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Abstract

Although microRNAs (miRNAs) are among the most intensively studied molecules of the past 20
years, determining what is and what is not a miRNA has not been straightforward. Here, we
present a uniform system for the annotation and nomenclature of miRNA genes. We show that
fewer than a third of the 1,881 human miRBase entries, and only approximately 16% of the 7,095
metazoan miRBase entries, are robustly supported as miRNA genes. Furthermore, we show that
the human repertoire of miRNAs has been shaped by periods of intense miRNA innovation, and
that mature gene products show a very different tempo and mode of sequence evolution than star
products. We establish a new open access database -- MirGeneDB (http://mirgenedb.org) -- to
catalog this set of robustly supported miRNAs, which complements the efforts of miRBase, but
differs from it by annotating the mature versus star products, and by imposing an evolutionary
hierarchy upon this curated and consistently named repertoire.
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Introduction

Understanding the mechanistic basis underlying human development and disease - to say
nothing of human evolution - requires, at minimum, a proper comparative understanding of
the human transcriptome. This understanding is hampered not only by the sheer complexity
of the transcriptome itself (37, 74, 93, 106, 119, 142), but also by the difficulties in
discerning signal from noise. By signal, we mean a genetic element under selection for a
particular role, whereas noise includes transcripts that are byproducts of the transcriptional
process. Furthermore, this signal must be named in a proper comparative framework. This is
because using other species, such as mouse or zebrafish, as model systems to deepen our
understanding of human development and disease depends upon understanding the one-to-
one homology between a gene in humans and the same gene in the model system(s).

With the possible exception of long noncoding RNAs (23, 74, 99, 139), nowhere is the
problem of cataloging and properly naming genetic elements more apparent than with
microRNAs (miRNAs). Since their discovery at the turn of the century (84, 86, 87),
miRNAs have taken center stage in discussions and dissections of human biology and
diseases such as cancer (1, 2, 19, 39, 47, 72, 89, 91, 100, 133, 138). However, because of
their small size [~22 nucleotides (nt)] and because they are noncoding, determining what is
and what is not a miRNA has been difficult, especially given that different investigators use
(or at least emphasize) different criteria when annotating miRNA sequences. Indeed, many
authors have argued that miRBase - the online repository for miRNAs (82) - is riddled with
false positives, i.e., sequences that are not derived from bona fide miRNA genes (22, 25, 77,
85, 101, 143, 146, 153), including many human entries (17, 62). Although miRBase makes
every effort to eliminate entries derived from fragments from other types of genes, such as
transfer RNAs (tRNAs) (82), the role of miRBase is to serve as an open access repository
for published miRNA sequences (3, 82), not to catalog and curate miRNA genes, leading to
a proliferation of publically available on-line (18) and study-specific databases (25, 56, 75,
124, 125, 126).

Our primary goal is to ascertain the actual complement of human miRNA genes by first
establishing and then using a consistent set of criteria to evaluate all 1,881 miRNA
sequences listed in miRBase v. 21 for Homo sapiens, in addition to the miRNAs listed for
chicken, zebrafish, and three invertebrate species. Our second goal is to name vertebrate
miRNA genes in relation to their evolutionary history, making homology across vertebrates
apparent through name alone. Our final goal is to address the tempo and mode of miRNA
gene gain and loss, and the tempo and mode of nucleotide substitutions in the pre-miRNA
sequence, of this bona fide set of miRNA genes.

Current State of microRNA Annotation and Nomenclature Systems

Figure 1 shows six representative human miRNA precursor sequences deposited in miRBase
(v.21; 53, 82). The first two (hsa-mir-224 and hsa-mir-212) satisfy all of the criteria for
miRNA annotation (BOX 1, 5, 13, 14, 17, 81, 143), including expression of both arms, two
nucleotide offsets (the result of two consecutive RNase III cuts), 5” end homogeneity (i.e.,
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most of the reported reads start with the same nucleotide), and evolutionary conservation,
with mir-224 shared among placental mammals and mir-212 shared among vertebrates (144)
(Figure 1a,b). The only difference between these two miRNAs is that hsa-mir-224 (Figure
la) is typical of most miRNAs in showing a clear preference for reads derived from one of
the two arms (in this case the 5p arm), and is referred to as the mature arm (red, Figure 1a);
the other arm is called the star and is denoted by an asterick (blue, Figure 1a) (86, 137). Hsa-
mir-212 differs from hsa-mir-224 in that reads accumulate in nearly equal numbers for both
arms, and thus each arm is here termed a co-mature (red, Figure 1b). Figure 1c shows hsa-
mir-610, a typical example of a submission in which reads of only one of the two arms are
sequenced; such submissions are often associated with studies conducted before the advent
of deep sequencing analyses. Most of the annotation criteria (Box 1) cannot be utilized to
determine whether hsa-mir-610 is derived from a miRNA gene; for example, reads from
both arms are necessary in order to assess the 2-nt offsets. Hsa-mir-451 (Figure 1d) is an
unusual noncoding RNA gene in that although similar to hsa-mir-610 with reads derived
from only the Sp arm, in this case it is because the gene product bypasses the second cut
from Dicer and instead is processed directly by Argonaute (24, 26, 156). Furthermore, and
unlike mir-610, mir-451 is deeply conserved in vertebrate evolution (63, 144).

Box 1
Consistent set of criteria for the annotation of metazoan miRNAs

e Two 20-26 nt long reads expressed from each of the two arms derived from a
hairpin precursor with 2 nt offsets between the 5p and 3p arms

*  5-end homogeneity of expression
e Atleast 16 nt complimentarity between the two arm sequences

¢ The loop sequence is at least 8 nt in length; the maximum length of the loop in
species with single Dicer proteins is ~ 40 nt; in taxa with two or more Dicer
proteins there is no apparent maximum.

The last two examples---hsa-mir-1202 and hsa-mir-8485 (Figure 1e,f)---have been reported
to be derived from bona fide miRNA genes, with both playing regulatory roles as functional
noncoding RNAs in human neurophysiology and neuropathology (40, 96). Like hsa-mir-610
and hsa-451, reads from only one arm have been reported. However, unlike hsa-mir-610 and
hsa-451, both hsa-mir-1202 and hsa-mir-8485 show 5’ end heterogeneity: Fewer than 1% of
the reads come from the reported mature sequence of the pre-miRNA (and indeed no series
of reads constitutes >60% of the total reads). Furthermore, unlike hsa-mir-451, neither
sequence is deeply conserved in vertebrate evolution. Therefore neither hsa-mir-1202 nor
hsa-mir-8485 possesses any of the requisite features for miRNA annotation.

Equally important to distinguishing miRNA gene sequences from other types of noncoding
RNAs is naming them in a useful and informative manner. The original nomenclature
system for miRNA sequences proposed by Ambros et al. (3; summarized again in 82) was
designed such that new sequences would be given the next number in succession (e.g., mir-2
was reported after mir-1, and mir-3 was reported after mir-2), with paralogs indicated by
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either a letter (if the mature sequence differed between the two paralogs by at least one
nucleotide, e.g., let-7a, let-7b) or a number (if the mature sequences between the two
paralogs were identical, e.g., mir-1-1, mir-1-2). Additional (but unspecified) nucleotide
substitutions could result in the sequence being given a different name all together. For
example, one of the let-7 paralogs is called mir-98 (Supplemental Figure 1), and one of the
mir-1 paralogs is called mir-206.

The difficulty with such a system is twofold. First, a single species-specific nucleotide
substitution can change the name of the sequence, thereby obfuscating the proper
evolutionary relationships of sequences. For example, three |et-7a genes exist in human, but
only two in mouse. This is not because mouse lost a let-7a gene, but because the ortholog of
the human let-7a-3 gene in mouse underwent an A-to-G substitution at position 19, the same
position that possesses a G in the human and mouse |et-7¢ genes; thus, this sequence is
called let-7¢c-2 (Supplemental Figure 1a). Second, this nomenclature system does not take
into account phylogenetic relatedness or synteny, two factors that should underlie a
nomenclature system for any type of gene, including miRNAs (66). In the |et-7 example, the
nearest mouse relative of hsa-let-7a-3 is mmu-let-7c-2 (Supplemental Figure 1b), and both
occupy the same genomic space, syntenic with the protein-coding gene Wnt7b and the let-7b
miRNA gene (Supplemental Figure 1c).

The continued growth of miRBase has led to additional nomenclature difficulties (18, 150).
For example, in the last common ancestor (LCA) of fly and human, there was a single mir-8
gene. It goes by the name mir-8 on the protostome side of the tree (which includes most
invertebrates like annelid worms, molluscs, nematodes like Caenorhabditis elegans and
arthropods like Drosophila melanogaster), except in C. elegans, in which it goes by
mir-236. On the deuterostome side of the tree (which includes some invertebrate taxa like
echinoderms and all vertebrates including H. sapiens), mir-8 relatives go by four different
names: mir-141, mir-200, mir-429, and, in rat, mir-3548, the antisense read of mir-200a
(Figure 2). This is not an isolated case: mir-3983 in the fly Drosophila pseudoobscura is the
antisense read of mir-263a, which is the arthropod version of mir-183; it goes by the name
mir-228 in nematodes and is one of the three mir-96 sequences present in the LCA of
bilaterians. And again, an antisense read of mir-183 exists in rat that goes by the name
mir-3553. Thus, in this case, mir-3983 is going by five different names depending on the
taxon of origin and the transcriptional orientation of the derived read, and none of these five
names actually reflect the fact that it is one of 3 ancestral mir-96 genes present in the last
common ancestor of flies and humans.

In addition to sequences derived from homologous genes going by two or more different
names, numerous instances exist of sequences derived from non-orthologous genes going by
the same name. For example both human and chicken contain a single miRNA sequence
called mir-454, which is related to the mir-130 group of sequences (see Supplemental Figure
2). A reasonable assumption would be that these two sequences are derived from
orthologous genes. However, two mir-454 sequences are present in the zebrafish Danio
rerio (as well as the coelacanth Latimeria chalumnage), and phylogenetic and syntenic
analyses (Supplemental Figure 2) show that the human mir-454 gene is orthologous to one
of these genes, whereas the chicken mir-454 gene is orthologous to the other. Thus,
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differential loss of mir-454 paralogs creates the illusion that these two genes are
orthologous, when, in fact, two clusters of mir-130/mir-454 genes were originally present in
the LCA of bony fishes, and human and chicken have lost different subsets of these two
clusters, keeping different paralogs of the mir-454 gene.

Establishing a Set of Criteria for microRNA Annotation

To derive a well-curated and consistently named set of miRNAs, we need to clarify the
criteria for miRNA annotation. Ambros et al. (3) established a set of criteria in which
evidence for expression needed to be coupled with evidence that the putative miRNA was
embedded in one arm of a hairpin-like structure that included 16 complementary bases
between the putative miRNA and the opposite arm. However, with the advent of deep
sequencing, it rapidly became clear that annotation of a new miRNA sequence should
require expression of both arms of the hairpin and that these two sets of reads should show
the 2-nt offsets created by the two sequential RNase III cuts (14, 17, 143; e.g., Figure 1a,b).

The difficulty is that miRNAs may be more variable in structure (e.g., 27) than originally
envisioned by Ambros et al. (3), as suggested by the most recent additions to the human
repertoire in miRBase (e.g., Figure 1f). One of the criteria emphasized by Ambros et al. (3)
for miRNA sequence annotation is phylogenetic conservation of the mature sequence and
the hairpin structure. This is a sensible approach, because a conserved sequence is a
sequence under selection and is thus important for function. To that end, to arrive at a
consistent set of criteria for miRNA annotation, we first ascertained the phylogenetic origin
of every annotated human pre-miRNA sequence deposited in miRBase (v. 21). Then, for
every miRNA in the reconstructed repertoire of the LCA of the euarchontoglire mammals
(the group that includes rodents and primates, which evolved ~75 million years ago, 35), we
assessed the minimum, maximum, and median values for the length of the 5p and 3p arms
(derived from the deep-read data provided in miRBase); the length of the loop; and the
amount of complementarity (including both 3’ overhangs) between the two arms (Figure 1).

Three hundred and forty human pre-miRNA sequences belonging to 172 families (with a
miRNA family defined as a collection of homologous miRNA genes) are reconstructed as
present in the LCA of human and mouse, with most shared across the placental (i.e.
eutherian) mammals as a whole (Supplemental Table 1). All of these sequences show 5
homogeneity of both the mature and star reads and have 2-nt offsets between the two arms
(see Figure 1). In addition, the median read length for each arm is 22 nt, with read lengths
varying from 20-26 nt; the minimum complementarity is 16 nt, with a median value of 21
nt; and the median loop length is 15 nt, with a range of 8-38 nt (Table 1). When considering
both arms and the loop, the median pre-miRNA is 59 nt in length.

To test the generality of these criteria across animals, we undertook the same exercise for
five other taxa: the chicken, Gallus gallus; the zebrafish, Danio rerio; the fruit fly,
Drosophila melanogaster; the nematode worm, C. elegans; and the gastropod mollusc,
Melibe leonina. These taxa were compared with close relatives, in a manner similar to the
human versus mouse comparison above. These taxa represent the breadth of bilaterian
phylogeny, with human, chicken, and zebrafish belonging to the deuterostomes - specifically
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the phylum Chordata - and nematode, fruit fly, and the mollusc belonging to the
protostomes. Except for loop length, these parameters were valid for all ancient miRNAs in
these taxa (Table 1).

Interestingly, loop length is highly variable in D. melanogaster, with the longest loop
belonging to a conserved miRNA 99 nt in length. In fact, in most systems investigated to
date that have at least two separate Dicer genes, including plants, demosponges,
pancrustacean arthropods, and flatworms (29, 46, 107), loop size is highly variable, with
some loops exceeding 100 nt in length (45, 56, 124, 126, 154) (Table 1 and Supplemental
Table 1). Systems that use a single Dicer to process both small interfering RNAs (siRNAs)
and miRNAs, including all other animals investigated to date, including invertebrate and
vertebrate deuterostomes, chelicerate arthropods, nematodes, annelids and molluscs (29, 46,
107), have tightly constrained loop sizes, with the largest loop no more than approximately
40 nt in length (33, 63, 84, 86, 87, 125, 154) (Table 1 and Supplemental Table 1); the only
apparent exception to this observation is the cnidarian Nematostella, which has two Dicer
genes (104), but possesses miRNAs with relatively small loop sizes (56). Nonetheless, for
most metazoan taxa, it seems that having both siRNAs and miRNAs processed by a single
Dicer protein constrains the size of the miRNA loop.

In sum, the length and complementarity parameters described above define a bona fide pre-
miRNA hairpin as follows: an RNA stem consisting of two excised arms with a median
length of 22-23 nt (not 21 nt, e.g., 18) and ranging in size from 20 to 26 nt, bound by
complementary base pairing of at least 16 nt, and with both arms separated by a largely
single-stranded loop (157) of at least 8 but no more than 40 nt in length (except in taxa
possessing two or more Dicer genes). Therefore, the average pre-miRNA forms a 22-23-nt
duplex with 2-nt offsets, a loop 16-nt long, and complementarity between the two arms of 20
nt (Table 1; BOX 1, e.g., Figure 1a,b).

Revisiting Human and Metazoan miRBase Entries

Using these criteria, we evaluated the remaining miRNA sequences specific to the human
lineage. With the data currently available, we found an additional 183 sequences belonging
to 111 families that were robustly supported as miRNA genes (Supplemental Table 1).
Therefore, of the 1,881 human miRNAs listed in miRBase, only 523 genes belonging to 283
families meet the standards for miRNA annotation (Figure 3a), including hsa-mir-212 and
hsa-mir-224 (Figure 1a,b), but not hsa-mir-1202 or hsa-mir-8445 (Figure le,f), similar to the
estimate derived by Brown et al. (17). We emphasize that this does not mean that the genetic
elements currently identified as hsa-mir-1202 or hsa-mir-8445, for example, are of no
functional or physiological relevance. It simply means that they cannot be classified as
miRNAs, given the data available. Indeed, Balatti et al. (8) recently showed that mir-3676 is
an important regulator of the expression of TCL1, an oncogene involved in human leukemia.
However, mir-3676 has been withdrawn from miRBase because it is a fragment of a tRNA
(Supplemental Table 2); likely a new class of regulators of gene expression (48, 51, 88).
Thus, other types of small RNAs can and do possess important roles in human physiology
and disease, but these roles should not be used to justify classifying an RNA fragment as a
miRNA.
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To determine if the human example is unusual in having so many reported miRNAs fail
validation, we evaluated metazoan entries in miRBase (v. 21). For logistical reasons, we
limited our evaluation to the 7,095 numbered metazoan entries (e.g., mir-1, mir-2, mir-3;
Supplemental Table 2). An entry was accepted if the pre-miRNA sequence possessed 2-nt 3/
offsets, showed 5’ homogeneity (when data were available), and did not violate the
parameters of 5p length, 3p length, loop length, or complementarity, as established above.
As shown in Figure 3b, of the 7,095 entries analyzed, we accepted 1,175 (16.6%) as bona
fide miRNA families and rejected 3,470 (48.9%) others. Another 2,105 (29.7%) entries were
treated as equivocal entries, as they lacked sufficient evidence to be properly evaluated
(most were missing reads for the second arm); 5 (0.07%) were noncanonical; 42 (0.59%)
were redundant antisense reads (e.g., mir-3548; Figure 2); 55 (0.78%) were redundant
orthologs (e.g., dme-mir-8 and cel-mir-236; Figure 2); and, finally, 243 (3.4%) entries were
paralogs to existing entries (e.g., mir-141, mir-200, and mir-429; Figure 2). Thus, as argued
by others (22, 25, 77, 85, 101, 143, 146, 153), miRBase is riddled with false positive
miRNA sequences, and the human sequences are no exception, making utilization of
miRBase problematic for both functional (e.g., 4, 9, 32, 36, 61, 97, 128) and evolutionary
(e.g., 57, 90) studies.

Establishing a Uniform Nomenclature System for Vertebrate microRNA

Genes

With a consistent set of criteria for miRNA sequence annotation and a bona fide set of
canonical miRNA genes, these genes can now be named in an informative and coherent
manner that reflects their identify rather than just their sequence. We propose a
nomenclature system that (a) is relatively simple in principle and stable over time, (b) names
the same entity similarly in different species so that homology is intuitive and obvious, and
(c) contains predictive information, such that the likely number of miRNA genes in any
given species and instances of gene loss or absence are evident.

The proposed nomenclature system has the following attributes (Supplemental Table 3).
First, it uses existing names for genes; names are merged only when homologous genes have
been given two or more different names (e.g., the mir-8 family, see Figure 2, or the let-7 and
mir-130 families, see Supplemental Figures 1 and 2, respectively). Gene names are given the
prefix Mir- to distinguish the gene name proposed herein from the sequence name given at
miRBase (mir- denotes the precursor sequence, miR- the arm reads), and family names are
given the prefix MIR- (Table 2). Usually the lower number is used, but in a few instances the
higher number possesses the primitive sequence relative to the lower number, and hence the
higher number is given the family name (e.g., the sequence mir-25 is merged into the
MIR-92 family, not the reverse). Therefore, in this system, each numbered gene family (e.g.,
MIR-1, MIR-7, MIR-8) represents the evolutionary innovation of a miRNA gene, a gene not
born from an existing miRNA gene (i.e., not a paralog to an already existing miRNA), and
all apparent descendants of this original gene are given the same name. Each gene name is
preceded by a three-letter genus/species designator that is assigned by miRBase, but in this
case the first letter, like all generic names, is capitalized (Table 2).
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Second, to represent paralogous genes (i.e., individual genes generated by duplication of
existing miRNA genes), each member of a family is given a P designation (for paralog) and
a number. So, the first member of the LET-7 family in H. sapiensis Let- 7-P1 (hsa-let-7a-2;
see Supplemental Table 3). Where possible, the first member of each family (e.g., mir-1-1,
mir-10a) is given the P1 designation, but for consistency, all of the genes linked together in
a syntenic group are given the same P designation when possible so that the cluster
identification is clear. For example, mir-1-1 (Mir-1-P1) is linked to mir-133a-2, and thus
mir-133a-2 is assigned the Mir-133-P1 designation. All genes belonging to the gene family
are then numbered consecutively (Let-7-P1, Let-7-P2, Let- 7-P3).

Third, a letter following the P number represents a second duplication event. For example,
among human miRNAs, several examples exist in which tandem duplication of a gene was
followed by duplication(s) of the entire cluster (presumably during the two vertebrate-
specific genome duplication events, (30, 135)) including the MIR-8, MIR-15, MIR-17, and
MIR-30 gene families. With regard to the MIR-15 family, originally there was a single
Mir-15 gene present in the LCA of ascidian urochordates and vertebrates, a group known as
the Olfactores (31). Sometime between this LCA and the genome duplication events early in
vertebrate history, this gene duplicated, generating two paralogs, here assigned the names
Mir-15-P1 and Mir-15-P2 (Figure 4). Then, this single cluster was duplicated and both
clusters were duplicated again, generating four clusters and eight genes: Pla-d and P2a-d.
On the evolutionary lineage leading to humans, all eight genes were retained. Chicken, by
contrast, lost the ¢ cluster, including the syntenic protein-coding gene Alox12. Zebrafish
maintained all four clusters but lost the P1d gene and maintained only one of the four
duplicates generated by the teleost genome duplication event (50). Therefore, the duplication
history of this family is reflected in the nomenclature such that each paralog is named
according to when it was generated by a specific gene duplication event. Genes belonging to
gene families whose duplication history is complicated by numerous tandem and genome-
wide duplication events (e.g., the LET-7 family; see 66) are simply numbered consecutively.

Fourth, each ortholog is given the same name in all species (Figure 4, Supplemental Figure
3, and Supplemental Tables 1 and 3). Orthology is established using two criteria: relatedness
using standard phylogenetic (distance) analysis and, where possible, syntenic analysis using
conserved genetic anchors (66). Genes present in other taxa that are not clearly orthologous
to human genes (or genes in other taxa that have been lost in the human line and are not
clearly related to genes in other vertebrate species) are given an “0” designation (for orphan)
rather than a P designation (see Supplemental Table 3). By convention, no genes in human
are designated orphan as miRNA genes are named in relation to the human microRNAome.

Therefore, our proposed nomenclature system has a distinct advantage over the existing
miRBase scheme (82): It conveys the evolutionary history of the miRNA gene itself.
Furthermore, it unites all paralogs of a single miRNA family under the same family name
(e.g., MIR-15 is the name for the entire mir-15 family of sequences, which currently go by
mir-15, mir-16, mir-195, mir-322, mir-424, mir-457, mir-497 and mir-503), addresses
homology confusion [e.g., hsa-mir-15b is not derived from the same gene as dre-mir-15b
(Figure 4); hsa-mir-454 is not derived from the same gene as gga-mir-454 (Supplemental
Figure 2)], is predictive (Supplemental Figure 3 and Supplemental Table 3), and, because it

Annu Rev Genet. Author manuscript; available in PMC 2016 November 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Fromm et al. Page 9

is based on both phylogenetic and syntenic analyses (66), has a solid (and hence reliable, but
by no means infallible) foundation.

The Evolution of The Human microRNAome

Because the proposed nomenclature system relies on establishing homologies across
miRNA genes in five key vertebrate taxa (Supplemental Table 3), the evolutionary history
of the entire microRNAome of virtually any species of osteichthyan (i.e., bony fish)
(including human) can be reconstructed. Figure 5 shows this history for every known
miRNA in the human, chicken, fish, fruit fly, C. elegans, and nudibranch lineages. In
human, 318 miRNA gene families consisting of 585 genes have appeared in ~800 million
years since divergence from sponges (see Supplemental Table 4 for a list of genes for each
node indicated on the figure). These genes were acquired continuously over time, with
nearly each branching point analyzed in the topology characterized by the addition of at
least one new miRNA gene (144).

This continuous acquisition of miRNA genes was punctuated by several instances of
elevated rates of miRNA innovation (13). When taking all of these animals into account
(144), the four largest increases in miRNA innovation occurred along the lineage leading to
humans (Figure 5, arrows 1-4). The first substantial gain occurred in the bilaterian ancestor
of protostomes and deuterostomes (arrow 1), with the gain of 32 families and at least 39
genes (67, 123, 132). The second occurred at the base of the vertebrate lineage (63, 64, 67),
with the acquisition of 45 new families and 176 genes (arrow 2). The third increase occurred
at the base of eutherian mammals (67, 73, 102), with the evolution of 91 new miRNA
families and 144 genes (arrow 3). The final dramatic increase occurred in the lineage leading
to human, after it split from mouse (73, 102), with a gain of 111 families and 179 genes
(arrow 4).

Despite the dramatic increase in miRNA diversity at the base of the bilaterians, at the base
of eutherian mammals, and within the primate lineage, no evidence exists for genome-wide
duplication events. Only at the base of vertebrates (Figure 5) do we have clear evidence for
genome duplication. Nonetheless, more than half of the family-level innovations that
occurred early in vertebrate evolutionary history occurred before the first of the genome
duplication events, as 24 of the 45 vertebrate-specific families have multiple paralogs (63)
(Supplemental Table 4). The lack of causality between genome duplication and family-level
innovation is even more stark when viewed through the lens of the teleost genome
duplication event (Figure 5): Although there was a dramatic increase in the number of
miRNA paralogs, only a single new miRNA family is known to have evolved during the
period stretching from before the genome duplication event (the split between teleosts and
gars, nearly 400 Mya ago) to long after the genome duplication event (the split between
zebrafish and pufferfish, approximately 150 Mya ago) (110). By contrast, the early phase of
actinopterygian evolution, the period of evolutionary history preceding the genome
duplication event (50, 110), was characterized by a modest, but not insignificant, increase in
miRNA families. Why neither genome duplication event seemed to produce new families,
only new copies of previously existing miRNA genes, despite the increase in both the
number of likely sources (e.g., introns and miRNA gene clusters already in existence; 13,

Annu Rev Genet. Author manuscript; available in PMC 2016 November 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Fromm et al.

Page 10

20, 102) and targets, remains an interesting and open question. Another open question is
how to identify the impetus for the innovation of so many new families during periods of
apparent genomic quiescence, like the one that occurred at the base of placental mammals.

These periods of intense miRNA acquisition contrast with other times in human history in
which rates of miRNA innovation were low. For example, in the 175 million years between
the divergence of vertebrates from ascidian urochordates and the divergence of the human
lineage from zebrafish, 64 miRNA families and 197 genes were gained, whereas during the
subsequent 150 million years, only 8 families and 11 miRNA genes evolved in the human
lineage (Figure 5). Similarly, in the first 100 million years of mammalian history, only 4
families consisting of 4 genes evolved, but during the next 100 million years (the time
between the divergence from monotremes until the divergence between mouse and human),
91 families consisting of 144 genes evolved, with an additional 179 genes gained in the
human lineage after it split from mouse (Figure 5). Although newly evolved miRNA genes
appear to have a high rate of both innovation and attrition (43, 95, 102, 114, 117; see also
arrow S in Figure 5), many of these genes in human (32%) are shared deeply across the
primate lineage (73, 144, Supplemental Table 1), suggestive of functional and evolutionary
relevance.

As recorded elsewhere (144), losses are relatively rare; only 34 losses of miRNA families
and 64 losses of miRNA genes have been documented over the 800 million years since
humans split from sponges. Thus, approximately 10% of the human miRNA repertoire at the
family level and at the gene level have been lost over time. This difference between gene
gain and loss is the same order of magnitude recorded by Tarver et al. (144) across the
animal kingdom, as opposed to other studies that have suggested much higher rates of loss
(57, 68, 78, 90, 147). Each of these latter studies has flaws, greatly biasing the results. For
example, Hertel & Stadler (68; see also 57, 90) used miRBase in its entirety with no quality
control, despite the large body of work, consistent with our own analyses (Figure 3b),
suggesting that it contains numerous false positive miRNAs (22, 25, 77, 85, 101, 143, 146,
153), including almost all of the supposed aberrant miRNAs found by Kenny et al. (78).
Further, in both Hertel & Stadler (68) and Kenny et al. (78) no attempt was made to analyze
the secondary structure of putative orthologs to bona fide miRNAs (which, when examined,
do not support a miRNA assignment), and no small RNA data sets support their processing.
Finally, no attempt was made to distinguish between false negatives versus genuine
absences (146), an issue that also plagues the study of Thomson et al. (147).

Despite these problems, losses do, in fact, occur, and two periods in particular were shaped
by miRNA loss: one at the origin of the Olfactores, in which 6 of the original 32 miRNA
families and 7 of the original 39 genes were lost, and another at the origin of mammals, in
which 6 families and 18 genes were lost. Interestingly, both were periods of low acquisition,
similar to what is seen in other animal systems, including acoel and parasitic flatworms, in
which high rates of loss are accompanied by low or modest rates of acquisition (7, 45, 122).
By contrast, except for at the base of the Eutheria, periods of high acquisition are not
accompanied by relatively high loss (Figure 5). How these complementary periods of
miRNA gain and loss sculpted gene regulatory networks in the context of animal
development and evolution (e.g., 127, 140, 145) remains to be explored, although a link has
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been noted between elevated rates of miRNA innovation and elevated rates of
morphological evolution (e.g., 13, 64, 67, 121, 132). This potential linkage between elevated
rates of miRNA innovation and morphological evolution might be due, at least in part, to
combinatorial miRNA regulation, where the buffering of genetic noise is enhanced by
mRNAs containing binding sites for different miRNAs (130). Thus, species with a relatively
high number of miRNA families exhibit a greater potential for genetic robustness as
compared to species with fewer miRNA families, and therefore the potential for greater
morphological complexity (121).

The Tempo of Vertebrate microRNA Sequence Evolution

Establishing the orthology of all human miRNAs allows one to examine in detail the rate
and substitution pattern of nucleotide changes across an entire pre-miRNA sequence,
because orthologous sequences can now be aligned and analyzed in detail. Wheeler et al.
(154) were the first to construct a mutation profile map of mature miRNA sequences, which
was derived from 93 deeply evolved miRNAs across 14 bilaterian taxa. It revealed a pattern
of highly conserved seed (nucleotide positions 2-8) and 3’ complementarity (positions
13-16) regions. However, because of the difficulties in understanding orthology at that time,
the only vertebrate included in the analysis was H. sapiens. Further, although it has long
been known that the star sequence evolves at a faster rate as compared to the mature
sequence (86), no attempt was made to characterize the substitutional rate or profile of the
star (or the loop) as these sequences were simply not available for most taxa at that time.

To understand the rate and pattern of nucleotide evolution of pre-miRNAs, we aligned 234
deeply conserved miRNA genes from 19 tetrapod taxa and two outgroups, coelacanth and
zebrafish (Supplemental Table 5). These sequences represent the miRNA complement of the
LCA of tetrapods (41). Then, we analyzed substitution patterns using the method of Wheeler
et al. (154), as explained in detail in Supplemental Figure 3b—d. We considered the three
regions (mature, loop, star) of the pre-miRNA separately to better understand the constraints
imposed by miRNA biogenesis and function, with the mature arm defined as the arm
expressed at least two times higher than the opposing arm in all tetrapods for which data
were available (see Figure 1a and Supplemental Figure 3). miRNAs with less than a twofold
expression difference between the Sp and 3p arms, or in which arm switching had occurred
within the vertebrate tree, whereby one taxon emphasizes one arm and another taxon the
other (54), were considered to have two co-mature arms (e.g., Figure 1b; see Supplemental
Table 5).

Over the combined evolutionary history of these 21 taxa, representing nearly four billion
years of independent evolutionary history, just 611 substitutions occurred across the 97,808
nucleotides of the mature and co-mature sequences (median = 0.045 substitutions per
position) (Figure 6a). The substitution rate among the mature, the star, and the loop
sequences are all significantly different from one another (F; 57¢ = 433.1; p = < 0.0001):
Star sequences evolve nearly seven times faster than mature sequences(median = 0.318
substitutions per position), and the loop sequences evolve nearly 32 times faster than mature
sequences (median = 1.44 substitutions per position) (Figure 6b). The amount of variation in
the substitution rate was lowest among mature sequences as well, with the variability in
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mature sequences (IQR =0.091) 5 times lower than that of star sequences (IQR = 0.446),
and 13 times lower than that of loop sequences (IQR = 1.22) (Figure 6b).

The overall rate of evolution for each pre-miRNA was assessed by calculating the collective
rate of nucleotide substitution for the mature, star, and loop sequences. The mean rate of
nucleotide substitution for all pre-miRNAs was 0.612 changes/position (SD = 0.34), with a
nearly 100-fold difference between the rates of the slowest (Mir-124-P1) and fastest
(Mir-34-P3c) evolving genes (Table 3). To determine if the difference in rates could be
attributed to the genomic context of the miRNA, we compared the substitution rates of genes
located in introns of protein-coding genes with those of genes located in noncoding
sequences (position determined from H. sapiens, except where the gene has been lost; see
Supplemental Table 5). We found no difference in rate based on genomic context (tp3, =
0.701; P = 0.484). The history of the gene family may matter, given that three of the four
fastest evolving pre-miRNAs belong to the MIR-34 family, whereas the three MIR-124
genes present in human (Mir-124-P1, Mir-124-P2, and Mir-124-P3) are three of the top 10
slowest evolving genes (Table 3). However, members of the MIR-17 family appear in lists
of both the 10 fastest and 10 slowest evolving miRNA genes (Table 3), suggesting that more
is involved in determining rates of miRNA evolution than just vertical evolutionary history.
Furthermore, miRNAs in both the slowest (MIR-129) and fastest (the MIR-34) tiers can
regulate the same target(s) and be players in the same essential pathways, in this case
ciliogenesis (21, 136). Thus, it remains an open question as to what governs the rate of
miRNA nucleotide evolution, given that the top ten slowest and top ten fastest rates of
nucleotide substitution are found in equally ancient genes, genes whose products can target
the same mRNAs, genes located in either introns or intergenic regions, and within gene
families that consist only a single member or multiple members (Table 3, Supplemental
Table 5). Nonetheless, this variable rate of evolution is probably what accounts, at least in
part, for the ability of concatenated orthologous precursor sequences to accurately and
precisely recover nodes in the tree of life at varying hierarchical levels (41, 44, 79).

Nucleotide Substitution Rates of Mature Versus Star Sequences

In addition to calculating the rates of mature, star, and loop evolution, each recorded
substitution was mapped to an individual nucleotide position to arrive at a mutation map for
both the mature and star sequences (Supplemental Table 5; see 154 and Supplemental Figure
3b—d for an example of this procedure). The mutation profile of the mature sequences
confirmed the pattern found by Wheeler et al. (154; see also 55, 58), as the same two regions
of the mature sequence - the seed region (positions 2-8) and the 3’ complementarity region
(positions 13-16) - showed few instances of nucleotide substitutions compared with
positions 1, 10-12, and 17-22 (Figure 6a, bottom). The frequency of substitutions in the seed
region was effectively zero, with only ten changes seen in the 29,007 positions analyzed,
confirming the functional importance of this region of the molecule (11, 60, 69, 152), and
calling into question the long-term evolutionary importance of non-canonical interactions
between miRNAs and target mRNAs (65, 134).

Because star sequences may bind target mRNAs in the context of gene regulatory networks
(116), one might expect the mutation profile of the star sequence to mirror that of the mature
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sequence, with two highly conserved regions lying in between areas of relaxed constraint.
And indeed, the mutation profile of the star arm (Figure 6a, top) grossly resembles the
profile of the mature sequence, with two relatively conserved regions at positions 1-8 and
13-19. However, 422 changes were found in positions 2-8 of the star, compared with nine in
the mature, an unexpected result if star sequences generally function in a similar manner to
mature sequences. Furthermore, no mutational distinction is seen between star positions 1
and 2 (43 versus 46 changes, respectively), in contrast to the pattern seen in the mature and
co-mature sequences, in which 39 substitutions were recorded at position 1 and zero at
position 2 (Figure 6a and Supplemental Table 5).

Instead, the substitution profile of the star region mirrors that of the mature region, an
expected result given the constraints on the star sequence to maintain complementarity with
the mature sequence (Figure 6¢). Indeed, the most highly conserved areas are those that base
pair with the seed and the 3/ complementarity region; the least conserved areas are those that
base pair with positions 1 and 9-12. This explains he lack of difference between star
nucleotide positions 1 and 2 with regard to mutation: These nucleotide positions base pair
with positions 20 and 19 of the symmetrical 22-nt long mature miRNA (Figure 6c, top), a
region that shows the same basic propensity for mutation. The correspondence is not perfect,
though, as mature position 14 is paired with star position 7, which has a slightly higher
mutation rate than star positions 5 and 6. Nonetheless, it appears that structural
considerations play a much larger role in explaining the mutation profile of the star than
functional considerations (see 58), assuming that biologically active star strands would
engage targets via seed sequences in the same way that mature strands do.

Sequence Propensities of Mature Versus Star Sequences

Despite only having ~22 nucleotides, a mature miRNA must successfully interact with three
different macromolecules, each presumably having a very different effect on mature miRNA
evolution. First, the mature miRNA must base pair with the star within the pri- miRNA
transcript to allow for recognition by the Microprocessor to generate a stable pre- miRNA
(112). Second, it must interact with the Argonaute protein machinery for mature strand
selection (129, 141). Third, it must interact with the target mRNA to affect gene expression
(11,76, 129). To tease apart these effects on the mature sequence, we calculated nucleotide
base frequencies for both the mature and the star regions for each of the 197 genes present in
human that were inherited from the LCA of tetrapods. These frequency plots are shown in
Figure 6d for both star sequences (top) and mature sequences (bottom).

As has long been known (e.g., 42, 49, 70, 83, 86), mature miRNA sequences are biased
toward U at position 1. In our results, position 1 is the most biased nucleotide; ~65% of
mature miRNAs in human start with a U (and nearly 90% start with a U or an A; x2 =
187.57, df = 3, P <0.0001). Importantly, a corresponding bias is not seen at position 20 of
the star sequence, where each nucleotide is present at approximately equal frequency (Figure
6d). Furthermore, it is known that position 1 does not interact with the target mRNA (11,
129). Thus, these data are consistent with the notion that the bias toward U at mature
position 1 is dictated by the preference of the Argonaute MID domain for a U or an A at the
5’ end of the mature miRNA (42, 141).
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Clear differences exist between mature and star sequences, not only in terms of mutation
propensity (Figure 6a) but also in terms of the nucleotide composition of the ends of each
molecule (Figure 6d). The Argonaute machinery uses the sequence at the ends to decipher
which arm is the guide strand and which is the passenger strand (141). In contrast to the
mature sequence, U is dramatically underrepresented in the star sequence at position 1: Only
8% of human star sequences start with a U (Figure 6d; see also 83). Instead, star position 1
is significantly biased toward C or A (see also 70), with the corresponding position in the
mature sequence (position 20) significantly biased toward G or U (Figure 6d). A similar
pattern is seen for star position 2 and mature position 19. Hence, the bias in nucleotide
composition for both strands appears to result from base pairing between the mature and star
strands, with GC base pairing emphasized at the 3’ end of the mature miRNA sequence.
Consistent with this observation, the 5 end of the mature sequence emphasizes AU base
pairing, with position 2 of the mature region significantly biased toward A (and biased
against C) and position 19 of the star strand biased toward U (and against G). These
sequence propensities contribute to the well- known asymmetry in free energy between the
two ends of the duplex molecule. A lower free energy is found at the 5" end of the star strand
relative to the mature strand (e.g., 80, 83, 113, 131, 141), as the former is GC rich and the
latter is AU rich.

Curiously, despite the bias toward U at position 1, this site is not particularly constrained in
terms of its propensity to mutate (Figure 6d). Indeed, although U is strongly favored at
position 1, it is not essential, given the numerous instances in which the U has changed to an
A or C (G is underrepresented; see Figure 6d). Similarly, although U is underrepresented at
star position 1, numerous instances exist in which one of the other three nucleotides evolved
to a U at this position (Figure 6d). Thus, the U bias at position 1 of the mature sequence
seems to have to do with the initial evolution of an miRNA; once the miRNA has evolved,
the U at position 1 is largely free to evolve to a different nucleotide (except for G),
presumably with concomitant changes to the other end of the duplex to keep in check the
thermodynamic bias for asymmetric strand selection (113, 141).

Two other areas of the mature sequence show statistically significant areas of bias that are
matched in the corresponding star sequence: (a) position 5 of the mature sequence, which is
GA rich, and position 16 of the star sequence, which is CU rich and (b) positions 13-17 of
the mature sequence and positions 4-8 of the star sequence, both of which are UA rich. This
latter stretch of UA base pairing presumably increases the overall free energy of the duplex
to make unwinding thermodynamically easier (83). No significant bias is seen, however, for
purines versus pyrimidines in the mature versus star sequence (70).

Aside from position 1, the largest skew in nucleotide composition is seen at position 9 of the
mature region, with more than 53% of sequences having a U at this position (including Hsa-
mir-126; Figure 6c¢; see also 42, 70, 83). However, a corresponding bias is not seen in the
star sequence, and it is well known that mature position 9 does not typically interact with
target sequences (11, 129) and hence is not part of the seed. These observations indicate that
this position may be important for contacts with Argonaute. But again, like position 1, this
position’s propensity for mutation is not highly constrained (Figure 6a). Although it is clear
that these sequence propensities are arm independent (i.e., it does not matter if the mature
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region arises from the 5p or 3p arm; Supplemental Figure 4; 131), why the seed sequence of
mature miRNAs in vertebrates precedes a U at position 9 remains an open question.

The Establishment of a microRNA Gene Database: MirGeneDB.org

One of our motivations for evaluating all 1,881 human miRNAs listed in miRBase was to
minimize the misinterpretation of genome-wide analyses that use spurious or non- miRNA
entries alongside bona fide miRNA sequences. For example, in their study of the evolution
of miRNAs and their targets, Barbash et al. (9) noted that the targets for deeply conserved
miRNAs were more variable than their targeting miRNAs, whereas more recently evolved
miRNAs showed higher levels of variation than their targets. However, the basis of their
study was the entire 1,523 human miRNAs deposited in miRBase at that time (v. 17), and of
their list of human-specific miRNAs, most either have been rejected, because they do not
meet the minimal requirements for miRNA annotation, or are equivocal, because expression
of only one arm has been reported.

miRBase has attempted to eliminate problems like this by categorizing a subset of the
deposited miRNAs as high confidence: High-confidence miRNAs are those that are highly
expressed and show clear indications of proper processing (see Figure 1a,b; 82). However,
although this decreases (but does not eliminate) the number of false positives, nearly a third
of the miRNA genes reconstructed to have been present in the LCA of tetrapods are false
negatives (see Supplemental Table 5), including ancient genes, such as Mir-184, and
paralogs of ancient families, such as LET-7 and MIR-1 (Figure 5 and Supplemental Table 4).
Given the goals of miRBase (82), these absences make sense, as, for example, only reads for
the 3p arm of mir-184 have been reported for both human and mouse, and thus mir-184 is
not included in the high-confidence set for either species. By contrast, fruit fly demonstrates
properly processed expression of the 5Sp arm, and mir-184 is annotated as a high-confidence
miRNA sequence in fly. This example highlights a key difference between the annotation of
miRNA sequences versus miRNA genes: For the former, all sequences are evaluated on
their own merits, whereas for the latter, all orthologs are treated as robust entries. The
absence of 5p reads for Mir-184 in human or mouse is likely artifactual, given that
numerous orthologs (including in fly) show proper expression of both arms, and is therefore
included as a bona fide gene in both human and mouse (Supplemental Table 1).

Because the primary requirement for submission of a putative miRNA to miRBase is
acceptance of a peer-reviewed manuscript (82), we decided to erect a curated database that
is principally focused on the annotation of miRNA genes. Called MirGeneDB (http://
mirgenedb.org), this open access database is intimately linked to miRBase (as this serves as
the principal repository for miRNA sequences), but differs from it in three key aspects. First,
because our focus is on miRNA genes, we use the nomenclature system proposed herein, so
that orthologs among taxa can be easily discerned from the name alone. Thus, Let-7-P1 in
human is the same gene as Let-7-P1 in chicken (see Supplemental Table 3). Indeed, clicking
on the orthologs link in the gene description gives a list of all the orthologs for each of the
vertebrate (and, in the future, invertebrate) species curated. Furthermore, all paralogs of that
gene in a taxon are indicated, in addition to the time of acquisition of each miRNA (both
family and gene) (see Figure 5). Thus, one can query the miRNA complements of not only
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living species (e.g., human, chicken), but also ancestral complements of miRNAs that were
gained at particular points in evolutionary time (e.g., the gene complement of human that
was present in the LCA of vertebrates or placental mammals). Therefore, users can easily
bin miRNA genes by time of acquisition, allowing them to study the rates and patterns of
differently aged miRNAs in a proper comparative context.

A second key difference between the goals of miRBase and MirGeneDB concerns the
curation of mature versus star sequences. It is well known that both arms of some miRNAs
are functional (e.g., many members of the MIR-9 family; 28, 109, 118) and that arm usage
(or at least read count) can differ between the two arms given different biological contexts
(e.g., 54, 98, 103, 141). However, miRBase has discontinued indicating which of the two
arms is the biologically relevant molecule (mature versus star) in favor of a system whereby
both arms are indicated based on their structural positions (5p versus 3p) (82). Considering
only a phylogenetically conserved twofold difference (Figure 1a versus Figure 1b; see also
Supplemental Figure 3b) to determine whether an arm is the mature or star sequence reveals
that the evolution of these two strands is very different (see Figure 6), confounding attempts
to understand mutation and/or composition differences between the S5p and 3p arms versus
mature and star sequences (see 59, 151).

Indeed, the mutation and nucleotide frequency profiles presented in Figure 6 allow one to
see how three different macromolecules influence mature sequence evolution: Argonaute
influences positions 1 and (presumably) 9; the target mRNA influences positions 2-8 and, to
a lesser degree, 13—16; and the star sequence influences positions 2, 5, and 13-20. By
contrast, the evolution of the star sequence is much simpler. Aside from position 1, at which
U is underrepresented, presumably to avoid functional interaction with Argonaute at the
outset of the evolution of the miRNA, the evolution of the star sequence appears to be
largely governed by the mature sequence: All significant biases in sequence composition are
mirrored by the corresponding position in the mature sequence (Figure 6¢). The mutation
profile of the star sequence superficially resembles that of the mature sequence, with a
decrease in the number of mutations in positions 2-8 relative to the rest of the sequence.
However, a >46-fold difference exists between the mutation rate at positions 2-8 of the
mature sequence and positions 2-8 of the star sequence, a striking difference when one
recalls that the overall difference in mutation rate between the two arms is only
approximately seven-fold (Figure 6b). The most likely explanation for the lower, uniform
rate of mutation at star positions 1-8 is simply base pairing with the 3’ end of the mature
sequence (Figure 6¢).

Therefore, although some star sequences may be functional under certain sets of biological
situations (e.g., 28, 54, 98, 116), our mutation and composition analyses strongly suggest
that distinct evolutionary pressures operate on mature versus star sequences. Accordingly,
MirGeneDB, unlike miRBase, has binned mature sequences separately from star sequences.
Each group is fully searchable and downloadable independent of the other, for all curated
miRNA genes. Furthermore, users can work with the 5p and/or 3p arms to potentially tease
apart functional differences between the two arms of the pre-miRNA (if any; see
Supplemental Figure 4). This functionality will allow users more insight into how different
aspects of miRINA sequences evolve and function across phylogenetic space and through
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evolutionary time. Finally, users can search seed sequences deposited in MirGeneDB to help
understand potential evolutionary linkages to new miRNAs and also how nucleotide
composition, for example, differs between the seed and the remaining mature sequence.

The third and final key distinction between miRBase and MirGeneDB is that not only are all
mature and star sequences carefully curated, they are also remapped to the latest genome
assemblies. When the Gene Expression Omnibus data (10) provided by miRBase for these
entries (Figure 3a) are compared with current genome coordinates (miRBase 21; GRCh38),
we find that 69.5% of the annotated reads from the 523 accepted human miRNA precursors
(Supplemental Table 1) have missing or incorrect annotations (Supplemental Table 6).
Specifically, 105 expressed sequences (10%) lack annotation all together; 214 (20.5%) have
correct sequences but incorrect genome coordinates (e.g., Let-7-P1, Supplemental Table 6);
and 406 (39%) have genome coordinates whose length and/or start position differs between
1 and 8 nucleotides from the updated annotation (Supplemental Table 6). Indeed, of these
406 sequences, 115 are offset at the 5’ end with respect to the miRBase entries. This changes
the seed sequence and hence possibly affects any type of detection system based on
hybridization [e.g., RT-qPCR (12), Luminex (14), microarray (94), northern blotting (149)
or in situ hybridization, 148], albeit to a different extent according to the method. It may also
affect the utility of methods used to identify potential targets (e.g., miR-CLIP; 71) or those
that mimic or target miRNAs (6, 15, 16, 92, 115). These techniques are highly dependent on
the accuracy of miRNA annotation, in particular annotation of the seed region.

Conclusions

Since their discovery nearly 15 years ago, more than 40,000 scientific publications on
miRNAs have appeared in PubMed, with approximately 3,500 annual publications on
miRNAs and cancer alone. Although at the outset it appeared to be relatively
straightforward to determine what is and what is not a miRNA (3), this has not proven to be
the case. The wealth of data that comes from each of the thousands of new miRNA studies
reported annually, coupled with the amount of the genome that is transcribed as noncoding
RNA (34, 37, 52, 131), has made it increasingly difficult to determine the actual repertoire
of miRNAs in species such as human. Furthermore, the current system for naming miRNAs
seems to be strained by the number of submissions, resulting in annotated miRNA entries
with different names in different organisms. Incorrectly annotated miRNAs, misnamed
miRNAs, and falsely identified miRNAs all greatly hamper miRNA research.

By reviewing the data deposited in miRBase, we have established a set of criteria for
miRNA annotation. When these criteria are applied to the 1,881 human miRNA entries in
miRBase, less than a third are supported as bona fide miRNA genes; this proportion is
representative of miRBase entries as a whole. Even if all equivocal entries are confirmed as
bona fide miRNAs by novel sequencing data, still well over half of all current human
miRBase sequence entries do not appear to be derived from miRNA genes. The difficulties
this imposes on evolutionary studies (e.g., 57, 90, 147) are obvious. Less obvious, however,
is the impact this result has on disease studies; a high percentage of studies are based on
standardized panels or references derived or directly taken from miRBase (4, 32, 36, 61, 97,
128). Furthermore, of the accepted set of miRNAs in miRBase, nearly 70 percent are either
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misannotated or mismapped, hampering the identification of, for example, isomiRs (105,
108, 111), variants that require a reliable reference point to establish the offset of the seed-
shifted sequence (154).

Detailing the evolutionary patterns of human miRNAs over phylogenetic space and through
deep geologic time has revealed constraints on the pattern of nucleotide substitution across
both mature and star sequences, but several outstanding issues remain. For example, we do
not understand what controls the rate of miRNA evolution (Table 3), the size of pre-
miRNAs (i.e., why the processing of both siRNAs and miRNAs with a single Dicer protein
constrains the size of the miRNA loop; Table 1), or the gain and loss of miRNA genes
themselves (Figure 5). With a robust set of curated miRNA genes identified across the
animal kingdom, answers to these questions will hopefully be forthcoming in the near
future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary Points
A uniform system allows for the annotation and nomenclature of miRNA genes.
As determined by this uniform system of annotation, nearly two-thirds of the
miRBase entries for human miRNAs are false positives.

A set of bona fide human miRNA genes was shaped by periods of intense
miRNA innovation, largely divorced from genome duplication events.

Mature miRNA sequences display a very different tempo and mode of evolution
than star sequences; the evolution of mature sequences appears to be governed
by interactions with three different macromolecules: the opposing star arm, the
Argonaute processing machinery, and the target mRNA.

The annotation of human miRNAs, which is important for downstream methods
used to study their role in development and disease, particularly cancer, has
been improved.

MirGeneDB (http://mirgenedb.org) is an open access database for this curated
and reannotated set of miRNA genes.
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Future Issues

What role(s) do the numerous non-miRNAs cataloged in miRBase play in
organismal development and disease?

Why does the possession of a single Dicer protein, one that processes both
siRNAs and miRNAs, seem to dictate the size of the loop in an miRNA?
Alternatively, why is there little to no constraint on loop size in species that
possess two or more Dicer genes?

What drives the rate of miRNA innovation and loss? In particular, what is the
driving force for the generation of high numbers of miRNA genes at the base of
Bilateria, Eutheria, and within the human lineage, as these periods are not
associated with genome duplication events?

How do complementary periods of miRNA gain and loss sculpt gene regulatory
networks in the context of animal development and evolution?

What governs the rate of nucleotide evolution across the entire pre-miRNA
sequence?

Why does a U follow the seed sequence of mature miRNAsS in vertebrates at
position 9?
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Examples of canonical, equivocal, non-canonical, and likely mis-annotated, human miRNA

sequences. A. hsa-mir-224, a miRNA shared among placental mammals. Note that all of the

criteria established by the community for bona fide miRNAs are met including length of

each of the arms and the loop, the complementarity, 2 nucleotide overhangs, and 5 end

homogeneity. The mature arm (5p) is shown in red and the star arm (3p) in blue — note the

greater than 2X differential between the expression of the two arms (bottom). B. Another

example of a canonical miRNA gene, hsa-mir-212, shared amongst vertebrates. This

miRNA shows the same features as mir-224, except in this case the two arms are expressed

in a nearly equal ratio, and thus is an example of a miRNA that has two mature (or co-

mature) arms (red). C. An example of an equivocal miRNA gene, hsa-mir-498, where

expression of only one arm has been detected, abrogating the ability to ascertain key criteria

for miRNA annotation including the 2-nucleotide offset. Nonetheless, if the 3p is expressed

with the correct offset, then this sequence will fall within the parameters (numbers in

parenthesis) established herein (see Table 1) for miRNA annotation. D. An example of a
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non-canonical miRNA, hsa-mir-451, a deeply conserved sequence that bypasses Dicer
processing and thus only expresses one of the two arms. E, F. Two examples of sequences
that are unlikely to be derived from a miRNA gene as they show none of the criteria
established by the community for miRNA annotation including lack of phylogenetic
conservation.
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dme-mir-8 cte-mir-8 me-mir-429 rno-mir-141 rmo-mir-200a

Figure 2.
The miRNA gene mir-8 goes by six different names depending on the taxon of origin and

the orientation of transcription. The last common ancestor of flies and rats had a single mir-8
gene, and this sequence is called mir-8 in both the annelid Capitella teleata (cte) and in the
fruit fly Drosophila melanogaster (dme). This same gene though goes by the name of
mir-236 in nematodes like C. elegans (cel), and hence is an example of a redundant
orthologue (orange, see Fig. 3). In deuterostomes, because of gene duplication events (open
circles), this same gene goes by three different names, mir-141, mir-200 and mir-429, all
paralogues (blue, Fig. 3B) of the mir-8 gene. Finally, an antisense read of the rat (rno)
mir-200a sequence exists and it is called mir-3548.

Annu Rev Genet. Author manuscript; available in PMC 2016 November 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Fromm et al.

Page 31

a Human b Metazoan

38 4
(2.02%) (0.21%) 42 (0.59%)

/ |

0O Accepted
Redundant

O Accepted
55
10.77%) Redundant
Equivocal 243 Paralog

Noncanonical \” (AW Equivocal

Rejected Noncanonics

Antiwense Rejected

- 6

(032%) = False negative Antisense

Figure 3.
Curation of the miRBase (v. 21) entries for human miRNA sequences (A) and for the entire

collection of numbered animal-specific gene families (B). Only about 27% of the human
miRNA sequence entries, and 16% of the animal family-level entries, are supported as bona
fide miRNAs (white) using a consistent set of criteria (see Fig. 1A, B) whereas about 58% of
the sequences (left) and 48% of the families (right) can be rejected (red), including mir-1202
(Fig. 1E) and mir-8484 (Fig. 1F). Redundant entries (orange) are those miRNAs where the
same sequence has been given two different names in two different species (e.g., mir-8 and
mir-236, Fig. 2). Paralogous entries (light blue) are those miRNAs where two or more
copies of the gene are given two or more different names (e.g., mir-141, -200 and -429, Fig.
2). Equivocal entries (purple) are those entries that do not show all the necessary data to
robustly either support or reject the entry, usually due to the fact that only one arm was
reported (e.g., Hsa-mir-498, Fig. 1C). Non-canonical entries are those “miRNAs” that fail at
least one of the criteria, but are deeply conserved (e.g., mir-451, Fig. 1D). Antisense entries
(light green) are entries that are simply the antisense read of another accepted entry (e.g.,
mir-3548, Fig. 2). False negatives (grey) are genes that are likely to be present in the human
genome, but are not yet deposited in miRBase (see Supp. File 1).
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Figure 4.

The relationship between the evolutionary history of a miRNA family (MIR-15) and the

nomenclature system proposed herein. Early in vertebrate evolutionary history a single

Mir-15 gene was duplicated in tandem generating two copies of this gene (red and blue), in

contrast to the single gene still found in the genome of the ascidian urochordate Ciona
(purple). The red gene is labeled Mir-15-P1 and the blue gene is Mir-15-P2. Then,
vertebrates underwent two rounds of whole genome duplication, generating four clusters of

two genes, and these clusters are labeled a—d. Thus, there are four copies of the P1 gene

(Pla, b, c and d) and four copies of the P2 genes (P2a, b, c and d). These four clusters are

then passed on to the zebrafish, chicken and human lineages through a series of speciation

events (black circles), each with their own examples of gene loss, and in the human lineage,

gene gain. In the human lineage the “d” cluster was lost while the syntenic genes were

retained, whereas in the chicken, the “c” cluster and the anchoring gene (Alox-12) were lost.

On the lineage leading to zebrafish a third round of genome duplication occurred primitively

generating 8 clusters of genes, five of which were retained in zebrafish with the “b2”, “c2”

and “d2” clusters lost, as well as the P1d gene. Importantly, both the phylogeny (bottom)

and the synteny (left) are concordant, allowing for an internally consistent scenario and for a

robust nomenclature system. Note that Mir-15-P3 (= mir-424) is a eutherian-specific

paralogue of the MIR-15 family and is not shown here.
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Figure 5.
The evolutionary history of microRNA genes across the animal kingdom. For each named

node (i.e., branching point) the number of both families and genes (in parentheses) gained
(top) and lost (bottom) are indicated. See Supplemental File 4 for the entire list of every
gene gained and lost for every node shown, as well as the taxonomic names for each
numbered node or branch, and the genus and species identities for all figured animals.
Divergence times are taken from Erwin et al. (36), Near et al. (94), and dos Reis et al. (34).
Geological time is shown on the bottom (in millions of years) and geological abbreviations
are as follows: C — Cambrian; O — Ordovician; S — Silurian; D — Devonian; C —
Carboniferous; P — Permian; T — Triassic; J — Jurassic; K — Cretaceous; Pe — Paleogene; N —
Neogene + Quaternary. On the right are shown the rate of acquisition (red) and loss (blue)
for both miRNA families (dotted lines) and genes (solid lines) for four key taxa, human,
chicken, fish and fruit fly, with outlier periods of miRNA acquisition indicated by the
numbered arrows. The increases in species-specific rates of miRNA genes for fly, fish and
chicken are given with an “S” with the slope likely dictated by the depth of sequencing for
each of these taxa (14; 89). See the text for further details. Times of genome duplication are
shown in orange.
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last common ancestor of tetrapods. A. The rate of nucleotide substitution per position of the

sequences, from position 1 to 22, is shown for both the star (blue) and mature (red)

sequences (n = the total number of tallied mutations). From a functional perspective the

mutational profile for both the mature and star are grossly similar, except that there is no

difference between nucleotides 1 and 2—8 in the star sequence. In addition, many more

mutations occur in positions 2-8 of the star sequence (426 substitutions) relative to the

mature sequence (10 substitutions). B. Rate of nucleotide substitution per position of the

mature, star, and loop regions. The distribution of rates per region is summarized by the

boxplots. The bold horizontal line through the box represents the median rate. The lower and

upper edges of the box represent the 1st and 3rd quartiles, respectively. The vertical bars

represent the range of values that are not outliers. The unfilled circles represent outliers. C.

From a structural perspective the pattern of star mutation mirrors the mature, with regions of

high conservation of the mature paired with regions of high conservation of the star, and
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vice versa, consistent with the notion that the mutational profile of the star is constrained by
the conservation of the sequence of the mature miRNA. Because of bulges, many miRNAs
are asymmetrical; the trends elucidated herein might even be more apparent if this was taken
into account. We assumed for the construction of these logos that both arms are
symmetrical, similar to what is shown for Hsa-Mir-126 (top). D. Nucleotide base
frequencies for both the mature (bottom) and the star (top) for each of the 199 genes present
in human that were inherited from the last common ancestor of tetrapods. On the right are
shown the sequence logos aligned so that mature position 1 is opposite that of star position
20, and vice versa, in line with panel C. The asterisks indicate significance of the skew (if
any) based on a chi-square test at three different levels of significance. All significant
positions of the star correspond to significant positions of the mature, consistent with the
hypothesis that base-pairing with the mature largely governs star evolution. Importantly,
positions 1 and 9 of the mature are not matched by a corresponding bias in the star with both
positions highly skewed towards “U.” When the polarity of change is established for mature
position 1 at the family level (right), and each change recorded over the nearly four billion
year evolutionary history of the 21 considered taxa (50 for mature, 63 for stars), the bias in
possessing a U at position 1 is not retained, only the continued underrepresentation of G, and
therefore once established miRNAs are relatively free to evolve to either A or C (see also
panel A). In addition, although U’s are dramatically underrepresented at star position 1,
again once the miRNA gene is established this position can take on any identity, including
G. Together these data show the influences that the three different macromolecular partners
have on miRNA mature strand evolution: the role target interaction has on conservation of
mature seed and, to a lesser degree, 3’ complementarity region (3’CR); the role the opposite
(= star) strand has on base composition at positions 2, 5, and 13-20, and AGO 2 on positions
1 and, presumably, 9.
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Length and complementarity parameters (minimum, median, maximum) of deeply conserved miRNAs.

Table 1

Taxon S5p Length  3p Length Loop Length Complementarity
H. sapiens 20,22,26  20,22,25 8, 15,38 16,21, 25
G. gallus 20,22,25  20,22,25 10, 16, 37 16, 20, 25
D.rerio 20,22,26  21,22,25 10, 16, 38 16,21, 24
D. melanogaster  21,23,25  21,22,24 11,17,99 16, 20, 23
C. elegans 21,23,26  21,22,24 14, 18.5, 24 17, 20, 23
M. leonina 21,23,25 21,22,24 8, 15,33 16, 20, 23
Combined 20,22,26  20,22,25 8,16, 99 16, 20, 25
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Comparison of three different nomenclature systems for miRNAs using human mir-1-1.

Table 2

Element miRBasel

HGNC2 MirGeneDB

Gene family  mir-1
Gene n.a.

pre-miRNA  hsa-mir-1-1

mature n.a.
star n.a.
5p arm hsa-mir-1-1-5p
3p arm hsa-mir-1-1-3p

n.a.

MIR1-1

MIR-1
Hsa-Mir-1-P1
Hsa-Mir-1-P1_pre
Hsa-Mir-1-P1_3p
Hsa-Mir-1-P1_5p*
Hsa-Mir-1-P1_5p*
Hsa-Mir-1-P1_3p

1
‘Ambros et al. (3); Kozomara and Griffiths-Jones (81).

2Wright and Bruford (155).
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Table 3

The ten fastest and ten slowest evolving human miRNA genes.

Gene miRBase Sequence Rate of pre-miRNA substitution Genomic Context
1. Mir-124-P1 mir-124-1 0.01639 non-coding
2. Mir-140 mir-140 0.03279 intronic

3. Mir-124-P2 mir-124-2 0.03333 non-coding
4. Mir-137-P1 mir-137 0.05085 non-coding
5. Mir-17-P2a mir-18a 0.06349 non-coding
6. Mir-214 mir-214 0.07937 intronic

7. Mir-103-P1 mir-103a-1 0.08197 intronic

8. Mir-199-P2 mir-199a-2 0.08197 intronic

9. Mir-153-P2 mir-153-2 0.09524 intronic
10. Mir-124-P3  mir-124-3 0.1 non-coding
227. Mir-17-P3b  mir-20b 1.277 non-coding
228. Mir-146-P2  mir-146b 1.308 non-coding
229. Mir-191 mir-191 1.359 intronic
230. Mir-17-P1b  mir-106a 1.373 non-coding
231. Mir-150 mir-150 1.413 non-coding
232. Mir-27-P1  mir-27a 1.516 non-coding
233. Mir-34-P2a  mir-34b 1.532 non-coding
234. Mir-34-P3a  mir-449a 1.581 intronic
235. Mir-34-P3c  mir-449c 1.671 intronic
236. Mir-15-P2d  mir-503 1.706 non-coding
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