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High-throughput sequencing of miRNAs has revealed the diversity and variabil-
ity of mature and functional short noncoding RNAs, including their genomic
origins, biogenesis pathways, sequence variability, and newly identified prod-
ucts such as miRNA-offset RNAs (moRs). Here we review known cases of
alternative mature miRNA-like RNA fragments and propose a revised definition
of miRNAs to encompass this diversity. We then review nomenclature guide-
lines for miRNAs and propose to extend nomenclature conventions to align with
those for protein-coding genes established by international consortia. Finally,
we suggest a system to encompass the full complexity of sequence variations
(i.e., isomiRs) in the analysis of small RNA sequencing experiments.

Small RNAs and Their Functions

At least three kinds of small RNAs help regulate animal gene expression: Piwi-interacting RNAs
(PIRNAs) and two RNAI systems, small interfering RNAs (siRNAs) and miRNAs [1-4]. The animal-
specific piRNA system involves RNA molecules about 24-30 nucleotides (nt) long that form
RNA-protein complexes by interacting with Piwi proteins to regulate epigenetic and post-
transcriptional gene silencing of retrotransposons and other genetic elements primarily in germ
cells, especially during spermatogenesis [5]. Second, the siRNA pathway regulates genetic
expression using about 21-nt-long RNA molecules of either exogenous (often viral) or endoge-
nous origin [6]. siRNAs can interact with an Argonaute protein and incorporate into an RNA-
protein complex [RNA-Induced Silencing Complex (RISC)] to alter chromatin structure, tran-
scriptional regulation, and transposable element repression; siRNAs can also participate in post-
transcriptional regulation by inducing mRNA degradation based on complementarity between
the siRNA and specific mRNAs. siRNAs can act as an antiviral defense system that targets viral
mMRNAs using exogenous fragments of the target viral MRNA or can act as a self-cell regulator of
translation by the production of endogenous siRNA [6]. Finally, the miRNA pathway uses
endogenous small RNA molecules about 22 nt long to modulate the translation of targeted
mRNAs by acting on their stability or translation through interaction with the RISC [6].

miRNAs help control cell-fate determination, cell differentiation, and organ development and
physiology and are involved in pathology and disease in humans, other metazoans, and plants
[7-11]. Recent deep-sequencing experiments and powerful bicinformatics tools [12] have led to
a dramatic increase in the number of known miRNA genes (miRNA genes), even in well-studied
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organisms such as mouse and human. Databases such as miRBase [13], ZooMir [14], mIRNEST
[15], and miRMaid [16] have cataloged miRNA sequences across various organisms. miRBase,
the most commonly used reference miRNA database, currently lists 1915 mouse and 2588
human mature miRNA sequences (MiIRNA), but dramatically fewer in most other species; for
example, miRBase currently lists only 350 mature miRNAs in zebrafish (release 21; [13]). The
extent to which the disparity in annotated miRNAs among species reflects biology with evolved
differences in genome content or, instead, simply variation in sequencing effort or in stringency of
gene annotation (which seems more likely for closely related species) is an issue requiring
investigation.

The constantly increasing number of reads delivered by massively parallel sequencing strategies
reveals putative new miRNA genes, some of which are indeed novel but others of which are
orthologous to miRNA genes previously described in other species. Curiously, many short reads
containing some features of mature miRNAs appear to originate from other classes of RNA such
as small nucleolar RNAs (snoRNAs) or long noncoding RNAs (IncRNAs) [17]. Deep sequencing
has also revealed isomiRs [18], which are variant miRNA sequences that all appear to derive from
the same gene but vary in sequence due to post-transcriptional processing. Because isomiRs
contain different sequences, they may have different targets and thus different cell functions [19].
Great sequencing depth and careful data mining also reveal moRs [20-22] and single-strand
RNA fragments released from the loop RNA portion of the precursor miRNA hairpin [23,24]
[which we call ‘loop-origin miRNAs’ (loRs)]. Although functional evidence remains scarce, these
variants appear to be independently regulated and may play cooperative, complementary, or
alternative roles in cell function and gene regulation compared with their associated miRNAs.
This complexity in genomic origin and variation in sequence may impact cell biology but is so far
under-studied; furthermore, current nomenclature conventions make annotation rather subjec-
tive depending on the emphasis of each researcher in accepting or rejecting putative new
miRNA-related sequences.

A problem regarding short RNAs derived from non-miRNA genes is that transcription may be
quite widespread across the genome and that many such perhaps randomly transcribed
sequences may be without function, although they might be detected with deep sequencing.
In addition, it is possible that some promiscuously transcribed sequences might be proc-
essed by Drosha/Dicer, and with ever-deeper sequencing identifying this ‘noise’ becomes
more likely. Consistent lengths, 5’ processing sites, species conservation, and tissue-specific
expression patterns provide evidence for control and hence circumstantial evidence for
function. A prudent course of action would seem to be to annotate apparent isomiRs
and/or miRNA-like fragments derived from non-miRNA genes to facilitate testing for functional
roles of individual sequences.

The complexity of miRNA origins and sequence variations inhibit optimal communication and
connectivity among species. Here we explore recent findings and opinions concerning miRNA
variations and raise the question: what should define an animal miRNA, a single biogenesis
pathway or a specific mode of action? To answer this question, we propose to define miRNAs
from a functional rather than a biogenesis perspective. In addition, we suggest nomenclature
guidelines that parallel international protein-coding gene nomenclature guidelines to improve
connectivity in mMiRNA research across metazoans.

Canonical miRNAs: Products and Biogenesis

Most miRNA genes are usually transcribed by RNA polymerase Il into a long transcript called
the ‘primary miRNA transcript’ (ori-MIiRNA) [17,19]. For miRNA genes organized in clusters, the
pri-MiRNA can be monocistronic or polycistronic. Within the nucleus, the DROSHA and DGCR8
(known as Pasha in Drosophila melanogaster and Caenorhabditis elegans) microprocessor

614  Trends in Genetics, November 2015, Vol. 31, No. 11

Cell



Cell

complex cleaves the pri-MIRNA into a shorter sequence called the 'miRNA precursor’
(ore-MIiRNA), which displays a hairpin-like secondary structure [25]. The pre-MiRNA is exported
to the cytoplasm by Exportin-5 in a complex with RAN-GTP and then DICER1, an RNase |l
enzyme (hereafter called Dicer), cleaves off the loop of the pre-MIiRNA and generates a mature
miRNA duplex. The two strands of the miBRNA duplex pair with a few mismatches and each
strand usually has a 2-nt overhang at its 3’ end. The duplex then loads onto an Argonaute
protein, the effector of the RISC [25], where the unwinding of the duplex and the selection of a
strand occur [26,27]. The mature miRNA, as part of the RISC, binds the 3" untranslated region
(UTR) of specific mRNAs and mediates mRNA degradation, destabilization, or translational
inhibition according to sequence complementarity to the target [19,28,29]. This general bio-
genesis pathway and the features of the intermediate transcripts define a so-called ‘canonical
Mir gene’ (Figure 1). Criteria for the annotation of canonical miRNA genes were first defined in
2003 [7] and rely on combined expression and biogenesis criteria (Box 1). Criteria have been
revised over the years (Box 1) to fit with new knowledge often arising from technological
improvements [13,30-33].

Alternative Sources of miR-Like Small RNAs

Although canonical miRNA products encompass the largest fraction of known mature miRNAs,
several miRNA-like products originate by DROSHA-independent and/or Dicer-independent
biogenesis pathways and from the processing of other noncoding RNA biotypes and associated
with Argonaute proteins [34]. Examples include miRtrons, Argonaute RISC catalytic subunit 2
(Ago2) processing, and origins from various other noncoding RNA genes including snoRNA,
lincRNA, and tRNA genes (Figure 1).

miRtrons

The study of Drosha mutants identified miRtrons, miBNAs that are produced from an intron of a
protein-coding gene by Drosha-independent pre-mRNA splicing machinery [35-37]. Expression
of miRtrons depends on the host gene because at least one end of the pre-MiRNA hairpin aligns
exactly to the pre-mRNA splice site junction; in contrast, other intronic miRNAs can be regulated
independently of their host gene [38-40]. Because miRtrons are expressed with the host
protein-coding gene and are processed by the mRNA splicing machinery rather than by the
microprocessor complex, they are noncanonical miRNAs, although they follow other miRNA
annotation criteria (Box 1).

DROSHA-Dependent, Dicer-Independent miBNAs

Another alternative mode of miRNA biogenesis came from the study of Dicer1 null mutant mice,
which revealed miRNAs that are processed by DROSHA but not Dicer [41,42]. For example, in
mouse and zebrafish, pre-MiR451a is transcribed, along with its neighbor pre-MiR144, into a
polycistronic pri-MiRNA that is processed by DROSHA, but its subsequent maturation into a
unique strand, the 5p strand, occurs not by Dicer but by AGO2, the only vertebrate Argonaute
protein displaying catalytic activity [42-44].

miRNA-Like Small RNAs From Other Noncoding RNAs

Alternative miRNA origins have been identified due to recent high-throughput sequencing, which
identified ‘miRNA-like’ small RNAs that are loaded into the RISC [34] and mediate mRNA
translation but derive from various noncoding RNA types, including snoRNA [45-48], IncRNA
[49], short hairpin RNA (shRNA) [50], or tRNA [51]. For example, mouse MiR664 originates from
Snora36b; mouse MIR320 is initially expressed as a sShRNA [50]; mouse MiR1983 derives from
the processing of an alternative secondary conformation of a tRNA(lle) [50]; and mouse MiR205
comes from the INCRNA 4637405K08Rik [52] (although note that, by definition, all canonical pri-
miRNAs are IncRNAs). Several sequences originating from such noncoding RNAs, like
MiR1274a, which is a fragment of a tRNA(Lys), have been removed from recent miRBase
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Figure 1. Diverse Genetic Origins and Biogenesis Pathways Leading to Functional miRNAs. Many different
types of noncoding RNA genes [e.g., canonical miRNAs, small nucleolar RNAs (snoRNAs), long noncoding RNAs
(IncRNAs), tRNAs] are transcribed, cleaved into precursor miRNAs (pre-MiRNAs) and eventually processed into miRNA
duplexes from which one strand loads into an Argonaute protein (AGO) and represses mRNA translation through the
RNA-Induced Silencing Complex (RISC). Canonical miRNAs, INncRNA, and AGO2-processed miRNAs (i.e., MiR457)
depend on DROSHA and DGCRS for processing of the primary miRNA transcript into the precursor miRNA. miRtron
precursors, by contrast, are processed by the mRNA splicing machinery into simple miRtrons, in which intron splicing
defines both ends of the hairpin, or tailed miRtrons, which contain templated regions 5’ or 3’ to a splice-derived terminal
intron. snoRNA, short hairpin RNA (shRNA), inverted-repeat-derived endogenous small interfering RNA (endo-siRNA),
vaultRNA, and Y_RNA appear to be DROSHA independent and are transcribed directly into an RNA fragment displaying the
characteristics of a precursor miRNA. In some cases, tRNAs can also be cleaved to produce small RNA fragments by
folding into an alternative secondary structure that shows characteristics of a precursor miRNA. Dicer processes most
precursor miRNAs (i.e., canonical miRNA, miRtrons, some snoRNAs, IncRNA, tRNA, shRNA, inverted-repeat-derived
endo-siRNA, and vaultRNA) to give rise to a miRNA duplex. Some snoRNA-derived miRNAs and Y_RNA-derived short
fragments appear to be Dicer independent but the enzyme producing the short fragments remains unknown. Cis- and
trans-derived endo-siRNAs are by nature transcribed directly into a miRNA duplex. miRNA duplexes are then unwound and
one side of the duplex, the mature miRNA, is loaded into an AGO protein that drives the assembly of the RISC and the
repression of protein translation of the targeted transcript. An AGO2-processed miRNA is an exception to this biogenesis
step because it is Dicer independent and the catalytic activity of the AGO2 protein produces the mature miRNA. Functional
experiments are critical to separate true miRNAs from degradation products of these other RNA types.

releases (present in release 16, but gone from release 17 and later), while others, like MiR71983,
remain as valid entries (release 21). Short ‘miBRNA-like’ RNAs that derive from various
noncoding RNAs but load into the RISC and act like canonical miRNAs probably arise from
a pre-miRNA-like hairpin alternative secondary structure of the precursor that Dicer processes
to form a short fragment that subsequently loads into the RISC [34,50,53,54]. Although these
sequences have a different genomic origin than canonical miRNAs, they show other key
features of functional miRNAs, including origin from a hairpin-like precursor, processing by
Dicer, evolutionary conservation, loading into the RISC, and functional repression of
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Box 1. A Timeline for the Evolution of miRNA Annotation

Criteria for annotating miRNA genes and miRNA transcripts have evolved since miRNAs were first discovered.

2003: An understanding of miRNA biology begins to emerge. miRNA identity requires a combination of at least one
expression and one biogenesis criterion [109]:
A. Expression criteria:
A.1 Hybridization to a size-fractionated RNA sample detects an RNA transcript of about 22 nt.
A.2 A cDNA library made from size-fractionated RNA identifies a sequence of about 22 nt.
B. Biogenesis criteria:
B.1 The precursor sequence is predicted to fold into a hairpin-like structure with the lowest free energy and display the
miRNA in one arm of the hairpin.
B.2 An approximately 22-nt miRNA sequence and its predicted fold-back precursor is conserved across phylogenies.
B.3 The precursor accumulates in mutants with reduced Dicer function.
® Special case: candidates identified by sequence analysis can be annotated without further experimental evidence if they
are homologous/orthologous to mIRNAs from related organisms.

2011: Results begin to appear from deep-sequencing technologies. Criteria revised to avoid mis-annotation of small RNA
fragments originating from various RNA species by focusing on miRNA biogenesis [13]:

A. Multiple reads support the sequence of the mature miRNA in several independent libraries.

B. Reads support mature sequences from both arms of the predicted hairpin and the putative mature sequences pair
with correct 2-nt 3’ overhangs.

C. Reads map to genomic DNA and sequence flanking the putative mature miRNA is predicted to form a miRNA
precursor-like hairpin with strong pairing between the mature miRNA and the opposite arm.

D. Reads mapping ‘very many times’ to a genome are discarded.

E. Mapped reads do not overlap other annotated transcripts (MRNAs or other known RNA types).

F. Reads support a single 5" end of the mature sequence, reflecting precise nucleotide processing, which contrasts
with the heterogeneous ends that characterize degraded RNAs and processing of other RNA types.

2013: Increasing evidence suggests the presence of dubious miRNAs annotated in miRNA databases; criteria evolve
toward defining ‘high-confidence mirs’ [33]:

. At least ten reads must map with no mismatches to each of the two possible mature miRNAs.

. The two mature miRNAs must pair in a duplex with 0-4-nt overhangs at their 3’ ends.

. At least 50% of the reads for each arm of the pre-miRNA must have the same 5" end.

. The predicted hairpin structure must have a predicted folding free energy lower than —0.2 kcal/mol/nt.

. At least 60% of the bases in the mature miRNA should pair in the predicted hairpin structure.

mooOw>»

2015: Special cases of miRNA-like sequences from noncanonical biogenesis pathways, like DROSHA-independent
miRNAs (e.g., miRtrons), Dicer-independent miRNAs (e.g., Mir4517), and pathways from other noncoding RNA genes (e.
g., snoRNA, IncRNA) could be accepted as miRNAs.

translation. These considerations call into question the current definitions of miRNA genes and
mature miRNA products and the practice of rejecting miRNAs that emerge from non-miRNA
noncoding RNA genes while emphasizing the need to distinguish bone fide miRNAs from
degradation products.

endo-siRNAs

Some endogenous siRNAs (endo-siRNAs) bind AGO2, load into the RISC, and repress trans-
lation [55]. Any of three different mechanisms can make endo-siRNAs: (i) transcription of inverted
repeats producing a hairpin-derived endo-siRNA that Dicer processes into an RNA duplex; (i)
transcription of short fragments from both DNA strands of a genomic locus giving a cis-derived
endo-siRNA that forms a double-stranded RNA duplex; and (i) transcription of two different
genomic loci producing RNA fragments that hybridize to assemble into a trans-derived endo-
siRNA double-stranded RNA duplex [50,56]. At least some of these endo-siRNAs appear to
have a function comparable with canonical miRNAs by cleaving mRNA targets when pairing is
perfect [55]. endo-siRNAs, however, also play a role in chromatin regulation, silencing trans-
posable elements in both germ and somatic cell lines, and can act as cotranscriptional silencers
of gene expression [57]. Although endo-siRNAs do not form by the canonical miRNA biosyn-
thetic pathway, when loaded onto AGO2 and part of the RISC they appear to function like
miRNAs by inducing the decay of mMRNA targets; the miRNA regulation system of animals and
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plants is likely to have emerged from the siRNA machinery [58]. The finding that siRNAs and the
miRNAs of both plants and cnidarians (the basally diverging sister group to bilateral animals)
use near-perfect pairing to their targets and act by mRNA cleavage suggests an independent
origin of the miRNA systems of plants and animals and the evolution of new miRNA mecha-
nisms in the Bilateria [59]. Given the likely evolutionary origin of the miRNA system of gene
regulation, it seems likely that some endo-siRNAs could be confused with miRNAs, especially in
basal metazoans.

Y_RNA and vaultRNA

Small RNAs derived from Y_RNA or vaultRNA genes can be found in small RNA sequencing
and/or AGO pull-down sequencing datasets [34]. Interestingly, most of those miRNA-like reads
map to genes orthologous to human or mouse Y_RNA or vaultRNA genes that also produce
small RNA products from a similar position of the transcript, suggesting that they are evolution-
arily conserved short products of those noncoding RNAs and not simply degradation fragments.
For example, we identified reads from the mouse Y_RNA gene Rny3 (orthologous to human
RNY3 [60]) or from the vaultRNA gene Vaultrc5 (co-orthologous to human VTRNAT genes [61]) in
small RNA sequencing and/or AGO pull-down sequencing datasets such as SRP010168 from
[22] or datasets deposited at FaceBase (https://www.facebase.org/project/155/datasets).
Sequences originating from orthologous regions of Y_RNA or vaultRNA genes were previously
annotated in human as MIR1979 and MIR886, respectively, but have now been removed from
the miRBase database [33]. Short reads originating from several Y_RNA and vaultRNA genes
were also recently reported in zebrafish [62]; one, mir733, from the vault.4 gene and another,
mir735, from the Y_RNA.2 gene continue to appear in miRBase (MI0004778 and MIO004781,
respectively). Although those fragments appear in various datasets and show evolutionary
conservation, a function in repressing translation has been shown only for vault fragments
[63] and not yet for Y_RNA fragments [64,65], although the tests performed on Y_RNA frag-
ments might have involved suboptimal conditions [66]. More work is needed to decipher the
putative function in translation repression of these evolutionarily conserved miRNA-like frag-
ments and hence determine whether they should be considered miRNAs.

Clarifying the Question: What Is a miRNA?

Evidence reviewed in the previous section shows that many types of small noncoding RNA
fragments can sometimes function in a manner similar to canonical miRNAs; that is, they are
small, they can load into the RISC, and they can act to mediate cleavage or to inhibit
translation of targeted mRNAs although they originate from other noncoding RNA biotypes
and do not strictly follow the canonical miRNA biogenesis pathway. This situation raises the
question of whether miRNAs should be defined: (i) by mature sequence characteristics and
their putative function; or (ii) by their biosynthetic pathway. The biogenesis definition [31,32]
would allow only canonical miRNAs and possibly miRtrons to be annotated as miRNAs. The
mature sequence characteristics definition emphasizes the structure, sequence conservation
across species and samples, regulated expression, and putative action of the mature
product, including short, single-stranded RNAs, effective Argonaute protein loading, and
translation repression (Box 2).

We propose to distinguish miRNAs from other classes of RNA by dissociating the three notions
of ‘miRNA gene’ (Mir), ‘miRNA precursor’ (pre-MiRNA), and ‘mature miRNA product’ (MiRNA).
The proposed new definition recognizes that miRNA genes produce miRNAs but that some
miRNAs may originate from genes transcribed into other types of noncoding RNAs. This revised
definition distinguishes function from biogenesis and simplifies the nomenclature of miRNAs and
miRNA-like short sequences (Box 2). These new relationships and connections are now
implemented in the Sequence Ontology Database [67], which provides an ontology framework
for human and mouse nomenclature consortia [68,69].
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Box 2. Expanding miRNA Nomenclature to Encompass Alternative miRNA Origins

Many small noncoding RNA sequences are processed from hairpin-like precursors or RNA duplexes (like pre-MiRNAS),
are functionally loaded into an Argonaute protein in the RISC (as are miRNAs), and are developmentally regulated, despite
the fact that they are derived — noncanonically — from non-Mir, noncoding RNA genes (such as snoRNA or IncRNA genes)
(Figure 1). Many of those sequences were first annotated as miRNAs because of their function or conservation across
samples and species, but some were subsequently removed from databases after their genomic origin was understood.
A paradigm shift, however, that takes a functional rather than a biogenesis approach to those sequences suggests that
some should remain as valid entries in MIRNA databases or in RNA-Induced Silencing Small RNA databases. To
apprehend the full complexity and diversity of RNA-induced silencing mechanisms and to accommodate miRNA-like
sequences emerging from non-miRNA genes, we propose three levels of miRNA annotation (Figure 1).
1. The ‘functional sequence’ level, which corresponds to the ‘mature sequence’ level already implemented in miRBase
and referenced with a ‘MIMAT” accession number. For a sequence to qualify, it must be an endogenous single-stranded
RNA molecule ~22 nt long with a significant number of reads allowing statistical analysis and mapping to a ‘limited
number’ of locations (maybe about ten) in the reference genome, preferentially be found in several independent libraries,
and display a consistent 5’ end of the mature sequence (to discriminate products originating from degradation or other
modes of noncoding RNA processing).
2. The ‘precursor miRNA’ level, which corresponds to the miRBase ‘stem-loop’ level referenced with an ‘MI” accession
number in miRBase. The sequence should be able to fold into a hairpin-like structure allowing its processing into a
mature miRNA. If transcriptomic evidence exists, any identified moRs should be included in the precursor sequence
because this additional sequence will influence the stability of secondary structure folding.
3. Anew ‘gene’ level that denotes the genomic origin and encompasses mRNAs coming from canonical miRNA genes,
miRtrons, snoRNA, lincRNA, tRNA, and others.

These revised criteria and additional hierarchical levels would accept new mature miRNAs if they originate from
noncanonical miRNA genes (abandoning the criterion that they have to come exclusively from miRNA genes) and
recognize MIRNAs cleaved by AGO2 or originating from Dicer-independent pathways (abandoning the previous criterion
accepting only Dicer-processed sequences). Revised criteria would continue to accept sequence orthology among
closely related species as sufficient evidence for annotation. Special attention to sequence functionality should, however,
be focused on novel MIRNA-like sequences never previously described in any species. In addition, for species that can be
readily studied in the laboratory, validation of dependence on RNase I, Argonaute loading, and/or functional activity in
translation and mRNA stability would reinforce the miRNA annotation.

miRNA Nomenclature Evolution

New knowledge of miRNA origins, biogenesis, and function requires a revision of nomenclature
guidelines to provide an unbiased naming protocol, consistent with coding-gene guidelines, that
maximizes the connectivity of miRNA analyses across species (Table 1). International genome-
feature nomenclature guidelines for model animals are already in use (e.g., http://www.
genenames.org/ [69], http://www.informatics.jax.org/, http://rgd.mcw.edu/ [68,70], http://
zfin.org/ [71]) but have not been applied consistently by researchers and repositories regarding
miRNA nomenclature. Examples given here use human, mouse, and zebrafish guidelines. For
other species, however, guidelines established for the most closely related model species
should be used.

General Case

Nomenclature guidelines should do the following.

() Respect species-specific gene nomenclature conventions. For example, MIR125a and
Mir125a represent orthologous miRNA genes in human and mouse, respectively, and
mir125aa and mir125ab symbolize the two zebrafish co-orthologs of the human MIR125a
gene that were derived from the teleost genome duplication [72,73].

Retain the convention that MIR, Mir, mir (human, mouse, zebrafish) italicized and with a lower

case ‘r’ (except for human) refers to the gene or genomic locus; ‘MIR’ (MiR, miR) italicized

and with an upper case ‘R’ refers to intermediate transcripts; and ‘MIR’ (MIR, MiR) not
italicized and with an upper case ‘R’ refers to the final products: the mature miRNAs.

(i) Remove references to species in the official gene name. For example, ‘mmu-" should be
removed from the previous designator for the mouse gene ‘mmu-Mir-125a’. Reference to
the organism should be clearly stated within the text to avoid confusion. Databases that
cover multiple species might need to retain species designators.

i

=
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Table 1. Summary of Nomenclature Guidelines for miRNA Genes and their Various Products in Human,

Mouse, and Zebrafish

Symbol* Signifies

Human Mouse Zebrafish

MIRX MirX mirX miRNA gene X

MIRXy MirXy mirXy yth member of the mirX family (y can be a letter or a dot number)
MIRXOS MirXos mirXos Mirror-miRNA gene of the miIRNA gene X
pri-MIRX pri-MiRX pri-miRX Primary miRNA transcript X

pre-MIRX pre-MiRX pre-miRX miRNA precursor X

MIRX-5p MIRX-5p MiRX-5p 5" arm mature miRNA sequence
MIRX-3p MIRX-3p MiRX-3p 3 arm mature miRNA sequence
MORX-5p MORX-5p MoRX-5p 5’ arm mature moR sequence

MORX-3p MORX-3p MoRX-3p 3’ arm mature moR sequence

LORX LORX LoRX Loop fragment of the miRNA precursor
MIRCX MircX mircX mir gene cluster X

?n species lacking nomenclature conventions, symbols should follow nomenclature guidelines established by the most

closely related reference model organism consortium as agreed by researchers studying the species.

(iv) Remove hyphens separating ‘Mir’ from the number designator. Hyphens are not generally

used in human, rodent, and zebrafish gene designations. For example, the gene ‘hsa-MIR-
125a’ becomes ‘MIR125A’, ‘mmu-Mir-125a’ becomes ‘Mir125a’, and ‘dre-mir-125aa’
becomes ‘mir125aa’.

(v) Specify various forms by unambiguous designators. Genomic locus, primary miRNA tran-

script, mIRNA precursor, and mature forms should use, for example, for the mouse gene,
‘Mir125a’; the primary miRNA transcript, ‘pri-MiR125a’; the miIRNA precursor, ‘pre-MiR125a’;
and the mature form, ‘MiR125a’. Hyphenation of the primary miRNA and the miRNA precursor
(i.e., pri-MiR and pre-MiR, respectively) are retained in accordance with the common usage of
the ‘pre-mRNA’ symbol to refer to a precursor to an mRNA and the italicization follows
nomenclature guidelines for the italicization of intermediate transcripts.

(vi) Annotation should inform without bias. Formerly, one of the two mature products of a Mir

gene was called the ‘mature strand’ or ‘guide strand’ and was considered to be the miRNA
because it was more highly expressed, while the opposite strand was called the ‘passenger
strand’ or ‘star strand’ (miR*) because it was less expressed and thought to be inactive [74].
Alternative strands, however, can be differentially expressed in different tissues, develop-
mental stages, pathological states, or species, requiring inversion of the miR/miR* annota-
tion to reflect expression variations if the miR* strand is functionally active [75-78]. For
example, MIR140-3p is the most highly expressed miRNA strand in mouse ovaries and
testes but MIR140-5p is the most highly expressed strand in cartilage [79-81]. Appropri-
ately, miRBase has, since release 17, replaced the ‘miR/miR*’ symbolism with the unbiased
‘5p/3p’ strand annotation to indicate the position of the strand in the pre-MIRNA hairpin
independently of its expression status in any given dataset [33].

Special Cases

Mirror-miRNA genes provide another nomenclature problem. Mirror-miRNAs are pri-MiRNAs
independently transcribed from both DNA strands [34,62,82,83]. Although mirror-miRNA pairs
are evolutionarily associated, they may be transcribed independently and are unlikely to have a
conserved seed; thus, mirror-miRNAs may act on different target protein-coding genes. The
convention for protein-coding genes is to use the suffix ‘os’, for ‘opposite strand’, for a pair of
overlapping genes transcribed from opposite strands. We propose to apply this convention to
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mirror-miRs: the first Mir gene described would be assigned a number and a transcript
documented to come from the opposite strand in the same genomic location would get the
‘os’ suffix. For example, Mir3120, the mirror gene of Mir214 [83], should be called Mir2140s and
its respective mature sequences MIR2140s-5p and MIR2140s-3p (Table 1).

miRNA genes with identical or similar mature products can be confused. Because these genes
come from gene duplication events, including genome duplication, segmental duplication, or
tandem duplication, using the same miRNA number has the advantage of grouping these genes
in a common gene family that reflects related structure and evolutionary origin. Adding an
additional letter or number as a suffix should follow established species-specific conventions for
coding genes. For example, in zebrafish, ‘a’ and ‘b’ designators reflect an origin by the teleost
genome duplication and thus an ohnological relationship. Examples include mir125aa and
mir125ab, which reside on zebrafish chromosomes LG16 and LG19, which are ohnologous
chromosomes from the teleost genome duplication [72], and MIR125A and MIR725B7 in human
chromosome bands 19g13.41 and 11924.1, respectively, derived from the two rounds of early
vertebrate genome duplications [84,85]. In accord with tandemly duplicated protein-coding
genes, the use of a ‘dot-number’ suffix should indicate tandem mir gene duplicates; for example,
the zebrafish tandem duplicates mir34b and mir34c should be named mir34b.71 and mir34b.2,
respectively, according to zebrafish nomenclature conventions. In mouse and human, the
approved guideline is the use of letter designators to reflect duplication (Table 1).

Clustered miRNA genes, such as the group of six (Mir17, Mir18, Mir19a, Mir20a, Mir19b-1, and
Mir92a-1) in the distal region of mouse chromosome 14, are defined by a possible common
expression as a unique polycistronic pri-MiRNA. No clear guidelines have yet been established
to refer to miRNA clusters; sometimes they have been referred to by the first and last genes of the
cluster, in the sense of transcription, separated by a tilde (~) or a dash (-) when all genes are
transcribed in the same orientation; in this example, the cluster would be annotated Mir77~92 or
Mir17-92 [86]. For database purposes, however, the use of a tilde is not appropriate because it
usually has a predefined meaning. We suggest the use of the nomenclature symbol ‘Mirc’,
standing for ‘miRNA cluster’, which is already in use in the Mouse Nomenclature System [68].
miRNA clusters can be named and referred to by following nomenclature conventions already in
use for specific species using sequentially numbered clusters [57], as, for example, the cluster
above is called Mirc in mouse. Alternatively, we suggest that, in other species, the number of
the cluster refers to the first gene of the cluster in the sense of transcription, as is currently used
for human miRNA clusters [58]; the MIR77-92 cluster in the example above, which is currently
called MIR17HG in humans (where HG stands for host gene, although in many cases each MIR
gene in the cluster would be its own transcriptional unit, questioning the use of the term ‘host
gene’), would be called MIRC77 in humans and mirc17 in zebrafish (Table 1). It is noteworthy
that, in some species or duplicated clusters within a species, the first gene of the cluster, which
would give the cluster its name, can be lost. It would then be the responsibility of the researcher
to establish orthology/paralogy relationships between clusters and give the cluster a name that
preserves evolutionary relationships even if the first gene (or other genes in the cluster) is lost; for
example, if in zebrafish the ‘b’ copy of this cluster is missing mir17, the cluster would neverthe-
less be called ‘mirc17b’ by analogy with Hox clusters, which retain the cluster designation across
organisms even when the exact gene content of each cluster may differ in different species.

Other Relevant miRNA Products

isomiRs

High-throughput sequencing has revealed various mature sequences apparently transcribed
from a single Mir gene. These bona fide mature miRNA variants, distinguished from sequencing
errors by their frequency, are called isomiRs and can vary in length or contain untemplated
nucleotide additions or post-transcriptional base edits [18,22]. Most commonly, variations
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involve length at the 3’ end. Variations at the 3’ end (3'-isomiRs) can result in shorter sequences
presumably due to exonuclease ‘nibbling’ at the mature sequence or in longer sequences
probably due to inconsistent Dicer processing or post-transcriptional addition of a few bases
that may or may not match the genomic locus, resulting in templated or untemplated variants,
respectively. 5’-isomiRs, which vary in length at the 5’ terminus, are rarer but can still account for
a significant proportion of the isomiR pool. Finally, post-transcriptionally edited isomiRs harbor
different internal nucleotide sequences [87].

Although the broad biological significance of isomiRs remains to be fully understood, increasing
evidence suggests that some may be functionally important because they can be expressed in a
cell-specific manner and hence are regulated [88-94]. Studies also show that some isomiRs vary
in stability, loading efficiency onto Argonaute proteins, and target selection [87,95]. Because
miRNA repression of mMRNA function is hypothesized to rely mainly on ‘seed pairing’ (the perfect
or near-perfect complementary match of nucleotides 2-8 of the mature miRNA product
[96-98]), length modifications at the 5" end of the mature product could relocate the seed
position and thus change in the seed sequence (called ‘seed shifting’), thereby altering mRNA
target recognition and function [92,93]. Furthermore, because noncanonical base pairing
[28,29,99-102] can cause any portion of the miRNA to influence the pairing of the miRNA
to its MRNA-UTR, any maodification or addition in the mature sequence can putatively affect
biological function.

These considerations raise the question: how should we annotate isomiRs that vary in length or
nucleotide sequence? This question is important because tissue- or time-specific variation in the
relative abundance of different isomiRs could contribute to differences in cell differentiation,
proliferation, or physiology among tissues within a species or to the evolution of different features
between species.

Currently, miRNA databases typically display only one mature sequence per strand, which is
generally inferred from small RNA sequencing data and/or from calculated miRNA precursor
folding probabilities. Although some databases list sequences of isomiRs, this information is not
easily accessible and is often associated with only a pre-MiRNA sequence and not a mature
miRNA sequence, meaning that an isomiR cannot be specifically assigned to any mature
product of the precursor and cannot be directly annotated and thus conveniently designated
in an investigation. Furthermore, no consistent nomenclature conventions for isomiRs have yet
been established, which complicates communication. In databases, the annotated mature
sequence usually corresponds to the most highly expressed isomiR across all deposited
sequences. The sequencing of more tissues or more species could make the most highly
expressed sequence a moving target, which does not facilitate precise communication. To
overcome this problem, we propose a new view of miRNA sequences organized into three
interconnected levels: (i) the reference mature miRNA sequence, which would be an unchanging
standard for reference purposes; (i) the isomiR sequences, which include all of the miRNA
variants observed for a reference miRNA with the application of an accession number to each
isomiR and its assignment to one or multiple reference miRNA sequences, if appropriate; and (i)
the functional mature sequence, which would correspond to the most highly expressed isomiR
in a given situation, tissue, and developmental stage and thus would provide a functional
perspective (Box 3 and Figure 1).

moRs and IoRs

Increased sequencing depth has identified other Mir gene-encoded fragments in addition to the
5" and 3’ miRs. For example, moRs are encoded by sequences adjacent to the ends of the 5’
and 3’ miRNA-encoding sequences that abut the loop [103]. moRs were first considered to be
nonfunctional fragments or processing byproducts, but because the quantity of a moR relative
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Box 3. Introducing a Reference Sequence and isomiR Annotation

Current small RNA databases list one ‘mature sequence’ per miRNA strand, which is usually the most frequent sequence
in the database, while sometimes displaying isomiR sequences in a visual quantitative presentation in which each isomiR
can be followed to an individualized page with a sequence-specific accession number. Several factors, however, could
help better capture the complexity of isomiRs because, so far, those isomiRs are associated with a stem-loop only and
not a mature sequence (Figure 1).

1. A ‘reference sequence mRNA’ (RefSeq-miRNA) should replace the concept of a single universal ‘mature sequence’.
The effective mature sequence would now be seen in a functional perspective and could vary in different tissues or
developmental stages, whereas the reference sequence would be a species-specific invariable standard for each
miRNA-encoding gene strand. This convention has the advantage that even if the ranking of isomiR expression levels
varies in different tissues, stages, or situations and thus the mature sequence varies, the reference sequence remains
unchanged and isomiR sequences and quantities can be described compared with an unchanging reference.

2. Similar to mature sequences that can originate from one or multiple stem-loops when they are closely related,
isomiRs can potentially originate from one or multiple stem-loops and thus be isomiRs of one or multiple mature
sequences. Each isomiR should thus be associated with all of the mature sequences of which it is possible to be a
variant, as for mature sequences.

3. Finally, to facilitate communication, each isomiR should continue to receive its own accession number, like the ‘MR’
annotation system currently used in miRBase, and corresponding sequences and annotations should be easily
accessible for download.

to its neighboring miRNA can vary between tissues or developmental stages, they appear to be
regulated and thus are either functional or represent tissue-specific, regulated transcriptional
noise [20,21,104-106]. Genomically, moRs are generally more frequent on the 5’ side of the
hairpin, independent of strand-specific MiRNA expression levels [21], consistent with a putative
function but also suggesting that they might be coproducts of miRNA biogenesis [107] and thus
provide a distinct functional class of miRNA-related sequences. moRs are frequently found in
RISC pull-down libraries, suggesting function, and a study has verified that some viral moRs
show moderate but still significant repression of mRNA translation in luciferase assays [108].
Together, data suggest that moRs can program the RISC and act on gene expression and
should be considered in small RNA studies.

moRs were initially annotated as a miBNA with a dot-number suffix referring to its relative
position in the hairpin; for example, the moR for the Mir125a gene was labeled MiR125a.1 and
the original miRNA was called MiR125a.2 because it is further from the end of the hairpin. The
symbol moR, introduced by Shi et al. [20], however, coupled with designating origin from the &'
or 3’ end, for example ‘MOR125a-5p’ and ‘MOR125a-3p’, has the advantage that it allows clear
and unambiguous identification of the corresponding RNA sequence (Table 1).

Small RNA sequencing libraries also identify sequences that derive from the loop of pre-MiRNAs
and, like moRs, their relative quantities can vary according to tissue or developmental stage
[23,24], suggesting independent regulation of expression and thus independent cell functions.
Furthermore, recent studies reported the expression and incorporation of loop-derived short
sequences into the RISC and repression of translation of targeted mRNA in in vitro luciferase
assays [23,24]. We propose use of the nomenclature ‘loR’ for loop-origin miRNAs; for example,
the loop-origin fragment from the Mir7125a gene would become ‘LOR125a’ (Table 1).

Concluding Remarks

The increasing amount of small RNA sequencing data provides a more complete view of the
putative regulatory small RNAome, but it is important to distinguish the functional miRNAome
from the degradome: small RNA fragments resulting from RNA degradation. miRNAs account
for most of the reads in small RNA sequencing efforts, but many other miRNA-like small RNAs
that originate from noncanonical miRNA genes show consistent and significant expression
across experiments and can act on message stability and translation repression as do canonical
miRNAs. These miRNA-like sequences thus constitute a new kind of miBNA for which we
suggest nomenclature conventions. Furthermore, the depth of small RNA sequencing data

Cell

Outstanding Questions

What fraction of small noncoding
miRNA-like sequences that derive from
genes other than traditional miRNA
genes act on translational control in a
fashion similar to most mMIRNAs?
Although these miRNA-like fragments
consistently appear in small RNA
sequencing and Argonaute pull-down
experiments, evidence of a functional
role in translational control remains
scarce or absent. Are those short non-
coding RNAs incorporated into the
RISC and do they inhibit translation
of targeted messenger RNAs? Are they
evolutionarily conserved? Are they
merely degradation products of other
noncoding RNA biotypes without func-
tion? Do they modulate the miRNA
pathway by overwhelming the RISC
and inhibiting the loading of bone fide
miRNAs? The latter possibility would
add an additional layer of complexity
to the pathway of miRNA regulation.

What are the functions of moRs and
loRs, which arise from the ends of pri-
miRNA stems or the loop? Evolutionary
conservation, sequence conservation,
and variable expression levels suggest
a functional role in mMRNA translation
control, but conclusive evidence in
direct protein translation is lacking or
minimal. Do moRs and IoRs function
like miRNA by entering the RISC and
regulating protein translation? Are they
simple byproducts of the miRNA bio-
genesis pathway? If so, are they
needed for proper pri-miRNA and
pre-miRNA processing, thus explaining
their  evolutionary  conservation?
Answering these questions would pro-
vide a deeper understanding of the
miRNA biogenesis pathway and the
roles of miRNA genes in regulatory
biology.
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demonstrates that a single Mir gene can potentially produce not just a single mature miRNA from
each of its two complementary paired stem sequences, but up to five different and transcrip-
tionally regulated, putatively functional mature sequences in the order moR-5p, miR-5p, IoR,
miR-3p, and moR-3p. Finally, most of these sequences show variations (isomiRs) arising from
both templated and untemplated variations. Appreciation of the variety of sequences that can
arise from genes that encode miRNAs should help to unravel the regulatory roles they play in
development and physiology, health, and disease. The revised nomenclature conventions we
suggest should help facilitate communication about the variety of miRNA-related sequences
derived from different species and, hence, the conservation evolution of miRNA functions (see
Outstanding Questions).
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