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The role of non-coding RNAs 
(ncRNAs), both short and long 

ncRNAs, in the regulation of gene 
expression has become evident in recent 
years. Non-coding RNA-based regula-
tion is achieved through a variety of 
mechanisms; some are relatively well-
characterized, while others are much less 
understood. MicroRNAs (miRNAs), a 
class of endogenous small RNAs, func-
tion as master regulators of gene expres-
sion in eukaryotic organisms. A notable, 
recently discovered role for long ncRNAs 
is that of miRNA decoys, also referred 
to as target mimics or sponges, in which 
long ncRNAs carry a short stretch of 
sequence sharing homology to miRNA-
binding sites in endogenous targets. As 
a consequence, miRNA decoys are able 
to sequester and inactivate miRNA func-
tion. Engineered miRNA decoys are also 
efficacious and useful tools for studying 
gene function. We recently demonstrated 
that the potential of miRNA decoys to 
inactivate miRNAs in the model plants 
Arabidopsis thaliana and Nicotiana ben-
thamiana is dependent on the level of 
sequence complementarity to miRNAs 
of interest. The flexibility of the miRNA 
decoy approach in sequence-dependent 
miRNA inactivation, backbone choice, 
ability to simultaneously inactivate mul-
tiple miRNAs, and more importantly, to 
achieve a desirable level of miRNA inac-
tivation, makes it a potentially useful 
tool for crop improvement. This research 
addendum reports the functional exten-
sion of miRNA decoys from model plants 
to crops. Furthermore, endogenous 
miRNA decoys, first described in plants, 
have been proposed to play a significant 
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role in regulating the transcriptome in 
eukaryotes. Using computational analy-
sis, we have identified numerous endog-
enous sequences with potential miRNA 
decoy activity for conserved miRNAs in 
several plant species. Our data suggest 
that endogenous miRNA decoys can be 
widespread in plants and may be a com-
ponent of the global gene expression reg-
ulatory network in plants.

Introduction

MicroRNAs (miRNAs), a class of small 
ncRNAs, are key regulators of gene 
expression controlling numerous func-
tions from growth and development to 
stress responses in plants and animals.1-3 
In plants, mature miRNAs are processed 
from long ncRNA precursors containing 
a stem-loop secondary structure by an 
RNase III-like enzyme, DCL1, in coor-
dination with DRB1 (HYL1), and SE; 
and are further modified by HEN1 and 
exported by HST. The guide stand of 
the miRNA duplex is then loaded into 
the AGO1 protein, the major component 
of the RNA-induced silencing complex 
(RISC), and serves as the specificity deter-
minant in target recognition (for review 
see reference 1). In plants miRNA-medi-
ated gene repression occurs at the post-
transcriptional level, triggering mRNA 
cleavage, as well as by inducing transla-
tional inhibition.4,5 In some instances, 
small RNAs derived from miRNA tran-
scripts have been reported to induce DNA 
methylation pathways in animals and 
plants.6-8

MicroRNAs are found to interact with 
a wide range of target transcripts, both 
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ARF (AUXIN RESPONSE FACTOR) 
transcription factors and TCP (TEOSINTE 
BRANCHED/CYCLOIDEA/PCF) tran-
scription factors, respectively.4,13,14 The 
putative targets of miR156 and miR172 
in soybean are also common with 
Arabidopsis, including orthologs of SPL 
(SQUAMOSA PROMOTER BINDING 
PROTEIN LIKE) transcription factors 
and AP2-like (APETALA2) transcription 
factors, which are involved in develop-
mental timing.27-31

Our data indicate that expression of 
both bulged and mismatched decoys 
leads to degradation of mature miRNAs 
in soybean. The extent of miRNA degra-
dation varied, depending on decoy type 
and miRNA targeted. The level of mature 
miRNA reduction observed ranged from 
very strong to mild; however, clearly vis-
ible phenotypes were apparent in all 
transformants. Plant height was reduced 
in miR171_3B transformants, leaf rigid-
ity was decreased in transformants 
expressing miR319_3B, and altered leaf 
morphology was found in plants express-
ing miR160_3B, miR160_2M, as well 
as in miR156_3B-miR172_3B double 
decoy transformants (data not shown). 
A dramatic reduction in miRNA level 
was observed in the case of miR171_3B 
(Fig. 1A), miR319_3B (Fig. 1B) and 
miR160_3B (Fig. 1C) decoy transfor-
mants, wherein the decoys were embedded 
in the corn backbone with a bulge bear-
ing three extra nucleotides. In the case of 
miR160_2M (Fig. 1C) and miR156_3B 
—miR172_3B (Fig. 1D) double decoy 
transformants, a relatively mild reduc-
tion in respective miRNAs was noted, 
but plants were accompanied with readily 
observed phenotypes in all transformants, 
indicating some functional thresholds had 
been met. Only in miR171_2M trans-
formants, which show a small decrease 
in miR171 levels, were no dramatic phe-
notypic differences evident (data not 
shown). These results confirm previous 
observations made in model plants15,24,25 
and suggest that decoy-dependent 
miRNA degradation, along with miRNA 
sequestration, are conserved mechanisms 
of miRNA inactivation in plants. While 
decoy dependent miRNA degradation was 
shown to be associated with activity of the 
proteins encoded by the SMALL RNA 

is not limited to the endogenous miR399 
mimic example described,24,25 which con-
tains a three nucleotide bulge structure. 
Rather, it has been demonstrated that a 
range of decoy configurations are effica-
cious when extended up to five nucleotide 
insertions and with as few as one mismatch 
at position 11, relative to the miRNA.15 
In addition, we have shown that mul-
tiple decoy sites can be incorporated into 
a single transcript, downregulating the 
activity of multiple miRNAs simultane-
ously, and that functional decoys can exist 
as part of protein coding transcripts.15 In 
this addendum, we report that miRNA 
decoys are functional in plant species 
beyond Arabidopsis and N.  benthami-
ana. Furthermore, computational analy-
sis identified endogenous putative decoy 
transcripts in numerous plant species, 
suggesting the involvement of miRNA 
decoys in the global expression regulatory 
network of plants may be broad.

Results

miRNA decoys function in crops. In 
order to demonstrate that miRNA decoy 
function is not limited to model plant spe-
cies, such as Arabidopsis and N. benthami-
ana, decoy overexpression vectors with 
bulged or mismatched structures target-
ing several conserved miRNAs (miR160, 
miR171, miR172 and miR319) were con-
structed and transformed into soybean. 
All bulged decoys (miR160 and miR171) 
contained a three nucleotide insertion (3B) 
between the nucleotides interacting with 
10 and 11 of the corresponding miRNA. 
Mismatched decoys (miR160, miR171  
and miR319) were designed with two mis-
matches (2M) at the nucleotides interact-
ing with 10 and 11 of the corresponding 
miRNA. All decoys were embedded in a 
long ncRNA transcript amplified from 
Z. mays. See Ivashuta, et al.15 for further 
details of general decoy design. A double 
decoy, containing two bulged decoy sites 
separated by a 75 nucleotide synthetic 
spacer, was designed to inhibit both 
miR156 and miR172. As in Arabidopsis, 
miR171, miR160 and miR319 in soybean 
are predicted to interact with the tran-
scripts of GRAS (GIBBERELLIC ACID 
INSENSITIVE, REPRESSOR OF GA1, 
and SCARECROW ) transcription factors, 

protein coding and non-coding, including 
non-coding transcripts serving as precur-
sors for other types of small RNAs, such 
as trans-acting siRNAs (tasiRNAs).4,9,10 
MicroRNA-based regulation of gene 
expression helps to achieve the spatial and 
temporal patterns necessary for proper 
genetic function of target transcripts.10-12 
As a consequence, mis-regulation of 
miRNAs often leads to developmental 
abnormalities.4,13-15 Given their powerful 
influence, the system regulating miRNA 
activity must be equally robust. This sys-
tem is a compilation of several layers of 
regulation, including pri-miRNA tran-
scription rate16 and localization,17 process-
ing,18 stability,19-21 and movement of both 
the precursor and mature miRNA.22,23

One layer of miRNA regulation 
recently identified in both plants and ani-
mals has been termed miRNA decoys, or 
target mimicry. MicroRNA decoys rely 
on the sequence-dependent interaction 
of miRNAs with other non-coding and/
or protein coding RNAs. The first endog-
enous miRNA decoy example demon-
strated, the interaction of mature miR399 
in Arabidopsis with INDUCED BY 
PHOSPHATE STARVATION 1 (IPS1), 
a non-coding RNA containing a miR399 
decoy, or mimic site, results in miR399 
inactivation and subsequent upregulation 
of PHO2, the primary miR399 target 
transcript.24 Being the foremost example, 
the concept of ncRNA-mediated inacti-
vation of miRNA function has been suc-
cessfully established by overexpressing 
modified versions of the IPS1 transcript, 
sequestering a variety of miRNAs in 
Arabidopsis.24,25 It was also demonstrated 
that a modified ncRNA transcript endog-
enous to corn and a soybean miRNA 
precursor can serve as backbones for 
miRNA decoys.15 To date only one nat-
urally-occurring miRNA decoy has been 
described in plants,24 however, bioinfor-
matic analysis suggests the presence of 
orthologous miR399 decoys in other spe-
cies,15,26 and that other miRNAs in plants 
may be regulated by endogenous decoys.15

Direct manipulation of miRNA antag-
onism through engineered decoy sequences 
affords the potential for practical applica-
tions for studying miRNA function and 
modification of plant characteristics. The 
range of functional plant miRNA decoys 
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lineages (Table 1). The predicted decoys 
were mapped to the species’ ESTs from 
GenBank (as of 07/07/2011) to evalu-
ate whether the decoys were expressed. 
The criteria to call a positive mapping 
included 95% identity and 95% coverage 
of the EST. The predicted decoys were 
then mapped and manually analyzed for 
homology to miRNA precursors found 
in miRbase. Any sequences with matches 
to the miRNA precursors were discarded. 

evaluated by conducting a computational 
identification of putative miRNA decoy 
sequences in various species. Selection 
of conserved miRNA families was based 
on Cuperus, et al.32 Mature miRNA 
sequences were downloaded from miR-
Base (www.mirbase.org, V17). Decoys 
were predicted as described previously15 in 
plant species for which genome sequences 
or transcriptome sequences were available 
and that represent important evolutionary 

DEGRADING NUCLEASE (SDN) fam-
ily, SDN1 and SDN2, in Arabidopsis,21 
it is not clear how plants distinguish 
between miRNA/miRNA-target and 
miRNA/decoy interactions, as only the 
latter interaction leads to the destabiliza-
tion of the mature miRNA in the majority 
of transformants tested.

Endogeneous miRNA decoys in 
plants. The scale of potential miRNA 
decoy-based regulation in plants was 

Figure 1. Northern blot analysis of decoy-targeted miRNAs of interest. A bulged (3nt) decoy targeting (A) miR171 and (B) miR319 was embedded 
in a long non-coding transcript and constitutively overexpressed in soybean, leading to decreased levels of each mature miRNA. (C) A bulged and 
mismatched decoy was each singly overexpressed in the same long non-coding transcript, each targeting miR160. Levels of mature miR160 were re-
duced in transformants containing each type of decoy, including one bulge event showing almost total elimination of the miRNA. (D) Levels of mature 
miR156 and miR172 were simultaneously reduced by overexpressing a double decoy transcript, a long non-coding transcript containing a bulged 
decoy site targeting miR156, followed by a second bulged decoy site targeting miR172. The decoy sites were separated by a non-coding 75 nucleotide 
spacer.
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by miRNA-miRNA decoy binding/asso-
ciation in some cases.15 At the same time, 
decoy efficiency decreases, possibly due 
to the interference of the decoy-bound 
AGO/miRNA complex with the trans-
lational machinery. However, inserting a 
spacer between the miRNA decoy site and 
open reading frame (ORF) may alleviate 
such interference and may increase both 
decoy and translational efficiency, as was 
shown to be the case in experiments in N. 
benthamiana.15 Further work is needed to 
clarify the mechanism underlying decoy-
associated miRNA turnover and the con-
tribution of decoys to global regulation of 
gene expression in plants.
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