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he immaculate annotation of all

microRNAs (miRNAs) is a pre-
requisite to study their biological func-
tion on a genome-wide scale. However,
the original criteria for proper miRNA
annotation seem unsuited for the auto-
mated analysis of the immense number
of small RNA reads available in next
generation sequencing (NGS) datas-
ets. Here we analyze the confidence of
past miRNA annotation in miRBase by
cross-analyzing publicly available NGS
datasets using strengthened annotation
requirements. Our analysis highlights
that a large number of annotated human
miRNAs in miRBase seems to require
more experimental validation to be con-
fidently annotated. Notably, our data-
set analysis also identified almost 300
currently non-annotated miRNA*s and
28 novel miRNAs. These observations
hereby greatly increase the confidence of
past miRNA annotation in miRBase but
also illustrate the usefulness of continu-
ous re-evaluating NGS datasets in the
identification of novel miRNAs.

The discovery of microRNAs (miRNAs)
has truly revealed a whole new layer of
gene regulation through RNA interference
(RNAI)"? and sparked the development of
new classes of RNA-based therapeutics.
Being broadly evolutionary conserved in
eukaryotes, miRNAs play key roles in
most biological processes including devel-
opmental timing, stem cell differentiation
and disease development.**®

The exploration of miRNA biology
has proven to be a most difficulc task;
miRNAs are believed to act in concert
as fine-tuners of gene expression”® and
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most individual miRNAs typically have
modest impact on their target mRNA
and protein levels.”"" Furthermore, due
to very limited base pairing required for
miRNA-target interactions each miRNA
has hundreds of potential targets'? which
in effect leaves miRNA target prediction
very inefficient still. To understand these
complex miRNA-mRNA relationships,
target-site prediction along with genome
wide-expression profiling and correlation
seems an attractive approach.”> However,
the prerequisite for such analysis is a reli-
able miRNA registry that allows for valid
target-site prediction as well as meaning-
ful expression profiling attempts. Hence,
it is imperative that the miRBase'®'® is a
resource devoid of erroneous annotations
and false positives.

Too Many miRNAs Annotated

The recently released miRBase (version
16) holds 1,040 human pre-miRNAs. This
number seems ever increasing and novel
miRNAs will expectably be annotated
proportionally to NGS sequencing depth.
Initial predictions in silico estimated the
human genome to hold at least a thousand
miRNA genes.”?! These high expecta-
tions may have negatively impacted our
standards for miRNA annotation and as a
result miRBase now holds annotated miR-
NAs with questionable validity. This con-
cern has been put forward in several cases.
Schopman et al. reported that miR-1274b
and miR-1274a are presumably small
RNA fragments derived from tRNA pro-
cessing.”? Also Berezikov and colleagues®
find in their analysis of a published small
RNA sequencing set in Drosophila that a
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high proportion of putative miRNA can-
didates are likely reflecting instead the
degradation of diverse mRNAs, ribosomal
RNA, other noncoding RNAs (ncRNAs)
or endogenous small interfering RNAs

(endo-siRNAs).

miRNA Characteristics,
What to Look for?

Setting up criteria for miRNA anno-
tation is likely an ongoing process in
accordance with both technical and intel-

I POINT-OF-VIEW
206
0O Confident
@ No Reads
@ One Read
0 One Arm
m Degradation
611
34

lectual advancements. Quite naturally,
the miRNA annotation criteria employed
have focused on the categorical steps in
the miRNA biogenesis pathway, albeit
this is not immediately straightforward.
miRNAs are 20-25 nucleotides long
single-stranded RNA species typically
derived from long primary polymerase
IT (polll) transcripts (pri-miRNAs), that
are processed into mature miRNAs via
short hairpin precursor miRNA inter-
(pre-miRNAs).>  miRNA
biogenesis involves processing of pri-
miRNAs into pre-miRNAs by the nuclear
Microprocessor 226 followed
by cytoplasmic Dicer cleavage of pre-
miRNAs into double-standed miRNA/
miRNA* duplexes.?”?® Hereby, a hallmark
in miRNA biogenesis is the exact pro-
cessing of endogenous stem-loop RNA
structures into a miRNA/miRNA* duplex
through a two-step RNase III cleavage
reaction. However, with the recent discov-

mediates

complex

ery of both Microprocessor-independent
(miRtrons**)  or  Dicer-independent
miRNA processing (e.g., miR-451,'%),
the task of establishing one set of annota-
tion criteria encompassing all subtypes of
miRNAs is thus very complicated.

A Uniform System
for miRNA Annotation

This first attempt to set up a uniform sys-
tem for miRNA annotation was put for-
ward by a group of leading laboratories in
2003, proposing that candidate miR-
NAs should fulfill both expression and
biogenesis characteristics to be annotated
as proper miRNAs. In essence, miRNA
candidates were required to be identified
as ~22-nt RNA transcripts in a size-frac-
tionated RNA sample as distinguished by
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Figure 1. Grouping annotated miRNAs. (A) Based on datasets analyzed, annotated miRNAs
distribute into following categories: confident, no reads, one-readers, one-armed or degrada-
tion signatures. (B) Subdividing mature miRNA sequences depending on the number of perfect
matches in the human genome (hg18) using bowtie algorithm.

gel blot hybridization (northern blotting)
or cDNA sequencing. Furthermore, candi-
date miRNAs should be contained within
one arm of a predicted short-hairpin pre-
cursor satisfying rather loosely defined
structural requirements. These early crite-
ria still provide a broadly accepted stan-
dard for miRNA annotation, yet seem

unsuited for the automated analysis of
NGS data sets as miRNA candidates could
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qualify for annotation simply by identifi-
cation of a single 21-mer read along with
a plausible RNA structure. Considering
the overwhelming depth of NGS and the
extensive occurrence of pseudohairpins
and miRNA-like structures in animal
transcriptomes,” this will inevitably lead

to false positives as noted above.?**>%

To base miRNA annotation on NGS

data calls for more stringent criteria. In
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Figure 2. Read-plots. Representation of confident (A), one-armed (B), degradation (C) and miR-451 (D) pre-miRNA read-plot pattern compiled by
plotting the log-scaled number of reads covering each nucleotide on the pre-miRNA sequence normalized to the log-scaled number of total reads

matching the pre-miRNA sequence.

a recent discussion of plant miRNAs,
Meyers and colleagues propose that “con-
clusive evidence of precise biogenesis from
a qualifying stem-loop is now considered
the sole criterion that is both necessary
and sufficient for miRNA annotation.”?®
That is, miRNA and miRNA* reads must
be derived from opposing stem-arms of a
single-stranded miRNA precursor hairpin
forming a duplex with 2 nt 3' overhangs
indicative of RNase IlI-enzyme process-
ing. Even though the miRNA* strand
might not be functionally incorporated
into RISC, it is still an inescapable inter-
mediate in canonical miRNA biogenesis.
This precise biogenesis cleavage pattern
must be convincingly reflected in the
NGS reads so that sequences with highly
heterogeneous 5' and 3' ends or with a
non-RNase III derived signature can be
disregarded.

Often, only one strand of the putative
miRNA precursor is identified in datasets
which may reflect both low-sequencing
depth, rapid degradation of the miRNA*
or Dicer/Drosha-independent miRNA
biogenesis. In fact, numerous annotated
miRNAs in miRBase are annotated with-
out miRNA* strand evidence (see below)
and single armed reads have been consid-
ered sufficient for miRNA annotation if
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the miRNA is identified in multiple, inde-
pendent libraries®® or produces homog-
enous sequence reads indicative of precise
nucleolytic processing.”® We here advocate
raising the stringency of miRNA anno-
tation requirements; either the miRNA/
miRNA* duplex is confidently reflected in
the deep sequencing dataset or experimen-
tally verified by miRNA candidate overex-
pression followed by northern blotting or
luciferase reporter assays.

Re-Examination of miRBase
Using Cross-Dataset Validation

The 1,040 registered human pre-miRNAs
have been validated using techniques such
as cDNA cloning, northern blotting and
more recently NGS. Considering this lack
in uniformity of miRNA annotation, we
suggest that the more stringent miRNA
annotation criteria of today (requirement
for exact biogenesis, i.e., identification of
miRNA and miRNA*) and the availabil-
ity of massive NGS datasets should now
be used to continuously re-evaluate past
miRNA annotations. We therefore exam-
ined all pre-miRNAs using publicly avail-
able datasets,””* as well as unpublished
GEO accessions; GSE21279, GSE20892,
discarding reads below 18 nucleotides in
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length. Based on these datasets we subdi-
vided miRNA genes into five categories
inspired by Berezikov and coworkers®
(Fig. 1A). We found that 654 out of
1,040 annotated human pre-miRNAs
received matching 5p and 3p hits sugges-
tive of RNase III processing and are thus
considered bona fide miRNAs (Figs. 1A
and 2A). This coheres with the fact that
309 out of 312 miRNAs with mature and
star sequence annotation in miRBase are
scored as confident in our analysis. Failing
the test are miR-593 and miR-1207; in
either case annotation seems
tent with RNase III based maturation
(Fig. 3A and B), and the miRtron, miR-
1225, which only receive very limited

inconsis-

read coverage in the datasets investigated.
Notably, our dataset analysis picked up
296 miRNA* sequences (Sup. Table 1)
that are currently not annotated in miR-
Base as well as re-annotated eight errone-
ously annotated miRNAs (Sup. Table 2).
Our analysis hereby greatly increases the
confidence of these past miRNA annota-
tions in miRBase but also illustrates the
usefulness of continuous re-evaluation of
NGS datasets.

Reproducible mature sequence hitters
with no star sequence reads (one-armed
pre-miRNAs, Fig. 2B) characterized 206
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Figure 3. Annotated two-armed miRNAs not derived from two-step RNase Ill processing. Struc-
tural visualization of miR-593 (A) and miR-1207 (B) with annotated sequences depicted in red.
Structural predictions were done by MFold and visualization by RNA Folder.

pre-miRNAs which is consistent with
highly biased strand selection but evi-
dently not sufficient to fulfil our crite-
ria for unambiguous RNase III-derived
processing. Therefore, one-armed pre-
miRNAs should ideally undergo experi-
mental validation prior to annotation.
Finally, 95, 34 and 102 were classified as
degradation products (Fig. 2C), single-
hitters and no-hitters, respectively, all
clearly falling short of confident miRNA

annotation.

www.landesbioscience.com

In many cases faithful miRNA annota-
tion is complicated by the mature miRNA
sequence having multiple hits in the
genome (referred to as multimappers). We
find that only 1/3 of the miRNAs map-
ping perfectly to ten or more places in
the genome are scored as confident in our
analysis (and none considering miRNAs
lacking star-strand annotation only), sug-
gesting that multimappers are generally
less likely to abide to the confident criteria
employed here. As example, the putative
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mature sequence of miR-4286 has been
found in several datasets, however, it gives
rise to more than 100 perfect hits in the
human genome, unlike the annotated pre-
miR-4286 which only has a single perfect
match. The miRBase has no record of any
star-sequence, there is no additional evi-
dence in the original publication® and no
circumstantial evidence, e.g., the saddle-
back pattern of conservation, exists. Thus,
it seems that one structure has been picked
mimicking the loosely defined miRNA-
like signature out of more than 100 pos-
sible genomic regions and that simply does
not suffice for miRNA annotation. Other
multimappers  (miR-1912, miR-3674,
miR-1303, miR-1268, miR-649, miR-
1302, miR-1233, miR-1285, miR-3669,
etc.,) similarly crave for additional sup-
porting evidence in order to be properly
annotated as miRNAs (Fig. 1B).

In conclusion our analysis highlights
that a number of annotated miRNAs in
miRBase seem to require more experimen-
tal validation to be confidently annotated.
It should be clearly emphasized however,
that the miRNAs not successfully passing
our analysis may not be falsely annotated
and we merely underscore that these miR-
NAs represent candidates with insufficient
evidence for miRBase submission in our
eyes.

Are We Unintentionally
Excluding Valid miRNAs?

The requirement for miRNA/miRNA*
identification may potentially disregard
functional miRNAs produced by a non-
canonical biogenesis pathways indepen-
dently of either Drosha and/or Dicer.
miR-451 is clearly a valid miRNA, is
involved in erythropoiesis,”*> has been
described as a tumor suppressor in human
glioma cells’® but has a dicer-independent
biogenesis. Instead, the pre-miRNA is
taken up and cleaved by Ago2-RISC and
3" trimmed,*"* producing a highly hetero-
geneous 3' end (Fig. 2D). This unusual
biogenesis pathway quite naturally pre-
cludes the experimental identification of
miR-451* and the predicted stem-loop
structure would not immediately qualify
miR-451 as a classical miRNA candidate.
Still, the mature miR-451 is picked up
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Figure 4. Cross-dataset analysis. Cumulative fraction of confident miRNAs as a function of the number of datasets wherein identified. The calculation
was conducted on the confident subset miRBase accessions (n = 611), the confident subset of newly annotated miRNAs in miRBase version 16 (n = 47),
the confident subset of miRNA candidates previously published (n = 67),°” and, lastly, confident miRNAs from above list still unpublished (n = 28).

in 15 of the NGS datasets analyzed here
and produces reads with consistent 5" end
(Fig. 2D). Hereby we embrace the fact that
additional Drosha/Dicer-independent
miRNAs are likely to be identified, how-
ever, their annotation will require more
experimental validation of their biogen-
esis pathways (overexpression analysis
etc.) to support miRNA annotation in
the absence of the miRNA* sequence. In
this regard, we prefer high stringency in
miRNA annotation to avoid false pre-
miRNA candidates, even at the expense of
sacrificing non-canonical miRNAs.

Using Cross-Dataset Analysis
to Identify Novel miRNAs

Combining NGS datasets to enhance
sequencing depth seems an attractive
approach to help future miRNA anno-
tation. So far miRNAs have been over-
looked in individual NGS datasets, most
likely due to experimental cut-off of low
frequency sequence reads or lack of iden-
tifying the miRNA* strands. It has been
speculated that the miRNAs to be dis-
covered are more exclusively expressed
species only found in specific tissues at dis-
tinct timepoints® which naturally would
thwart cross-analysis with independent
and unrelated datasets. To our knowledge
such miRNAs have yet to be documented.
In fact, newly annotated confident two-
armed miRNAs in miRBase (version 16)
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were all identified in two or more indepen-
dent sequencing experiments (Fig. 4), and
more than 50% were found independently
in nine or more datasets, emphasizing the
relevance of cross-examination. Likewise,
we recently published 11 novel miRNAs
out of 112 candidates based on both pub-
licly available deep sequencing datasets
and overexpression analysis.”” Sixty-seven
of the 112 miRNA candidates obtain a
confident score when subjected to cross-
examination, 34 of which are picked up in
10 or more datasets (Fig. 4) and 39 were
published in miRBase by us and others.
This leaves 28 confident, however unpub-
lished, miRNAs in our list of candidates,
and surprisingly, almost half of those are
seen in nine or more sets (Sup. Table 3
and Fig. 4), which once again illustrates
the advantages of cross-dataset analysis.

Concluding Thoughts

It is strictly required that we as research-
ers exercise greater care during submission
and extraction of miRNA annotations
to and from miRBase. In essence this
requires establishing miRNA annotation
criteria that can be implemented by most
researchers, yet conclusively distinguishes
precise miRNA biogenesis from experi-
mental noise in NGS data sets. We sup-
port the notion that both strands of the
miRNA duplex should preferentially be
identified in NGS datasets and additional
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experimental verification is needed upon
lack of miRNA* reads. We acknowledge
that a subset of bona fide miRNAs rely
on non-canonical biogenesis and thus do
not produce a miRNA* sequence, how-
ever in this case prompting for additional
experimental evidence seems a reasonable
request at this point. Furthermore, we
propose to set up a “Candidate miRBase”
in addition to a miRBase, where putative
miRNA candidates be uploaded along
with the supporting NGS data and sub-
sequently, when sufficient evidence exists,
be transferred to the “confident” miRBase.
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