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MicroRNA (miRNA) acts as a critical regulator of gene
expression at  post-transcriptional and  occasionally
transcriptional levels in plants. Identification of reliable miRNA
genes, monitoring the procedures of transcription, processing
and maturation of the miRNAs, quantification of the
accumulation levels of the miRNAs in specific biological
samples, and validation of miRNA-target interactions become
the basis for thoroughly understanding of the miRNA-
mediated regulatory networks and the underlying
mechanisms. Great progresses have been achieved for
sequencing technology. Based on the high degree of
sequencing depth and coverage, the high-throughput
sequencing (HTS, also called next-generation sequencing)
technology provides unprecedentedly efficient way for
genome-wide or transcriptome-wide studies. In this review,
we will introduce several HTS platform-based methods useful
for plant miRNA research, including RNA-seq (RNA
sequencing), RNA-PET-seq (paired end tag sequencing of
RNAs), sRNA-seq (small RNA sequencing), dsRNA-seq (double-
stranded RNA sequencing), ssRNA-seq (single-stranded RNA
sequencing) and degradome-seq (degradome sequencing). In
particular, we will provide some special cases to illustrate the
novel use of HTS methods for investigation of the processing
modes of the miRNA precursors, identification of the RNA
editing sites on miRNA precursors, mature miRNAs and target
transcripts, re-examination of the current miRNA registries,
and discovery of novel miRNA species and novel miRNA-
target interactions. Summarily, we opinioned that integrative
use of the above mentioned HTS methods could make the
studies on miRNAs more efficient.

MicroRNA Genes in Plants

Similar to the protein-coding genes,' most of the plant micro-
RNA (miRNA) genes are transcribed by RNA polymerase 11,7
resulting in poly(A)-tailed, single-stranded primary transcripts
called pri-miRNAs (primary microRNAs). Specific sequence
region of a pri-miRNA could form an internal hairpin-like
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structure constituted by a highly complementary double-stranded
“stem” and a single-stranded “loop.” Facilitated by HYPONAS-
TIC LEAVES 1 (HYL1), the pri-miRNA is recognized by Dicer-
like 1 (DCL1), an RNase IlI-like enzyme. After two-step crop-
ping by DCLI, the pri-miRNA is processed into the pre-miRNA
(precursor microRNA), and then into the miRNA:miRNA*
short duplex (Fig. 1). To protect the duplex from being digested
by SMALL RNA DEGRADING NUCLEASE (SDN, an exonu-
clease), the 3" ends of the miRNA and the miRNA* are methyl-
ated by HUA ENHANCER 1 (HENT1). To exert the regulatory
impact on specific target transcript(s), the miRNA strand (also
named as the “guide” strand) separated from the methylated
short duplex is incorporated into a silencing complex called miR-
ISC (miRNA-induced silencing complex), while the miRNA*
(“passenger” or “degraded” strand) is generally thought to be
degraded rapidly. An Argonaute (AGO) protein containing a
PAZ small RNA (sRNA)-binding domain and a Piwi RNase H-
like domain is included in the miRISC.* According to the previ-
ous study on the sequence features of the sSRNAs associated with
different AGO protein complexes in Arabidopsis (Arabidopsis
thaliana), the AGO1-associated sRNAs are predominantly 5 U
(uridine)-started and 21 nt in length, the AGO2-associated
sRNAs are predominantly 5’ A (adenine)-started and 21 nt in
length, the AGO4-associated ones are predominantly 5" A-started
and 24 nt in length, and the AGO5-associated ones are predomi-
nantly 5’ C (cytosine)-started.” According to the current registries
in miRBase,® a large portion of the plant miRNAs are 5'
U-started and 21 nt in length. Thus, AGO1 has been proved to
be the major performer in miRNA-guided target cleavages.*”. A
target transcript is specifically recognized by a miRNA based on
sequence complementarity. Subsequently, the AGO1-mediated
target slicing occurs between 10™ and 11" nucleotide positions
of the miRNA. To see more detailed introduction of the origin,
biogenesis and action model of the plant miRNAs, please refer to
the excellent reviews by Jones-Rhoades et al.® and Voinnet’.
Notably, a more complicated case was recently discovered for the
“non-coding” pri-miRNAs in plant. Lauressergues and his col-
leagues'® showed that several plant pri-miRNAs (such as pri-
miR171b of Medicago truncatula and pri-miR165a of Arabidopsis
thaliana) contained short open reading frame sequences encoding
regulatory peptides. By increasing the transcription of the pri-
miRNAs, the miRNA-encoded peptides (miPEPs) enhance the
accumulation of the corresponding mature miRNAs, resulting in
the down-regulation of the target genes.lo Thus, the above
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Figure 1. Graphic summarization of the transcription, processing, maturation and action of the plant
microRNAs (miRNAs). Different kinds of sequencing methods based on the high-throughput sequenc-
ing platform, including RNA-seq (RNA sequencing), RNA-PET-seq (paired end tag sequencing of
RNAs), sRNA-seq (small RNA sequencing), dsRNA-seq (double-stranded RNA sequencing), ssRNA-seq
(single-stranded RNA sequencing) and degradome-seq (degradome sequencing), are shown on the

figure. Please refer to the text of this review for detailed utilities of these
plant miRNA studies.

discover novel transcripts, or mapped to
the already known templates for expres-
sion level quantification of specific
genes.

As introduced in the above section,
syl (Neiess most of the miRNA genes are tran-

scribed by RNA polymerase I1.>” In this

discovery refreshed our traditional view that the “junk” regions of
the miRNA precursors could play a coding role."'

Considering the sequence features of the miRNAs, and the
huge sRNA population existing in plants,"* high-throughput
approaches are desired for cloning, characterization and quantifi-
cation of the miRNA genes. Fortunately, high-throughput
sequencing (HTS, also called next generation sequencing) plat-
form was developed, and has been widely used for genome
sequencing or resequencing, transcriptome sequencing [also called
RNA sequencing (RNA-seq)], small RNA sequencing (sRNA-
seq), chromatin immunoprecipitation sequencing (ChIP-Seq)
and so on.'>?! Different from the traditional Sanger sequencing,
billions of short reads could be generated in parallel by using
HTS platform, enabling genome-wide or transcriptome-wide
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regard, the poly(A)-tailed pri-miRNAs

are included in the extracted mRNA

samples. However, once transcribed, the
pri-miRNAs will be subjected to DCL1-mediated 2-step crop-
ping, resulting in processed miRNA:miRNA* duplexes without
poly(A) tails. Thus, the pri-miRNAs might not be stable enough,
and their abundances might be low. Fortunately, relying on the
high degree of sequencing depth, RNA-seq enabled us to detect
the transcripts encoded by weakly expressed genes or the tran-
scripts with low stability. From this point of view, it is reasonable
to propose that the pri-miRNAs could be detected by RNA-seq.
In other words, by mapping RNA-seq reads onto the pri-miR-
NAs, the abundances of the primary transcripts of the miRNA
genes could be quantified (Fig. 1). Although the abundances of
the pri-miRNAs could not accurately reflect the iz vivo levels of
the mature miRNAs [because the processing of the pri-miRNAs
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is influenced by many factors as summarized in our previous
work?], the detected spatio-temporal expression patterns of the
pri-miRNAs could be directly linked to the features of their host
genes including the characteristics of their promoter regions. For
the plant miRNA genes, both the pri-miRNAs and the pre-miR-
NAs are highly variable in sequence length, which becomes an
obstacle for their cloning. The traditional 5" or 3" RACE (rapid
amplification of cDNA ends) was previously used for the identifi-
cation of miRNA precursors.” Obviously, this kind of work is
laborious and time-consuming. Instead, transcript assembly by
using RNA-seq reads will enable us to obtain full-length or par-
tial-length sequences of novel pri-miRNAs.

RNA-PET-seq

As introduced above, RNA-seq reads could be utilized for tran-
script assembly, which could also be employed for pri-miRNA
cloning. However, we should notice that although the high degree
of sequencing coverage and depth is the superiority of the HTS
platform, the poor stability of the primary transcripts of the
miRNA genes might still be the obstacle for us to obtain the full-
length pri-miRNAs. Thus, there is a need to recruit compensatory
high-throughput strategies for reliably defining the transcriptional
regions of the miRNA genes. One of the highly efficient
approaches is RNA-PET-seq.**” RNA-PET-seq is a paired-end
tag sequencing method for full-length mRNA analysis based on
the HTS platform. Different from RNA-seq that treating the ran-
domly sheared shortgun RNA fragments as sequencing libraries,
RNA-PET-seq enables us to simultaneously capture the 5" and the
3" ends of the full-length transcripts on a transcriptome-wide
scale (Fig. 1). In addition to its ability to quantify the transcription
levels of the genes, the most important use of RNA-PET is to
demarcate the boundaries of the transcription units.”**’ Since the
RNA-PET sequencing libraries are prepared from poly(A)-tailed
transcripts, the pri-miRNAs could be included for PET sequenc-
ing. Thus, a combinatorial use of the PET tags and the RNA-seq
reads could be a high-throughput strategy enabling us to delineate
the transcriptional regions of the miRNA genes, and to quantify
the abundances of the pri-miRNAs.

SRNA-seq

Different from RNA-seq and RNA-PET, the sRNA-seq
libraries originate from the sRNAs (previously defined as the
RNAs shorter than 200 nt) extracted from specific biological
samples. Since the mature miRNAs and the miRNA*s are 21 nt
sRNA species in plants,®” the sRNA-seq is an indispensible
method for quantifying their abundances. Specifically, sequenc-
ing of the SRNA samples from specific tissues/organs, or from
plants at specific developmental stages, or from plants under spe-
cific treatments enables us to investigate the spatio-temporal
accumulation patterns of the miRNAs and the miRNA*s. In
most cases, relying on the protection by the AGO protein com-
plexes, the stability of the mature miRNAs is much higher than
the cognate miRNA*s after their separation from the short
duplexes.®” Reflecting by sequencing data, the accumulation
level of a mature miRNA is usually higher than the miRNA* by
several orders of magnitude. Thus, quantification of the
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abundances of the sRNAs generated from the same precursor
could facilitate us to distinguish between the miRNA and the
miRNA* (Fig. 1).

As introduced above, once separated from the miRNA:
miRNA* duplexes, the miRNA strands are selectively incorpo-
rated into the AGO protein complexes for recognizing specific
target transcripts. In this consideration, sequencing of the sSRNAs
associated with the AGO proteins will enable us to detect the
accumulation levels of the mature miRNAs in specific AGO
silencing complexes. According to the previous study, the 5’
U-started, 21-nt miRNAs are preferentially recruited by the
AGOL1 protein complex in Ambz’dopsz’:.s However, our statistical
result shows that a significant portion of the plant miRNAs regis-
tered in miRBase (release 21) do not possess the above sequence
features. In Arabidopsis, a total of 427 miRNAs have been
included in miRBase, and only 241 (56.44%) start with 5" U and
324 (75.88%) are 21 nt in length. Only 42.86% (183 out of
427) of the Arabidopsis miRNAs are 5" U-started and 21 nt in
length. Similarly in rice (Oryza sativa), 325 out of 713 (45.58%)
registered miRNAs begin with 5’ U, and 383 (53.72%) miRNAs
are 21 nt. Only 30.43% (217 out of 713) of the rice miRNAs
are 5" U-started and 21 nt in length. A previous study by Wu
et al.?® discovered a new miRNA species of 24 nt in rice. These
miRNAs were called long miRNAs (ImiRNAs). Different from
the canonical miRNAs, the biogenesis of the ImiRNAs depends
on DCL3, and they are incorporated into the AGO4 clade pro-
teins to mediate site-specific DNA methylation.”® More compli-
catedly, in Arabidopsis, there are 10 AGO proteins, several
studies demonstrate that different AGO genes have their specific
spatio-temporal expression patterns.””>> Taken together, by
using sSRNA-seq data prepared from different AGO proteins, the
spatio-temporal AGO loading patterns of the miRNAs along
with their sequence features could be deeply investigated.

Based on the biogenesis model of the plant miRNAs, several
factors including SE (SERRATE), HYL1, DCL1, HENI and
AGOL1 are required for miRNA processing or for maintaining
the miRNA stability (Fig. 1). Moreover, RDRs (RNA-dependent
RNA polymerases) and RNA polymerase IV and polymerase V
should not engage in miRNA production.&g’3 3 Thus, the sSRNA-
seq data sets prepared from the mutants of SE, HYLI, DCLI,
HENI1, AGO1, RDRs and Pol IV]V are useful for the researchers
to discriminate miRNAs from the other sSRNA species in plants.

To date, huge amounts of sRNA-seq data sets of diverse
plant species have been available in the public databases, such as
GEO (Gene Expression Omnibus; http://www.ncbi.nlm.nih.
gov/geo/),34 Next-Gen Sequence Databases (http://mpss.udel.
edu/),>> ASRP (the Arabidopsis Small RNA Project database;
http://asrp.danforthcenter.org/),?° the vascular plant small RNA
sequencing project database (http://smallrna.udel.edu/),”” and
CSRDB (Cereal Small RNA Database; http://sundarlab.ucdavis.
edu/smrnas/).>®

DsRNA-seq and ssRNA-seq

A single-stranded, stem-loop structure is the prerequisite for
precise excision of the miRNA:miRNA* duplex from its precur-
sor by DCL1.%° And, this is one of the primary criteria for
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miRNA annotation.’” In this regard, secondary structure pro-
filing is useful for cloning or validating the miRNA genes.
Sequencing-based approaches for high-throughput structure
mapping have been employed by several previous studies.**4®
These pioneer works showed that the HTS-based approaches
were highly efficient for interrogating RNA secondary structures
on a global scale.”” Here, we would like to introduce dsRNA-seq
and ssRNA-seq by illustrating their use for the studies on miRNA
structures.

DsRNA-seq is a novel high-throughput, strand-specific
sequencing method developed by Gregory and his colleagues
(2010)%° to interrogate intra- and inter-molecular base-paired
RNAs in Arabidopsis.*® This method marries classical nuclease-
based structure mapping approach®®*’ with HTS technology in
order to obtain base-pairing information on a transcriptome-
wide scale. According to the primary criteria for miRNA annota-
tion in plants, the base-pairing between the miRNA arm and the
miRNA* arm of a precursor should be extensive, with only a few
mismatches and bulges allowed.” Thus, the “stem” of a miRNA
precursor is a local double-stranded region with high stability.
Considering the technical property of dsRNA-seq, the “stem”
region of a miRNA precursor could be covered by dsRNA-seq
reads (Fig. 1).

SsRNA-seq was also developed by Gregory’s group for identi-
fication of the single-stranded, unpaired regions of the tran-
scripts.  Usually, ssRNA-seq was used in combination with
dsRNA-seq for high-throughput probing the RNA structurome
of an organism.**** The “loop” structure of a miRNA precursor
is a locally unpaired region. Theoretically, this region could be
identified by ssRNA-seq. Besides, we would like to mention here
that after DCL1-mediated processing, the “loop” sequence of a
miRNA precursor could also be included in sSRNA-seq libraries.
Thus, this region could also be covered by sSRNA-seq reads. Sup-
portive results were shown in the previous study on the process-
ing of the miRNA precursors of Drosophila melanogaster.® In
that study,”® observed that a portion of sRNA-seq reads could be
mapped onto the “loop” regions of certain miRNA precursors.

Taken together, we propose that combinatory use of dsRNA-
seq and ssRNA-seq will allow us to probe or validate the hairpin
structures of the miRNA precursors through a highly efficient
way.

Degradome-seq

There are 3 HTS-based methods for cloning of uncapped
transcripts: genome-wide mapping of uncapped and cleaved tran-
scripts (GMUCT),”"**  parallel analysis of RNA ends
(PARE),>*>* and degradome sequencing.55 56 All of these meth-
ods take advantage of the fact that T4 RNA ligase 1 is utilized for
sequencing library construction by ligating an adapter to the 5
end of the poly(A)-tailed transcript with a free 5’-monophos-
phate. Thus, the intact mature mRNAs with 5" caps will not be
included for library preparation. These three kinds of sequencing
methods integrate the modified 5" RACE (rapid amplification of
cDNA ends) with HTS platforms for mapping the 5’ end of the
degraded or cleaved RNA fragments on a transcriptome-wide
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scale. In this review, the 3 methods are called degradome-seq for
simplicity.

One of the major applications of degradome-seq is to identify
the truncated transcripts resulting from endonucleolytic cleavages
guided by miRNAs or other sRNAs in plants.’*>® The degra-
dome-seq signatures could be used for mapping the slicing sites
resided within the miRNA or sRNA binding regions on specific
target transcripts (Fig. 1).

Here, we would like to introduce the novel utilities of degra-
dome-seq. One of the udilides is to detect the DCL1-mediated
cleavage remnants produced during miRNA processing (Fig. 1).
As illustrated in our previous work,”” poly(A)-tailed, uncapped
fragments generated from pri-miRNAs after the first cropping by
DCL1 could be included in the degradome-seq libraries. Thus,
the degradome-seq signatures mapped to the slicing sites of
DCL1 (usually mapped to the 3" and/or 5" ends of mature miR-
NAs and/or miRNA*s) could facilitate us for identification or
validation of pri-miRNAs recognizable by DCLI. Recently, a
degradome-seq-based approach called SPARE (specific parallel
amplification of 5° RNA ends) was developed to detect the
miRNA processing intermediates with a high-throughput pur-
pose in plants.®® However, the limitation of the SPARE method
is the requirement of designing a mixture of specific primers
against the already known miRNA precursors for reverse tran-
scription. Another novel use of degradome-seq for plant miRNA
research is to investigate the self-regulation of the miRNA precur-
sors by the encoded miRNAs or miRNA*s. According to the cri-
teria for miRNA annotation, the miRNA:miRNA* duplexes
resided within the “stem” regions of the miRNA precursors are
extensively base-paired with a few mismatches and bulges.”> On
the other hand, the miRNA-target interactions in plants rely on
the high sequence complementarity between the miRNAs and
the target binding sites on the transcripts.®” Thus, we proposed
that in some cases, the miRNA precursors could be recognized
by their encoded mature miRNAs based on the highly comple-
mentary miRNA*-coding regions for cleavages.” Degradome
signals supporting the self-regulation of the miRNA genes, such
as miR4I72b in Arabidopsis, have been observed in a previous
study.”

The utilities of the HTS methods for plant miRNA research:
Special cases

Brief introduction of the HTS methods useful for plant
miRNA research has been provided above. Here, we would like
to present some special cases based on the reported studies and
our preliminary results.

Processing modes of the miRNA precursors inferred from
degradome-seq data

As introduced above, the poly(A)-tailed processing intermedi-
ates of pri-miRNAs could be detected by degradome-seq in
plants.59’60 Here, as illustrated in Figure 2, we proposed that
degradome-seq signatures could be utilized for investigation of
the processing modes of the miRNA precursors. To date, 2
modes of DCLI-mediated processing have been reported in
plants, i.e. the canonical “base-to-loop” processing (Fig. 2B)®’
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and the “loop-to-base” processing
(Fig. 2A).°"%* For the “base-to-loop”
processing, only the first step of DCL1-
mediated cropping could produce poly
(A)-tailed cleavage remnants, which
could be detected by degradome-seq.
Theoretically, the degradome signatures
mapped to the 5’ end of the 5'-armed
miRNA (or miRNA*) and the 3’ end of
the 3’-armed miRNA* (or miRNA)
could be obtained (Fig. 2B). For the
“loop-to-base”  processing, the degra-
dome signals mapped to the 3’ end of
the 5’-armed miRNA (or miRNA*) and
the 5’ end of the 3’-armed miRNA* (or
miRNA) could be detected for the first
step of DCLI1-mediated processing.
Moreover, the degradome signatures
mapped to the 3’ end of the 3’-armed
miRNA  (or miRNA*) could be
detected for the second round of DCL1-
mediated cropping (Fig. 2A).

Search for potential RNA editing
sites influencing miRNA abundances
and miRNA-target interactions

RNA editing was defined as the site-
specific alterations on RNA sequences,
which include insertions or deletions of
nucleotides and base conversions. RNA
editing is an effective strategy employed
by both animals and plants for post-tran-
scriptional regulation of gene expres-
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Figure 2. The processing modes of the microRNA precursors could be partially inferred from degra-
dome sequencing (degradome-seq) data. (A) Schematic diagram of DCL1-mediated “loop-to-base”
[first cleave on the “loop” side (green arrows), and then on the “base” side (gray arrows)] processing
of a pri-miRNA (primary microRNAs). The poly(A)-tailed cleavage remnants generated from the first
and the second steps of DCL1-mediated cropping could be detected by degradome-seq. (B) Sche-
matic diagram of DCL1-mediated “base-to-loop” [first cleave on the “base” side (green arrows),
and then on the “loop” side (gray arrows)] processing of a pri-miRNA. The poly(A)-tailed
processing intermediates generated from the first cleavages on the “base” side could be detected by

sion.®>® Different from animals, RNA | degradome-seq.

editing performed by pentatricopeptide
repeat (PPR) family proteins in plants is
restricted to mitochondrial and plastid transcripts based on the
previous reports.”” " However, recent research progresses point
to the potential involvement of RNA editing in the modifications
of plant nuclear transcripts.”””" More interestingly, in both ani-
mals and plants, RNA modifications were discovered on the
miRNA precursors and the mature miRNAs.”””"”? Considering
the fact that the featured “stem-loop” structures are critical for
processing of the miRNA precursors, RNA editing might alter
the conformation and the stability of the secondary structures of
the miRNA precursors, thus affecting their processing efficiency
and the miRNA abundances. Besides, RNA editing occurred on
mature miRNAs or their target transcripts could have a great
impact on the stability of miRNA—target interactions (Fig. 1). In
this regard, high-throughput methods for the identification of
potential editing sites on the miRNA precursors, the mature
miRNAs and their targets are required for plant miRNA research.
In most of the previous studies, the sSRNA-seq reads that could
not be perfectly mapped onto the corresponding genomes were
generally considered to be caused by technological sequencing
errors, and would not be included in the following analyses.
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However, these discarded “error” reads were utilized by Ebhardt
et al”" for study on the post-transcriptional modifications of
tRNAs and mature miRNAs in plants.”" They hypothesized that
some of the “error” reads might have their biological origins. The
discrepancies between the “error” reads and the genomic sequen-
ces could originate from post-transcriptional modifications. In
contrast to the random occurrences of technical sequencing
errors, the site-specific modifications or editing events should be
repeatedly observed at single sites with much higher frequen-
cies.”" In other words, a reliable editing site should be supported
by a certain number of sRNA-seq reads with a fixed mismatch
site compared to the genomic site (Fig. 1). As a result, many can-
didate editing sites were discovered on both the tRNAs and the
mature miRNAs. Interestingly, tissue-specific editing of miRNAs
was observed. And, some modifications at the 5" ends of the miR-
NAs were demonstrated to be capable of altering the AGO com-
plex preference of the edited miRNAs.”!

In human and mouse, RNA editing was experimentally iden-
tified on the precursors of miRNA22, and was predicted to have
significant implications for the biogenesis and function of this
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miRNA.”? The involvement of RNA editing in the miRNA mat-
uration pathway in metazoans was summarized by Ohman’>,
But, how about plants? In our previous study, RNA-seq data was
used to search for the potential editing sites on the nuclear tran-
scripts.”* Some candidate editing sites were discovered on the
miRNA precursors in Arabidopsis. Consistent with the notion
proposed in animals,”* transformation of the secondary struc-
tures of certain precursors (such as ath-MIR845) caused by RNA
editing was predicted to be implicated in DCLI-mediated
processing.

Re-examination of the current miRNA registries

In the face of the increasingly discovered miRNAs, maintain-
ing the quality of the miRNA annotations have become a signifi-
cant challenge. However, accurate annotations are essentially
important for functional studies on the miRNAs. Recent
improvements in the confidence of miRNA annotations in miR-
Base (release version 20) were achieved by employing sRNA-seq
data.”” To obtain a list of “high confidence” miRNAs, Griffiths-
Jones and his co-worker mapped reads of publically available
sRNA-seq data sets onto the already registered miRNA precur-
sors, and adopted the following criteria to extract miRNA genes
with high confidence: (1) for both the miRNA- and the
miRNA*-coding regions (Griffiths-Jones and his coworker rec-
ommended to rename them as 5’-armed and 3’-armed miRNAs)
of a precursor, at least 10 reads without mismatches must be
mapped to each region; (2) the most abundant reads from the 2
regions could form a duplex with 0 to 4 nt overhangs at their 3’
ends; (3) for each miRNA-coding region, at least 50% of the
mapped reads should have the same 5" end; (4) the predicted
hairpin structure of the precursor must have a folding free energy
lower than —0.2 kcal/mol/nt; (5) for both the 5'-armed and the
3/-armed miRNAs, at least 60% of the bases of the mature
sequences should be paired in the predicted hairpin structure.
Obviously, the sRNA-seq- and structure-based criteria could
improve the accuracy of miRNA annotations.

As introduced in the previous sections, the processing inter-
mediates of the miRNA precursors could be detected by degra-
% Besides, dsRNA-seq could be utilized to validate
the base-paired “stem” regions. In this consideration, we pro-
posed that in addition to sSRNA-seq, dsRNA-seq and degradome-
seq might be useful for re-examination of the miRNA registries.
For illustration, we performed a case study on the miRBase-regis-
tered (release 20) miRNAs of Arabidopsis thaliana by using
dsRNA-seq data [GSM575243 and GSM575244 retrieved from
GEO were the gifts from a previous study*’] and degradome-seq
data (AXIDT, AxIRP, AxSRP, Col, ein5, TWF and Tx4F were
obtained from Next-Gen Sequence Databases, and GSM278333
was retrieved from GEO). A total of 337 mature miRNAs on
298 precursors were re-examined. First, we mapped the dsRNA-

6
dome-seq.””

seq and degradome-seq reads onto the 298 precursors, and the
perfectly mapped reads were retained. At first glance, 211
(62.61%) out of 337 mature miRNA-coding regions on 116
(38.93%) out of 298 precursors were covered or partially covered
by dsRNA-seq reads, supporting the great potential of miRNA-
coding regions to form well-paired, double-stranded “stem”
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structures (Fig. 3; Table S1 and Data S1). Degradome signals
could be detected at 5" and/or 3’ ends of 209 (62.02%) mature
miRNA-coding regions on 122 precursors (40.94%), supporting
the processing of these precursors into mature miRNAs by
DCLI1. A total of 167 (49.55%) mature miRNA-coding regions
on 91 precursors (30.54%) were supported by both dsRNA-seq
and degradome-seq data (Fig. 3; Table S1). Additionally, 44
mature miRNAs were supported by dsRNA-seq but not by
degradome-seq data, and 42 miRNAs were supported by degra-
dome-seq but not by dsRNA-seq data (Fig. 3; Table S1). For
the 76 “high confidence” mature miRNAs in miRBase (release
20) which were annotated based on sRNA HTS data, 56
(73.68%) were supported by both dsRNA-seq and degradome-
seq data (Fig. 3). For the remaining “high confidence” mature
miRNAs, 8 were supported by dsRNA-seq, 9 were evidenced by
degradome-seq data, and 3 were not supported by dsRNA-seq or
degradome-seq data. Besides, we noticed that 81 mature miR-
NAs (24.04%) on 67 precursors (22.48%) were not supported
by dsRNA-seq and degradome-seq data, and were also not
included in the list of “high confidence” miRNAs in miRBase.
These weak candidates need experimental re-examination. From
this point of view, both dsRNA-seq and degradome-seq data
might be used to increase the reliability of the “high confidence”
miRNAs annotated solely based on sRNA-seq data. In other
words, both the dsRNA-seq data and the degradome-seq data
could be integrated into the current sRNA-seq data-based
approach for annotating “high confidence” miRNA registries.
Notably, in the above case study, the 2 dsRNA-seq data sets
originated from the unopened flower buds of Arabidopsis. Six
degradome-seq libraries were prepared from inflorescences, and
only one library was from the Arabidopsis seedlings. From this
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Figure 3. The numbers of the miRBase-registered (release 20) mature
microRNAs of Arabidopsis thaliana supported by double-stranded RNA
sequencing (dsRNA-seq) reads and degradome signatures, and those
annotated as “high confidence” ones by miRBase are shown in the Venn

diagram.
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point of view, we suspect that the ratio of dsRNA-seq- or degra-
dome-seq-supported miRNAs might be underestimated, espe-
cially for the miRNA genes abundantly accumulated in the non-
floral organs.

Uncovering novel miRNA species and novel miRNA-target
interactions

In recent years, atypical miRNA species such as mirtrons’® %4
and reverse complementary miRNA genes®” were identified
based on computational predictions, sSRNA-seq data and further
experimental validations. Besides, based on sSRNA-seq and degra-
dome-seq data, we previously proposed that in plants, the
intronic regions of the pre-mRNAs (precursors of mRNAs)
might be targeted by specific miRNAs for cleavages. The 3’
cleaved remnants might be converted to double-stranded RNAs
for phased sSRNA production through an RDR-, DCL™depend-
ent pathway. Some of the phased sRNAs could be recruited by
AGOT silencing complexes for target binding and cleavages.®®

As introduced above, the miRNAs play an important regulatory
role in gene expression. On the other hand, the accumulation of
the miRNAs should be tightly controlled at both transcriptional
and post-transcriptional levels. Recent reports in plants and ani-
mals showed that the activities of the miRNAs could be modulated
after their incorporation into the AGO-associated silencing com-
plexes. In animals, certain long non-coding RNAs were identified
to act as competing endogenous RNAs (ceRNAs) to compete with
the genuine targets for the binding of specific miRNAs.**®” Thus,
a portion of functional miRNAs could be sequestered by the ceR-
NAs, adding another layer of post-transcriptional regulation of the
miRNA activities. These ceRNAs were also called miRNA decoys
or sponges, indicating their ability of trapping mature miRNAs.
Additionally, another kind of non-coding RNAs called circular
RNAs (circRNAs) was recently discovered to be capable of serving
as miRNA sponges.*® More interestingly, in addition to the non-
coding RNAs, an mRNA sharing a common miRNA recognition
site with the other mRNAs could compete with the other target
mRNAs for miRNA binding, resulting in the diluted interactions
between the miRNAs and the other target mRNAs. Thus, certain
mRNAs possess a coding-independent role in modulating the
miRNA activities.*””* The endogenous, miRNA sponge-like tran-
scripts also exist in plants. The first case was discovered in phos-
phate signaling.”>**  IPSI (INDUCED BY PHOSPHATE
STARVATION 1), a phosphate starvation-responsive gene, encodes
a non-coding transcript containing a motif with high sequence
complementarity to miR399. The AGOl-associated silencing
complex guided by miR399 could bind to the /2SI transcript, but
could not perform target cleavage due to the 3-nucleotide mis-
matches at the expected cleavage site. In this case, the non-cleav-
able /PS1 transcript could efficiently sequester miR399, preventing
miR399 from excessive cleavages of PHO2 transcripts, another tar-
get of this miRNA. This kind of regulation was called target mim-
icry, and the non-cleavable transcripts like /2SI was named as
target mimics. Subsequently, bioinformatics predictions showed
that natural target mimic sites might be widespread on both the
protein-coding transcripts and the long non-coding RNAs in
plants.”>?® The mechanism of target mimicry enabled the
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researchers to introduce manually designed mimics into the plants
for investigation of the biological outputs through loss-of-function
of specific miRNAs.”*” It is an efficient way for the study on the
biological functions of a specific miRNA or even a miRNA family.
Similarly, in animals, manually introduced sponges were utilized
for functional studies on certain miRNAs.”® Notably, a novel kind
of sponges called anti-miRs is becoming a strong candidate for
miRNA-based therapeutics.*>**'” The anti-miRs are chemically
modified oligonucleotides developed to modulate the activides of
specific miRNAs. A recent study carried out by Hogan and his col-
leagues'® demonstrated that the anti-miR physically associated
with the AGO protein complex in the context of the cognate tar-
get miRNA both iz vitro and in vive. The targeted miRNA was
stable and continued to be associated with the AGO protein. Their
results indicate that the anti-miR could specifically associate with
the AGO-bound miRNA, and inhibit the miRNA from binding
to the target mRNA, leading to the increased level of the targeted
transcript.'%®

Based on the above mentioned observation that the manually
introduced anti-miRs could stably exist in the AGO protein com-
plexes with the target miRNAs, we questioned whether natural
anti-miRs exist in plants. To partially address the question, we
did a tentative search for the natural anti-miR candidates in
AGOL1 protein complexes of Arabidopsis. First, the mature miR-
NAs of Arabidopsis were retrieved from miRBase (release 20).
The sRNA-seq data sets generated from AGO1-associated sSRNA
population of Arabidopsis were obtained from GEO. Specifically,
4 HTS data sets contributed by a previous study'®® were utilized:
GSM707682 (AGO1-associated sSRNA in flowers), GSM707683
(AGO1-associated sRNA in leaves), GSM707684 (AGO1-asso-
ciated sSRNA in roots) and GSM707685 (AGO1-associated
sRNA in seedlings). Then, an in-house script was developed to
search for the anti-miR candidates highly complementary to the
miRNAs. To ensure the stability of the in vivo interactions, at
most 3 mismatches between the anti-miR candidates and the spe-
cific miRNAs were allowed. Besides, both the anti-miRs and the
target miRNAs should be highly enriched in AGOI, thus
increasing the possibility of anti-miR-miRNA interactions in
AGOL1. The following criterion was adopted to extract the anti-
miR-miRNA interacting pairs enriched in AGO1: for an anti-
miR-miRNA pair, the accumulation levels of both the anti-miR
and the miRNA should be higher than 5 RPM [to allow cross-
library comparison, the normalized read count (in RPM, reads
per million) of a sSRNA from a specific data set was calculated by
dividing the raw count of this sSRNA by the total counts of the
data set, and then multdplied by 106] in the AGO1 data set, and
their levels in the AGO1 data set should be 3 times or higher
than in the control data set [GSM707678 (control_flowers),
GSM707679 (control_leaves), GSM707680 (control_roots) and
GSM707681 (control_seedlings)].

As a result, several well-paired anti-miR-miRNA interactions
were identified to be enriched in at least one of the AGO1 data
sets (since this is not a paper for presenting full primary research
results, we will just show examples of identified anti-miR candi-
dates below). After mapping these anti-miR candidates to the
Arabidopsis genome retrieved from TAIR (The Arabidopsis
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Information Resource; release 10; http://www.arabidopsis.org/
),"1? we surprisingly observed that most of the anti-miR candi-
dates originated from the miRBase-registered pre-miRNAs.
Interestingly, these anti-miRs located on the miRNA*- or iso-
miR*-coding regions opposite to the miRNA-coding regions on
the stem-loop structured pre-miRNAs (Fig. S1). The miRNA*s,
named as the passenger strands, were generally considered to sub-
ject to degradation after the incorporation of the mature miRNAs
into the AGO1-associated silencing complexes in plants. How-
ever, recent studies revealed some important biological functions
of miRNA*s in both plants and animals.***®""!* Here, based
on the results obtained from our sRNA-seq-based bioinformatics
analysis, we proposed that certain miRNA*s or isomiR*s could
act as anti-miRs to inhibit the cognate miRNAs from binding
the target transcripts, thus reducing the activities of the miRNAs.
It is based on the following evidences: (1) According to the bio-
genesis model of the plant miRNAs, after DCL1-mediated 2-
step processing, miRNA and its miRNA*, forming as a short
RNA duplex, were exported to the cytoplasm for loading into the
AGOL1 complex. Thus, the miRNA*s are the natural ideal anti-
miRs with high sequence complementarity to the cognate miR-
NAs. (2) Our results showed that certain anti-miR candidates
originated from the miRNA*- or isomiR*-coding regions,
together with the corresponding miRNAs, were highly enriched
in AGOL in Arabidopsis (Fig. S1). Thus, the high accumulation
levels of both anti-miRs and the target miRNAs increase the like-
lihood that the anti-miRs and the miRNAs form interaction pairs
in AGO1. However, in-depth experimental studies are needed
for exploration and confirmation of the genuine anti-miRs 77
planta.

Taken together, based on the above case study, we would like
to emphasize the utility of HTS data in identification of novel
miRNA species and novel miRNA—target interactions.

Concluding Remarks

The plant miRNAs are already known key players in gene reg-
ulation. Although their biogenesis and action modes have been

well depicted,®” new features are being uncovered and added
onto the miRNAs encoded by the precursors encompassing
stem-loop structures.'®'" Research on the discovery and the reg-
ulatory activities of the miRNA species will be greatly accelerated
by integrative use of diverse sequencing approaches developed
from HTS platform. In this review, we introduced several HTS
methods valuable for plant miRNA studies, including RNA-seq,
RNA-PET-seq, sRNA-seq, dsRNA-seq, ssRNA-seq and degra-
dome-seq. By performing case studies, we presented a more sensi-
ble view on the utilities of sRNA-seq, dsRNA-seq and
degradome-seq data for re-examination of the current miRNA
registries, and uncovering novel sRNA species. Summarily, we
hope that this review could serve as a reference material for
researchers interested in plant miRNA biology.
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