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Abstract

MicroRNAs, which target mRNAs for post-transcriptional regulation, and heterochromatic 

siRNAs, which target chromatin causing DNA methylation, make up the majority of the 

endogenous regulatory small RNA pool in most plant specimens. They both function to guide 

Argonaute proteins to targeted nucleic acids on the basis of complementarity. Recent work on 

plant miRNA-target interactions has clarified the general ‘rules’ of complementarity, while also 

providing several intriguing exceptions to these rules. In addition, emerging evidence suggests that 

several factors besides miRNA-target complementarity affect plant miRNA function. For 

heterochromatic siRNAs, recent work has made progress towards comprehensively identifying 

potential target regions, but numerous fundamental questions remain to be answered.

Introduction

Many 20 to 24 nt non-coding RNAs serve as regulatory molecules in plants. Two major 

categories are recognized based upon the nature of the RNA precursors: microRNAs 

(miRNAs), which are processed from stem-loop regions of single-stranded primary RNAs, 

and endogenous short interfering RNAs (siRNAs), which are processed from double-

stranded RNAs [1]. After biogenesis, both miRNAs and siRNAs are bound to Argonaute 

(AGO) proteins, where they serve to identify ‘target’ RNAs by base-pairing interactions. 

Successful identification of a target by miRNA/AGO complexes and a minority of 

siRNA/AGO complexes leads to post-transcriptional repression, while the majority of plant 

siRNA/AGO complexes instead lead to transcriptional repression via chromatin 

modifications. The extent and positions of complementarity between targets and AGO-

loaded small RNAs clearly has a major influence on target selectivity. Recent evidence also 

suggests that there may be other factors influencing target selectivity. In this review, we 

focus on recent work that addresses the factors required for target identification by plant 

miRNA/AGO and siRNA/AGO complexes.
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miRNA-Target Complementarity: Rules and Exceptions

The first experimentally confirmed plant miRNA-target interactions, between miR171 and 

its SCARECROW-LIKE (SCL) mRNA targets, had perfect complementarity [2]. However, it 

was soon apparent that perfect complementarity was the exception, rather than the rule: 

Most of the easily discovered and confirmed plant miRNA targets found in early studies had 

less than perfect base pairing to their cognate miRNAs [3]. Numerous experimental and 

computational studies in the mid-2000s (reviewed in [1]) led to a consensus on the ‘rules’ of 

base-pairing for a functional plant miRNA-target interaction: Little tolerance of mismatches 

at positions 2–13, with especially little tolerance of mismatches at positions 9–11, and more 

tolerance of mismatches at positions 1, and 14–21 (Figure 1). Having a set of reliable ‘rules’ 

for computational prediction of miRNA targets is a critical part of investigating the 

functions of newly found miRNAs as well as for the design of artificial miRNAs [4,5]. The 

canonical plant rules are in stark contrast to the general rules for animal miRNA-target 

complementarity: In animals, pairing at positions 2–7 is sufficient for a functional 

interaction [6]. This so-called ‘seed pairing’ does not appear to be functional for land plant 

miRNAs [7], although it has been reported to function in the green alga Chlamydomonas 

[8].

Several exceptions to the canonical rules have been observed (Figure 1). The Arabidopsis 

non-coding RNA TRANS-ACTING SIRNA 1B (TAS1b) is targeted by miR173 despite the 

presence of two consecutive mismatches at positions 9 and 10 [9]. The Arabidopsis miR398-

COPPER/ZINC SUPEROXIDE DISMUTASE 2 (CSD2) interaction has two G-U wobble 

pairs and a bulged nucleotide in the critical 2–13 region [3]. In isolation, however, the 

efficacy of this target site is quite weak [7]. Another Arabidopsis miR398 target, BLUE 

COPPER BINDING PROTEIN (BCBP), is regulated despite a six nucleotide bulge between 

positions 6–7 of the miRNA [10]*. Like the miR398 target site in CSD2, the BCBP miR398 

site functions, albeit weakly, outside of the context of its native mRNA. These exceptions 

show that the canonical ‘rules’ are not absolute. It also seems possible that miR398 is 

especially tolerant of unusual target sites. It will be important to determine whether there are 

indeed miRNA-specific variations in complementarity requirements, as this could have a 

major influence on designing better artificial miRNAs, and on reducing false negatives in 

miRNA target predictions.

Another major set of exceptions to the canonical plant miRNA-target complementarity rules 

are the target-mimics (Figure 1). The natural target-mimic sites found to date are in non-

coding RNAs and have G-U wobbles and/or mismatches at positions 9–11 [11] or bulged 

target nucleotides between positions 9–11 [12], but are otherwise almost perfectly paired. 

These sites prevent AGO-catalyzed ‘slicing’, which normally occurs between positions 10–

11. They also function as competitive inhibitors of the regulation of canonical miRNA 

targets, and as such can be exploited to create reduction-in-function phenotypes for miRNAs 

[13,14]. Importantly, naturally occurring target-mimics embedded in long non-coding RNAs 

appear to be frequent and conserved in plants, suggesting that they may be an important 

aspect of miRNA function [15*]. Target-mimic sites also function when placed in the 

context of protein-coding mRNAs, and several patterns of central mismatches or bulges are 

allowed [7,13–17]. However, there are conflicting data on whether such sites can also direct 
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repression of their host transcripts. Our group found that single target-mimic sites in 

transiently expressed reporters were not themselves repressed [7]. In contrast, a single 

target-mimic site in an over-expressed ENHANCED YELLOW FLUORESCENT PROTEIN 

(eYFP) transgene was sufficient to repress eYFP fluorescence in transgenic plants [13], and 

2–8 tandem target-mimic sites located in the 3′-untranslated region (UTR), or a single site 

located in the 5′-UTR, repressed translation of reporter mRNA in an in vitro AGO-

repression system [18]. It is possible that these discrepancies can be accounted for by the 

ratio of miRNA to target: Li et al. [19**] observed that a target-mimic-like site only became 

able to cause repression of its host mRNA when the ratio of miRNA to target was high.

Plant miRNA Targeting: Factors Beyond Complementarity

Emerging evidence suggests that there are other determinants of targeting beyond miRNA-

target complementarity (Table 1). In a large study of artificial miRNAs, all with 

approximately similar patterns of high complementarity, Li et al. [20] observed a trend 

toward higher efficacies when target sites were closer to the 5′ end of the target mRNA. The 

trend was especially apparent when measurements of miRNA efficacy were made at the 

level of protein accumulation, rather than at the level of mRNA accumulation. Consistent 

with this, Iwakawa and Tomari [18] observed that, in vitro, target sites in the 5′-UTR and 

open reading frame (ORF) blocked elongation of translation, while those in the 3′-UTR 

blocked translation initiation. However, there are some caveats to these conclusions. 

Random variations in artificial miRNA biogenesis and/or AGO loading, or in mRNA 

secondary structures at the various target sites, may have contributed to the variable effects 

of artificial miRNAs reported by Li et al. [20]. Iwakawa and Tomari’s [18] experiments 

depended on a mutated AGO1 protein that was incapable of target cleavage, which of course 

does not occur in vivo. Further work is required to more rigorously test whether the position 

of a target site within an mRNA has a consistent, predictable effect on miRNA target 

efficacy in vivo.

Recent advances in methodology have allowed transcriptome-wide views of mRNA 

accessibility in plants [21–23]. These data collectively reveal a great deal of variability in 

mRNA accessibility due to a combination of mRNA secondary structures and mRNA-

binding protein occupancies. Conceptually, miRNA/AGO complexes may have a harder 

time finding target sites that are occluded by RNA-binding proteins or by locally stable 

mRNA secondary structures. Consistent with this notion, sites flanking plant miRNA target 

sites tend to be depleted in GC residues, which could indicate selection for less robust local 

secondary structures [24]. Direct analysis of mRNA accessibility using a high-throughput 

approach supports this conclusion: miRNA target sites generally are more accessible than 

their flanking regions in Arabidopsis [21]. This hypothesis was directly tested for 

Arabidopsis MYELOBLASTOSIS33 (MYB33), a conserved target of miR159: Simultaneous 

mutation of five nucleotides immediately upstream of the target site and six nucleotides 

immediately downstream of the target site caused over-accumulation of both MYB33 

mRNAs and MYB33 proteins [19**]. This result strongly suggests that the nucleotides 

flanking the MYB33 miR159 site have been selected to somehow allow optimal exposure of 

the target site. However, because this experiment made three amino acid substitutions in the 

MYB33 protein, it remains possible that the results were instead due to aberrant MYB33 
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protein behavior. Nonetheless, taken as a whole, several different observations together 

suggest that local sequence context affects plant miRNA target site function. Future work 

should endeavor towards a deeper understanding of how these effects work. This will allow 

better design of effective artificial miRNA target sites.

A final mechanism by which plant miRNA-targeting may be influenced is the ratio of 

miRNA to target mRNA levels. Li et al. [19**] observed that over-expressed MIR159a-

based artificial miRNAs with two central mismatches suppressed the phenotype of 

miR159ab mutant plants and repressed miR159’s targets. However, native-promoter driven 

MYB33 transgenes with one or two central mismatches were not able to be substantially 

repressed by native miR159. These observations are consistent with a hypothesis where sub-

optimal patterns of complementarity (i.e., those with central mismatches), can cross a 

threshold into detectable repression when there are high miRNA/target ratios. Indeed, such 

central mismatch sites are known to function as target mimics [7,16], and thus can likely 

stably bind miRNA/AGO complexes. One interpretation of the available data is that when 

there is enough miRNA present, interactions that normally would simply be target-mimics 

become repressed in their own right. If this is true, it has general implications for artificial 

miRNA design, because one would need to consider ‘mimic-like’ patterns of 

complementarity as potential targets (or avoid inadvertently repressing them as off-targets).

The Elusive Targets of Heterochromatic siRNAs

Heterochromatic siRNAs (hc-siRNAs) are the other major class of endogenous plant small 

RNAs. They are usually derived from intergenic and/or repetitive regions, and unlike the 

~21 nt miRNAs, tend to be ~24 nts in length. After biogenesis in the nucleus (recently 

reviewed in [25*]), 24 nt hc-siRNA duplexes are transported to the cytoplasm and loaded 

into an AGO4-clade protein. After slicing the passenger strand of the hc-siRNA duplex, the 

guide-strand assembled hc-siRNA/AGO complex is transported back to the nucleus [26]. 

The nuclear-cytoplasmic-nuclear shuttling during hc-siRNA biogenesis may reflect the fact 

that hc-siRNAs are mobile within the plant [27], such that the recipient nucleus may often 

be distinct from the source nucleus. Once in the recipient nucleus, the hc-siRNA/AGO 

complex identifies specific target regions in the chromatin. Successful targeting is 

accompanied by DNA methylation at the target locus, especially in the CHG and CHH 

sequence contexts.

Transcription by the plant-specific DNA-dependent RNA polymerase complex, Pol V, is 

essential for hc-siRNA-mediated DNA methylation [28], and a key hc-siRNA associated 

Argonaute, AGO4, can co-immunoprecipitate with Pol V-dependent RNAs [29–30]. AGO4 

physically associates with a repetitive C-terminal domain of the Pol V largest sub-unit [31]. 

These and similar observations have led to the predominant model for hc-siRNA targeting: 

hc-siRNA/AGO complexes identify complementary sites on nascent Pol V transcripts 

(Figure 2 - model 1), and successful identification leads to recruitment of DNA 

methyltransferases to the vicinity of the locus. To date, genome-wide inventories of Pol V 

RNAs have not been reported. This is likely due to their very low abundance; the handful of 

known Arabidopsis Pol V RNAs reported to date have only been detected by reverse 

transcriptase polymerase chain reaction (RT-PCR) assays, which are highly sensitive. 
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Obtaining complete, genome-wide inventories of Pol V RNAs will be critical to better 

understand targeting by hc-siRNAs.

It is striking that despite intense research on hc-siRNAs, there has not yet been a single 

experimentally confirmed example of a discrete, single hc-siRNA target site on a discrete 

Pol V RNA. This may be due to the difficulty of identifying Pol V RNAs in the first place 

(see above). However, an alternative hypothesis of hc-siRNA targeting is also possible. 

Matzke et al. [25*] suggest that hc-siRNA/AGO complexes target genomic DNA instead of 

Pol V-transcribed nascent RNA. In this model, Pol V transcription is required not to produce 

RNA per se, but to open a transcription bubble that allows hc-siRNA/AGO complexes the 

opportunity to scan for sequence matches in the genomic DNA (Figure 2 - model 2). The 

demonstrated associations between AGO4 and Pol V RNAs could be interpreted as indirect 

consequences of their proximity, rather than as evidence of a direct hc-siRNA/Pol V RNA 

interaction. That AGO4 is in close proximity to chromatin at Pol V-occupied loci is not in 

doubt, as AGO4 chromatin immunoprecipitation-sequencing (ChIP-Seq) has been shown to 

produce useful results [32]. Further study is required to determine whether the alternative 

hypothesis of a direct hc-siRNA/genomic DNA interaction is true.

Tracking Pol V-bound Chromatin

Regardless of whether hc-siRNAs target nascent RNA or genomic DNA, it seems clear that 

the sites of Pol V transcription or occupancy delineate eligible target regions. Several studies 

have reported on (ChIP-Seq) experiments that collectively provide genome-wide Pol V 

occupancy profiles in Arabidopsis [33–34,35**]. Somewhat surprisingly, Pol V occupancy 

is enriched at gene promoters and ‘young’ transposons [33], and loss of Pol V function 

causes a global shift in DNA methylation in the CHH context away from euchromatic 

regions and into pericentromeric regions [34]. One interpretation of these data is that Pol V 

functions to patrol protein-coding regions of the genome for infiltration by new transposons 

by making them eligible targets of hc-siRNAs. Pol V occupancy, and presumably 

transcription, depends upon a complex comprised of the DEFECTIVE IN RNA-DIRECTED 

DNA METHYLATION1 (DRD1), DEFECTIVE IN MERISTEM SILENCING3 (DMS3), 

and RNA-DIRECTED DNA METHYLATION1 (RDM1) proteins [33]. Pol V occupancy 

also depends upon the SU(VAR)3-9 HOMOLOG2 (SUVH2) and SU(VAR)3-9 

HOMOLOG9 (SUVH9) proteins [35**,36**]. SUVH2 and SUVH9 both bind methylated 

DNA, indicating a requirement of already-methylated DNA for SUVH2 and SUVH9 to 

direct Pol V occupancy.

Why does Pol V, a factor required for initiation and maintenance of DNA methylation, 

require its binding sites to be already methylated? An emerging consensus is that the 24 nt 

hc-siRNA/Pol V pathway represents a steady-state, self-reinforcing ‘surveillance’ function 

for genomic elements that have already been identified in previous generations as silencing 

targets. Consistent with this hypothesis, Nuthikattu et al. [37] found that initiation of de novo 

epigenetic silencing of re-activated transposable elements requires 21–22 nt hc-siRNAs, not 

the ‘canonical’ 24 nt hc-siRNAs. These TE derived 21–22 nt siRNAs can be loaded into 

AGO6, an Argonaute in the AGO4-clade, and mediate Pol V-dependent DNA methylation 

[38*]. Similarly, a re-activated Arabidopsis transposon, EVD, was initially targeted by 21–
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22 nt hc-siRNAs that primarily functioned at the post-transcriptional level [39]. After 

several generations, the 21–22 nt hc-siRNAs were replaced with 24 nt hc-siRNAs, and DNA 

methylation became apparent. This transition from initiation of silencing by 21–22 nt 

siRNAs to maintenance by 24 nt siRNAs does not require transposition, as it also occurs 

during virus-induced gene silencing of epigenetically sensitive protein-coding genes [40].

Unknowns of hc-siRNA Targeting

hc-siRNAs presumably fulfill the same basic molecular function as miRNAs and other types 

of siRNAs: Guiding AGO complexes to targets based on siRNA - target complementarity. 

However, a single discrete, naturally occurring Pol V-enabled target site (on DNA or RNA) 

of a single known hc-siRNA has yet to be conclusively identified. This is a difficult 

experiment, both because natural Pol V targets are currently rather obscure, and because hc-

siRNAs tend to be made as diverse populations of multiple siRNAs, as opposed to the 

discrete, single species typical of miRNAs. Because of this, the amount of hc-siRNA/target 

complementarity required for function is currently unknown. It stands to reason that perfect 

matches will function. But it also may be that imperfect pairing also functions, as it does for 

plant miRNAs. If so, this would require a re-assessment of the scope of hc-siRNA targeting 

in plant genomes. Determining the base-pairing requirements for hc-siRNA targeting of Pol 

V RNAs and/or Pol V-opened chromatin should be a high priority for future research.

Another outstanding question is the role of AGO4 ‘slicing’ during targeting. Like most plant 

Argonautes, AGO4 possesses a conserved catalytic motif. AGO4 slicing of the passenger 

strand of the initial hc-siRNA duplex is clearly essential for proper loading of hc-siRNAs in 

the cytoplasm [26]. In vitro, hc-siRNA/AGO4 complexes can slice target RNA [41], 

suggesting that AGO4 slicing might also be required at the targeting stage. However, It is 

currently unknown whether AGO4 actually slices target RNAs in vivo. A long-standing but 

unproved hypothesis is that hc-siRNA assembled AGO4 slices nascent Pol V transcripts 

(Figure 2 - model 3), and the slicing products are then used as substrates to produce more 

hc-siRNAs, amplifying the silencing. However, as described above, Pol V RNAs can be 

detected by AGO4 immunoprecipitation [29–30], which suggests stable binding between 

AGO4 and targets in vivo. Stable binding to target RNAs would not be expected for 

interactions that result in AGO4-catalyzed target slicing; for plant miRNAs, whose targeting 

often involves slicing, only catalytically inactive AGOs can co-immunoprecipitate target 

RNAs [42]. Further experiments are needed to more fully describe the role of AGO4-

catalyzed slicing, if any, during the targeting phase of the hc-siRNA pathway.

Conclusion

The basic parameters of miRNA-target interactions in plants are now well known. However, 

several factors beyond the base-pairing pattern are now implicated in modulating miRNA 

targeting efficiencies. For hc-siRNAs, the specific details of targeting are much less well-

known at present. Better understanding of these interactions will facilitate improved target 

identification and artificial small RNA design, which will be valuable enabling knowledge 

for both research and industry.
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Figure 1. 
Rule-breakers. Examples of functionally validated miRNA-target interactions from 

Arabidopsis thaliana. The miR164/NAC1 interaction on top is representative of the 

canonical ‘rules’ for plant miRNA targeting: Extensive pairing to positions 2–13 of the 

miRNA, with most or all mismatches occurring to the 3′ end of the miRNA. The other six 

target sites all violate these rules, but have nonetheless been experimentally proven to 

function in vivo.
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Figure 2. 
Alternative models for hc-siRNA/target interactions. Model 1: AGO4-bound hc-siRNAs 

identify target sites on nascent Pol V RNAs, but don’t cleave them. Model 2: AGO4-bound 

hc-siRNAs identify target sites in genomic DNA within the Pol V transcription bubble. 

Model 3: Like model 1, except that AGO4 catalyzes slicing of the Pol V RNA.
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Table 1

Factors other than miRNA-target complementarity that may affect plant miRNA repression efficacies.

Factor Possible Molecular Explanation(s) Key Reference(s)

Relative location of target site within 
protein-coding mRNA

Distinct mechanisms of target repression based on target site location? [18],[20]

Target mRNA sequences flanking 
the target site

Occurrence of inhibitory target mRNA secondary structures? Recruitment of 
RNA-binding proteins?

[19**],[21],[24]

Ratio of miRNA levels to target 
mRNA levels

Target sites with sub-optimal complementarity are not detectably repressed in 
the absence of overwhelming amounts of miRNA?

[19**]

Curr Opin Plant Biol. Author manuscript; available in PMC 2016 October 01.


