed that the
cluster as a whole is conserved only in chimpanzee and possibly rhesus
monkey (Macaca mulatta, whose genome is not yet assembled; hence,
although all microRNAs are found there, the cluster structure there is
not definite) and that none of its microRNA members show any homo-
logy to nonprimate genomes. Notably, the adjacent mir-371,2,3 cluster
is conserved in other mammals, although their conservation score was
the lowest among the known microRNAs, and one of these microRNAs
did not pass the conservation criterion (Fig. 3a and ref. 12).

The second cluster is located on chromosome X near the gene FMRI
and includes ten microRNAs, which are expressed only in testis and all
of which we cloned and sequenced (Fig. 3b and Supplementary
Table 2 online). These ten microRNAs also form a family of related
sequences, which generate seven distinct seeds (Figs. 3b and 4b). The
cluster as a whole is conserved only in chimpanzee and possibly rhesus
monkey. Seven and four of its members are conserved and clustered in
dog and mouse or rat, respectively, although the seven human hairpins
converge onto only four hairpins in the dog genome (Fig. 3b).

Both clusters differ significantly from known microRNA clusters,
all of which are found as a whole in all other mammals (except
mir-371,2,3, which exists as a whole in dog and partially in rat and
mouse; Fig. 3a). In addition, none of the microRNAs in the two new
clusters has a conservation score passing the criterion discussed above
and most cannot be mapped at all to nonprimate genomes. The high
cluster-member similarity in both clusters, which are fully conserved
only in primates; the convergent mapping of members of the second
cluster; and the fact that many of the microRNAs in the first cluster
are embedded in long (400-700 nucleotides) sequences that are
repeated along the cluster suggest that both clusters evolved through
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duplication and mutation events unique to primates. Therefore, we
report a new class of microRNAs, nonconserved clustered microRNAs,
that are not detected using other microRNA detection approaches and
were not taken into consideration in previous estimates of the total
number of microRNAs in the genome.

The 89 cloned and sequenced microRNAs that we report bring the
total number of human microRNAs to 311, well above a previously
stated upper bound of 255 (ref. 4). Moreover, our method allows an
estimation of the total number of both conserved and nonconserved
microRNA classes. We computed the percentage of true microRNAs
comprised by each class using two independent methods: (i) using only
informatic data, based on probabilistic arguments, and (ii) calculating
the validation success rate in samples from each score group, ignoring
similar and adjacent microRNAs to avoid positive bias, and then
multiplying the validation success rate by the number of hairpins in
the genome belonging to that group (Supplementary Methods
online). The validation success rate strongly correlated with PalGrade.

The expected number of conserved microRNAs is at least 442 using
the probabilistic approach, and at least 460 on the basis of validation
success rates, using deliberate underestimations of success rates to ac-
count for noisy statistics and correcting for the 14% known micro-
RNAs that were not in the initial group (Fig. 2 and Supplementary
Methods online). Estimating the total number of nonconserved micro-
RNAs is more difficult, because this group is new and, hence, less well
characterized. We therefore focused on nonconserved hairpins present
in a cluster and, as above, obtained two independent estimates for this
subgroup. On the basis of validation success rates, these are estimated
to be at least 159 nonconserved hairpins. This is probably an underesti-
mate, because our accounting for undersampling of tissues was based
on known microRNAs and nonconserved clusters have much higher
tissue specificity (Supplementary Table 2 online). Using the probabil-
istic approach, we estimate that there are at least 336 nonconserved
clustered human microRNAs (Supplementary Methods online).

Our results suggest that the world of human microRNAs is larger
than initially believed and is not limited to conserved sequences. We
estimate that the number of conserved microRNAs is ~400-500 (in
accordance with findings of recent studies that used different

Yo approaches”!?) and that the total number of human microRNAs,

including nonconserved clustered microRNAs, is at least 800. These
findings support the notion that microRNAs have a central role in the
regulation of protein translation throughout the human genome. Our
results further indicate that a substantial portion of microRNAs are
primate-specific. The fact that the primate-specific clusters described
here are specifically expressed in developmental tissues supports the
notion that microRNAs may have a key role in the evolutionary process
and in the evolved complexity of higher mammals (see also ref. 13).

METHODS

Identifying and scoring candidate microRNA precursors. Step 1: Extracting
hairpin structures from the entire genome. We folded the entire human
genome using the Vienna package'* in windows of 1,000 nucleotides with an
overlap of 150 nucleotides. All hairpin structures that have at least six base
pairs, are at least 55 nucleotides long and have a loop not longer than
20 nucleotides were extracted from the minimum free energy fold of the
window (excluding overlapping hairpins). Of the 222 known microRNAs, 14%
are missed by this step either because of hairpins that do not fit with our
definition (e.g., have a loop that is too large or more than one end-loop) or
because of the massive folding in overlapping windows.

Step 2: Assigning each hairpin a stability score. A hairpin is energetically
stable if it tends to appear in many folding configurations, which is indicated by
the similarity of the minimum free energy graph and the partition function

LETTERS

graph provided by the Vienna package for that hairpin. The stability score of
the hairpin is 1 minus the mean absolute difference between the two graphs in
the hairpin region. The difference is calculated after normalizing the mfe graph
so that the mean difference between the two graphs is zero in this region. Thus,
scores closer to 1 indicate higher stability.

Step 3: Scoring hairpins. We compared features of known human microRNA
precursors with features of a background set of 10,000 randomly selected
hairpins found in non—protein-coding regions to identify features that char-
acterize real microRNA precursors relative to background. We used structural
features including hairpin length, loop length, stability score, free energy per
nucleotide, number of matching base pairs and bulge size, and sequence
features including sequence repetitiveness, regular and inverted internal repeats
and free energy per nucleotide composition. We constructed an optimal
predictor by finding the combination of features that best distinguished
between true microRNA precursors and the background set (Supplementary
Methods online).

Determining hairpin conservation. We divided hairpins into conserved
and nonconserved hairpins using the University of California Santa Cruz
phastCons!'>1¢ data. These data contain a measure of evolutionary conservation
for each nucleotide in the human genome against the genomes of chimpanzee,
mouse, rat, dog, chicken, pufferfish and zebrafish, which is based on a
phylogenetic hidden Markov model using best-in-genome pairwise alignment
for each species (based on BlastZ), followed by multiZ alignment of the eight
genomes'>1%. We defined a hairpin as conserved if the average phastCons
conservation score over the seven species in any 15-nucleotide sequence in the
hairpin stem is at least 0.9 (see also ref. 9).

Microarray high-throughput validation. We carried out microarray experi-
ments designed to detect expression of mature microRNAs as previously
described’. The microarray contains two probes per candidate microRNA gene,
one for each predicted mature microRNA. Raw signals vary from a minimal
signal of ~400 to a saturated signal of ~65,000. We considered probes with a
signal above 2,500 to be positive but not necessarily reliable. To determine the
reliability of the signal, we designed a group of 3,000 randomly chosen 35-mers
from the human genome and added it to the microarray probes. We observed
high correlation (R? = 0.53) between the probe’s maximal signal over the tested
tissues and the probe’s cytosine (C) content. Only 6% of the background
probes with C content below 35% had signals above 2,500 in at least one tissue,
whereas more than 70% of the background probes with C content above 35%
fulfilled the same condition. Thus, only candidate mature microRNAs with
C content below 35% and a signal above 2,500 in at least one tissue passed the
microarray high-throughput filtering. Those microRNAs that passed the
filtering had a P value of 0.06.

MicroRNA sequence-directed cloning and sequencing. We prepared
microRNA enriched libraries as previously described!” using suitable adaptors.
We used RT-PCR amplification with an excess of the reverse primer (1:50 ratio)
to produce a cDNA library. We then hybridized biotinylated capture oligonu-
cleotides (22-30 nucleotides long, with biotin at the 5" end) to an aliquot
(5 ul) of the library in TEN buffer. We then added pMACS Streptavidin
Microbeads and incubated the reaction for 2 min at the hybridization
temperature. We then loaded the mixture onto a magnetized pMACS Strepta-
vidin Kit column and eluted the hybridized single-stranded library molecules
by adding 150 pl of water preheated to 80 °C. We recovered the single-
stranded cDNA library molecules, amplified them by PCR, ligated them
into a pTZ57R/T vector and transformed the ligation products into JM109
bacteria. We identified and sequenced positive colonies (Supplementary
Methods online).

Determining cluster homology. We compared microRNA precursors with all
assembled genomes in the University of California Santa Cruz genome browser
(BlastZ analysis'®). A cluster was considered fully conserved if all its microRNA
precursors have homologs that are also clustered. We looked for homologs of
individual microRNA cluster members using Blast analysis against the whole-
genome sequence data in the National Center for Biotechnology Information
Trace databases.
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Databases and accession numbers. We submitted new microRNA sequences
to the microRNA Registry® (Rfam miRNA names are given in Supplementary
Table 1 online). The GEO accession number for microarray data is GSE2708.

Note: Supplementary information is available on the Nature Genetics website.
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