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ABSTRACT

RNA silencing denotes sequence-specific repression mediated by small RNAs. It includes post-transcriptional
silencing mechanisms such as RNA interference (RNA1) and microRNA (miRNA) pathway and transcriptional
silencing. RNA silencing regulates endogenous protein-coding gene expression, serves as a form of innate im-
munity targeting viruses, and protects genome integrity by repression of retrotransposons. This review provides
overview of RNA silencing in flowering plants, from which comes the bulk of published data. Plants have arguably
the most complex RNA silencing system among eukaryots because of existence of many paralogs of key protein
factors, which form an intricate network of primary and secondary small RNAs, which mediate transcriptional
and post-transcriptional effects. The first half of the review will provide a detailed catalogue of components of
RNA silencing in plants while the second half will discuss the specific silencing mechanisms themselves and their
biological roles, with a particular focus on the miRNA pathway, PTGS/VIG (plant’s equivalent of RNAI), and
transcriptional gene silencing (TGS), which is a unique RNA silencing adaptation existing in plants.

Introduction

Plants are extremely large and diverse group of multicellular organisms. Among their defin-
ing features are cell walls are made of cellulose, the ability to perform photosynthesis in
chloroplasts, double membrane organelles containing chlorophyll a/b, and use of starch
to store photosynthetic products. There are ~500 000 described species (Margulis and
Schwartz, 1998), which are classified in 10—12 phyla by different taxonomical concepts. In
this review, I will focus on so-called angiosperms (phylum Magnoliophyta or Anthophyta),
which is the most populous plant phylogenetic group (Palmer et al., 2004) and from which
are most data concerning RNA silencing in plants.
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RNA silencing is extremely convoluted in plants. It is the most complex RNA silencing
among the reviewed taxons thanks to existence of many Dicer, Argonaute, and RNA-de-
pendent RNA polymerase (RARP) paralogs, which fucntion in an intricate network of pri-
mary and secondary small RNAs, which mediate transcriptional and post-transcriptional
effects. The nomenclature of small RNAs in plants is complex and arbitrary; small RNAs
include miRNAs and various types of siRNAs produced from ds RNA, which are distin-
guished by their origin (viral siRNA), biogenesis (phased siRNAs) or their effect (het-
erochromatinizing siRNAs). RNA silencing in plants can be divided in three to four main
systems: miRNA, RNAi/ post-transcriptional gene silencing (PTGS), antiviral defense/
virus-induced gene silencing (VIGS), and transcriptional gene silencing (TGS) (Bologna
and Voinnet, 2014; Bonnet et al., 2006; Borges and Martienssen, 2015; Carbonell and Car-
rington, 2015; Chen, 2009; Galun, 2005; Mallory et al., 2008; Van Ex et al., 2011; Vazquez,
2006; Zhang et al., 2015).

Here, I will focus on data from Arabidopsis thaliana and first review the molecular fea-
tures of key individual components of RNA silencing related to the miRNA pathway and
dsRNA response — Dicers, Argonautes, and RARPs. In the second half of this review, I will
discuss the reviewed mechanisms themselves and their biological roles, with a particular
focus on the miRNA pathway, PTGS/VIG — plant’s equivalent of RNAI, and transcriptional
gene silencing (TGS), which is a unique adaptation found in plants. Unless specifically
stated, presented information comes from the Arabidopsis thaliana model.

Dicer proteins — DCL1-4 and additional Dicer family members

Plants have specialized and compartmentalized Dicer (Dicer-like — DCL) proteins that act
partially redundantly and hierarchically in small RNA production in different pathways —
miRNA, antiviral defense, endo-RNAi pathways, or chromatin remodelling (Liu et al.,
2009b; Moissiard and Voinnet, 2006; Xie et al., 2005). The “basal” plant state found in
Arabidopsis (or, for example, cotton (Silva et al., 2011)) is four Dicers, which presumably
evolved through duplications of an ancestral Dicer (Margis et al., 2006). Some plants (such
as monocots) have higher counts of Dicer homologs — there are five in poplar and eight in
rice; the additional Dicers evolved through duplications of one of the four “basic” plant
Dicers (Kapoor et al., 2008; Margis et al., 2006; Mukherjee et al., 2013).

Plant Dicer proteins are large multidomain proteins, which have essentially the same
domain organization as animal Dicers (Fig. 1), i.e. they are composed of domains ordered
from the N- to the C-terminus as follows: N-terminal DExD and helicase superfamily
C-terminal domains, a domain of unknown function DUF283 (not annotated in DCL-3 of
Arabidopsis thaliana but annotated in poplar and rice DCL3), a PAZ domain, RNase Illa
and RNase I1Ib domains, and the C-terminal dsRBD. The four plant Dicers differ in size
and the number of dSRBD domains — DCL1, DCL3, and DCL4 have an additional dsSRBD
(Fig. 1). Although none of the plant Dicers has been either crystallized or analyzed by
cryo-EM, the conserved domain organization and available biochemical data suggest that
plant Dicers operate under the same principles as animal Dicers despite their functional
diversification. In general, DCLI is mainly functioning in the miRNA pathway while
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Figure 1 Comparison Dicer protein domain composition among Dicer proteins in A. thaliana, and
C. elegans
Domain composition was adopted from (Jaskiewicz and Filipowicz, 2008).

DCL2, 3, 4 produce siRNAs for silencing mobile elements or in antiviral defense where
DCL3 represents the nuclear arm of the defense, which is distinguished by production of
longer siRNAs (24 nt). Detailed review of individual DCL proteins is provided further
below:

DCL1 - miRNA biogenesis & PTGS

DCLI1 is the oldest known and possibly best characterized member of the DCL gene family
in Arabidopsis. DCL1 was repeatedly recovered from mutation screens in plants since early
90’s and it has been given several names (EMBRYO DEFECTIVE76 (EMB76), SHORT
INTEGUMENTSI (SIN1), SUSPENSORI (SUS1) and CARPEL FACTORY (CAF)) pri-
or recognizing that it is a factor closely related to Dicer proteins acting in RNA silencing
in animals (Schauer et al., 2002). DCL1 was first shown to be required for biogenesis of
miRNAs but not siRNAs (Park et al., 2002; Reinhart et al., 2002). The size of the cleavage
product is 21 nt, a nucleotide shorter than average length of animal miRNAs (Fig. 2).

DCL1 contains two putative nuclear localization signals and it localizes to the nucleus
where it produces small RNAs (Papp et al., 2003). Furthermore, it was shown that DCL1 is
also able to produce 21 nt from a transgenic inverted repeat (Papp et al., 2003).

DCL1 operates with a dsRBD binding partners DRB1 and DRB2 (Curtin et al., 2008;
Reis et al., 2016; Reis et al., 2015b). Interestingly, DCL1 represses antiviral RNA silencing
through negatively regulating the expression of DCL4 and DCL3 (Qu et al., 2008). DCL1
is an essential gene in Nicotiana attenuata (Bozorov et al., 2012) and its miRNA function
is conserved in tomato (Kravchik et al., 2014b).

DCL2

DCL2 functions in the antiviral response (Curtin et al., 2008; Donaire et al., 2008; Fusaro
etal., 2006; Ogwok et al., 2016; Urayama et al., 2010; Zhang et al., 2012) where it produces
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Figure 2 Arabidopsis miRNA size distribution
Distribution of Arabidopsis mature miRNA lengths according to miRNA annotations in miRBase (Kozo-
mara and Griffiths-Jones, 2014).

viral siRNAs without requiring assistance from any dsRBP. (Curtin et al., 2008). DCL2 was
also implicated in 21/22 nt siRNA production from longer intronic hairpins (sirtrons) (Chen
et al., 2011). DCL2 acts hierarchically with DCL4 to produce 22- and 21-nt siRNAs in
antiviral resistance and amplification of silencing mediated by RNA-dependent RNA poly-
merase RDR6 (Brosnan et al., 2007; Deleris et al., 2006; Di Serio et al., 2009; Garcia-Ruiz
et al., 2010; Ogwok et al., 2016; Parent et al., 2015). DCL2 can substitute DCL4 and pro-
duce 22nt viral siRNAs even in the absence of DCL4, (Bouche et al., 2006; Moissiard et al.,
2007; Wang et al., 2011). Under some circumstances, DCL2 can antagonize production of
miRNAs and siRNAs by DCL1 (Bouche et al., 20006).

DCL2 is required for transitive cell-autonomous post-transcriptional silencing of trans-
genes (Mlotshwa et al., 2008) and it was implicated in the transgenerational stress memory
(Boyko and Kovalchuk, 2010; Migicovsky and Kovalchuk, 2014; Migicovsky and Koval-
chuk, 2015; Migicovsky et al., 2014). Two paralogs of DCL2 were found in Medicago
truncatula where are DCL genes differentially expressed during symbiosis with nitrogen
fixing bacteria and upon pathogen infection (Tworak et al., 2016). Two paralogs of DCL2
were also found in soybean where DCL2 showed the strongest transcriptional response to
stress (Curtin et al., 2012).

DCL3

DCL3 is producing longer siRNAs (24 nt) than the other three DCL proteins in Arabidopsis
and other plants, including tomato, rice, medick, or moss (Coruh et al., 2015; Kravchik
et al., 2014a; Tworak et al., 2016; Wei et al., 2014). DCL3 preferentially cleaves dSRNAs
with 5” phosphorylated adenosine or uridine and a 1 nt 3* overhang (Nagano et al., 2014)
and produces 24 nt RNA duplexes with 2 nt 3* overhangs; inorganic phosphate, NaCl and
KClI enhance DCL3 activity (Kravchik et al., 2014a).

DCL3 long dsRNA substrates are typically generated from RNA polymerase [Va/IV and
IVb/V (Pol IV and Pol V hereafter) transcripts by RDR2 (Daxinger et al., 2009; Zhang
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et al., 2007). DCL3 co-localizes with RDR2, AGO4, NRPD1b (the largest Pol V subunit)
and siRNAs within the nucleolus (Pontes et al., 2006).

DCL3 was implicated in 24 nt siRNA production from longer intronic hairpins (sirtrons),
which were associated with AGO4 and could mediate RNA-dependent DNA methylation
(RdADM) (Chen et al., 2011), and in production of viral 24 nt siRNAs (Akbergenov et al.,
2006; Curtin et al., 2008; Diaz-Pendon et al., 2007; Donaire et al., 2008; Fusaro et al.,
2006; Raja et al., 2014). DCL3 can produce viral siRNAs without requiring assistance from
any dsRBP (Curtin et al., 2008) but, it was also shown that it can function with DRB3 and
AGO4 in methylation-mediated antiviral defense (Raja et al., 2014). Interestingly, the loss
of DCL3 is partially complemented by DCL4 and DCL2, which produce 21/22 nt small
RNAs (Kravchik et al., 2014a) indicating partial functional redundancy of DCL2/3/4 in
recognition of dsRNA and silencing.

DCL3 and RDR2 were also implicated in production of a pseudogene-derived 24 nt
siRNAs in rice (Guo et al., 2009). DCL3b paralog in rice functions in processing of 24 nt
phased small RNAs in miRNA targeted loci suggesting functional divergence of DCL3
paralogs in rice (Song et al., 2012). DCL3 was suggested to participate also in the transgen-
erational stress memory (Boyko and Kovalchuk, 2010; Migicovsky and Kovalchuk, 2014;
Migicovsky and Kovalchuk, 2015; Migicovsky et al., 2014).

Finally, DCL3, RDR2 and Pol 1V, also operate in production of 24 nt small RNAs from
miRNA loci, which are loaded on AGO4 and mediate RADM (Chellappan et al., 2010; Wu
et al., 2010). DCL3 may be absent in conifers, which radiated from other seed-bearing
plants approximately 260 million years ago; there were no significant amounts of 24 nt
siRNAs in growing shoot tissue while no evidence for DCL3 was found (Dolgosheina
et al., 2008).

DCL4

DCLA4 cleaves long dsRNAs with blunt ends or with a 1 or 2 nt 3” overhang with similar
efficiency; inorganic phosphate, NaCl and KCl inhibit DCL4 activity (Nagano et al., 2014).
DCL4 operates with DRB4 to produce 21 nt trans-acting siRNAs (tasiRNAs, they are 21 nt
siRNAs produced from discrete loci (TAS genes).and siRNAs from viral RNA. (Curtin
et al., 2008; Fusaro et al., 2006; Nakazawa et al., 2007; Qu et al., 2008). DCL4 alone was
sufficient for antiviral silencing in leaves inoculated with Turnip mosaic virus (Garcia-Ruiz
et al., 2010). While DCL4 is important for biogenesis of tasiRNA and antiviral response, it
does not participate in the miRNA pathway (Xie et al., 2005).

DCL4 acts hierarchically with DCL2 to produce 21- and 22-nt siRNAs and in antiviral
resistance and amplification of silencing mediated by RDR6 (Brosnan et al., 2007; Deleris
et al., 2006; Di Serio et al., 2009; Garcia-Ruiz et al., 2010; Howell et al., 2007; Liu et al.,
2007; Ogwok et al., 2016; Parent et al., 2015; Qu et al., 2008). The dcl4—2 mutants lack
each of three families of 21-nt tasiRNAs, have elevated levels of tasiRNA target tran-
scripts, and display heterochronic defects similar to RDR6 mutants (Xie et al., 2005).
Furthermore, different double mutant phenotypes also suggested hierarchical redundancy
among DCL activities leading to alternative tasiRNA biogenesis in the absence of DCL4
(Xie et al., 2005).
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DCLA4 also operates (again, hierarchically with DCL2) in biogenesis of secondary siRNAs
in transitive RNAi (Mlotshwa et al., 2008; Moissiard et al., 2007) and it was implicated in
21/22 nt siRNA production from longer intronic hairpins (sirtrons) (Chen et al., 2011)

Two paralogs of DCL4 exist in Medicago truncatula where DCL genes are differential-
ly expressed during symbiosis with nitrogen fixing bacteria and upon pathogen infection
(Tworak et al., 2016).

dsRBPs —-DRB1-5

While DCLs act redundantly and hierarchically, there is little if any redundancy or hierar-
chy among DRBPs in their Dicer-associated functions. Arabidopsis genome encodes five
DRBs composed of two types of dsRBDs that form a distinct clade (Clavel et al., 2016).
Two additional proteins carrying dsRBDs (At1g80650 and At4g00420, renamed AtDRB7.1
and AtDRB?7.2, respectively) were localized in the Arabidopsis genome. They differ from
DRBI1-5 in terms of dsRBD composition (Clavel et al., 2016). DRB1 and DRB2 associate
with DCL1, DRB4 with DCL4, while DCL2 and DCL3 produce viral siRNAs without
requiring assistance from any dsRBP. (Curtin et al., 2008).

DRB1/HYL1

DRBI has two dsRBDs separated by a linker of ~ 20 amino acids (Clavel et al., 2016).
DRBI is a nuclear dsRBP exclusively functioning together with DCL1 and a small RNA
methyltransferase HEN1 in miRNA biogenesis (Curtin et al., 2008; Vazquez et al., 2004).
This role seems conserved across plants; its homologs were found in all tested plant
genomes (Clavel et al., 2016; You et al., 2014). In association with DCL1 it directs the
guide strand selection for AGO loading (Eamens et al., 2009) and determines the slicing
mode of action of the miRNA-loaded AGO1 (Reis et al., 2015b). It also interacts with
a hairpin in short interspersed element SB1 RNA and facilitates DCL1-mediated produc-
tion of small RNAs from these repetitive elements (Pouch-Pelissier et al., 2008). DRBI1 is
phosphorylated by mitogen activated protein kinase MPK3 in both rice and Arabidopsis
(Raghuram et al., 2015).

DRB2

DRB?2 proteins possess two dsRBDs separated by a linker of 19 amino acids (Clavel et al.,
2016). DRB2 is involved in miRNA biogenesis (Eamens et al., 2012a) where it, in associ-
ation with DCLI1, determines the translational repression of miRNA-loaded AGO1 (Reis
et al., 2015b). DRB2 is involved in the processing stage of the biogenesis of non-canonical
miRNA subsets while DRB3 and DRBS5 are somehow required downstream to mediate
RNA silencing of DRB2-associated miRNA target genes (Eamens et al., 2012b). The role
of DRB2 in the miRNA pathway is distinct from that of DRB1 as shown by proteomic
analysis of drbl and drb2 mutants, which suggested that DRB2-associated translational
inhibition appears to be less ubiquitous and specifically aimed toward responses against
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environmental stimuli (Reis et al., 2015¢). DRB2 acts redundantly with DRB3 and DRB5
during development and appears unnecessary for other types of plant small RNAs, such
as miRNA, tasiRNA, viral siRNA, or heterochromatinising siRNA production (Curtin
et al., 2008). The loss of DRB2 protein in Arabidopsis results in increased levels of Pol
IV dependent siRNAs, which are involved in RADM. It was proposed that DRB2 is part
of epigenetic regulation suppressing transcription of transposable elements (Clavel et al.,
2015; Pelissier et al., 2011).

DRB3

DRB3 proteins possess two dsRBDs separated by a linker of 19 amino acids (Clavel et al.,
2016). DRB3 participates to the RADM defense against Geminiviruses (Raja et al., 2014).
At the same time, it appears unnecessary for miRNA, tasiRNA, viral siRNA, or heterochro-
matinising siRNA production but acts redundantly DRB2 and DRB5 during development
(Curtin et al., 2008). DRB3 is participates in RNA silencing of target genes of DRB2-asso-
ciated non-canonical miRNAs (Eamens et al., 2012b).

DRB4

DRB4 protein and its relatives carry three dsRBDs. They are found in all vascular plants
but were absent in the tested bryophyte and lycophyte genomes (Clavel et al., 2016). DRB4
operates with DCL4 to produce 21 nt tasiRNAs and 21nt siRNAs from viral RNA (Cur-
tin et al., 2008; Jakubiec et al., 2012; Qu et al., 2008; Shivaprasad et al., 2008). DRB4
expression is regulated by E3 ubiquitin ligase APC/C (Anaphase Promoting Complex or
Cyclosome). APC10 interacts with DRB4 through the second dsRBD of DRB4, which is
also required for its homodimerization and binding to DCL4 (Marrocco et al., 2012). In
contrast to the loss of DRB2 protein in Arabidopsis, the loss of DRB4 results in reduced
levels of Pol IV dependent siRNAs, which are involved in RdDM (Pelissier et al., 2011).

DRB5

DRBS proteins possess two dsRBDs separated by a linker of 19 amino acids (Clavel et al.,
2016). DRBS appears unnecessary for miRNA, tasiRNA, viral siRNA, or heterochromati-
nising siRNA production but acts redundantly with DRB2 and DRB3 during development
(Curtin et al., 2008). DRBS is somehow required downstream to mediate RNA silenc-
ing of target genes of DRB2-associated non-canonical miRNAs (Eamens et al., 2012b).
DRB3 was shown to associate with DCL2 and AGO4 in the RADM arm of antiviral defense
against Geminiviruses (Raja et al., 2014).

DRB6
DRB6 proteins carry two dsRBDs and are present in all vascular plants except for bryo-

phytes, lycophytes and Brassicaceae species (Clavel et al., 2016). Their biological signif-
icance is unknown.
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DRB7

The DRB7 family has a single dsRBD; there are two members AtDRB7.1 and AtDRB7.2.
Their role is largely unknown but it was found that they interact with DRB4 but not with
DCL4 in Arabidopsis (Clavel et al., 2016).

Argonaute proteins

Plants show quite some variability in the AGO homolog pool. For example, Arabidopsis
thaliana has 10 AGO genes (Table 1), Oryza sativa has 19, Glycine max (soybean) has
22 (Zhang et al., 2015), Solanum lycopersicum 15 (Bai et al., 2012). A dicot plant Sativa
miltiorhiza (red sage) has 10 AGO genes of which AGO1, 2, 3, 7, and 10 were proposed
to function similarly to their A. thaliana counterparts (Shao and Lu, 2013). A systematic
survey of 32 plant genomes showed that plants have 6-24 AGO homologs per genome,
most often more than 10 (Mirzaei et al., 2014). AGO proteins are phylogenetically divided
into three clades, which also reflect different classes of bound small RNAs — clades I and 1T
bind 21-22 nt small RNAs while the clade 11l accommodates longer (~24 nt small RNAs)
(Zhang et al., 2015). The phylogenetic analysis shows that the varying number of homologs
in each species stems from multiple duplication events, which occurred during evolution
of different taxons such that some species contain multiple paralogs of an ancestral AGO,
which can be present in a single copy in another plant species.

AGO proteins loaded with different types of small RNAs play diverse roles in terms of
molecular mode of action mechanisms and biological function. Small RNAs are sorted onto
specific AGO proteins based on different factors, which might include subcellular locali-
zation or the DCL protein that is producing a particular small RNA. One of the key factors
contributing to sorting of small RNAs onto AGO proteins is also the 5’ terminal nucleotide.
For example, AGO1 favors miRNAs with a 5’ terminal uridine, AGO2 and AGO4 prefer
small RNAs with a 5’ terminal adenosine, AGOS5 with a 5’ terminal cytosine (Mi et al.,
2008; Takeda et al., 2008).

AGO1

Arabidopsis AGO1 gave the name to the entire Argonaute protein family because agol
mutants were having a phenotype reminiscent of the tentacles of an Argonauta squid
(Bohmert et al., 1998). Arabidopsis has a single AGO1 gene, rice has four paralogs (Wu
etal., 2009). AGOI preferentially binds miRNAs and small RNAs with a 5" uridine (Bohmert
etal., 1998; Jeong et al., 2013; Mi et al., 2008; Rogers and Chen, 2013; Vaucheret et al., 2004;
Wau et al., 2009). Analysis of miRNAs loaded onto AGO1 paralogs in rice suggested that
a subset of miRNAs is specifically incorporated into or excluded from one of these paralogs
suggesting they have both redundant and specialized roles in rice (Wu et al., 2009). AGO1
also associates with tasiRNAs. In contrast to miRNAs, tasiRNAs involve RARP-mediated
conversion of cleaved TAS RNA into dsRNA followed by production of phased tasiRNAs
(i.e. secondary small RNAs) by DCL-4, which are loaded onto AGO1 (Vaucheret, 2005).
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Table 1 Overview of Argonaute proteins in Arabidopsis thaliana.

common associated small RNA
subfamily slicer

name type length 5’nt | 5’end 3’end

AGO1 plant AGO clade [ + miRNA 21 U mono-P | 2°-O-met

AGO2 plant AGO clade 11 + miRNASs, tasiRNAs, 21 A mono-P | 2°-O-met
rasiRNAs

AGO3 plant AGO clade 11 + siRNAs 24 A | mono-P | 2’-O-met

AGO4 plant AGO clade 111 + intergentic siRNAs, 23-24 A | mono-P | 2’-O-met
rasiRNAs

AGOS5 plant AGO clade [ + intergenic siRNA 21,22,24 C mono-P | 2°-O-met

AGO6 plant AGO clade 111 + siRNAs 24 A | mono-P | 2°-O-met

AGO7 plant AGO clade 11 + miRNA (miR390), 21 A | mono-P | 2°-O-met
ta-siRNA

AGOS8 plant AGO clade I1I (Cp) - - - - -

AGOY plant AGO clade I1T - rasiRNAs 24 A mono-P | 2’-O-met

AGO10 | plant AGO clade I + miRNA (mirl65/166) 21 U mono-P | 2’-O-met

AGO2

AGO?2 is a slicing AGO (Carbonell et al., 2012) but can also directly repress translation
(Fatyol et al., 2016). It favors small RNAs with a 5’ terminal adenosine (Mi et al., 2008;
Takeda et al., 2008), which include miR393*, regulating antibacterial innate immunity
(Zhang et al., 2011). AGO2 plays a role in the natural cis-antisense (natsiRNA) pathway
(Oliver et al., 2014). AGO?2 also mediates antiviral defense (Jaubert et al., 2011; Odokonye-
ro et al., 2015) and was implicated (together with a plant-specific GW protein NERD) in
nuclear silencing of a set of non-conserved genomic loci (Pontier et al., 2012). In addition,
AGO2 was also associated with diRNAs, small RNAs emerging during double-stranded
break repair (Oliver et al., 2014; Wei et al., 2012).

AGO3

Drosophila AGO3 is a close paralog apparently emerging through a genome duplication of
the AGO?2 locus (Vaucheret, 2008). Interestingly, rice and maize lack the AGO3 ortholog
but have a pair of AGO2 genes instead (Kapoor et al., 2008; Zhai et al., 2014).

AGO4

AGO4 preferentially recruits 24 nt small RNAs with a 5’ terminal adenosine (Havecker
et al., 2010; Mi et al., 2008) and mediates RNA-directed DNA methylation (Havecker
et al., 2010; He et al., 2009; Wu et al., 2010; Xie and Yu, 2015; Zilberman et al., 2004).
AGO4-loaded small RNAs are often DCL-3 produced repeat and heterochromatin-associ-
ated siRNAs from introns and intergenic regions (Chen et al., 2011; He et al., 2009; Xie
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and Yu, 2015; Zheng et al., 2009; Zilberman et al., 2004) but can also be DCL-4 produced
tasiRNAs (Wu et al., 2012). In rice, it was even found that RNA-directed DNA methylation
can be guided by a specific miRNA class produced by DCL3 (Wu et al., 2010). AGO4 is
also coupled to antibacterial (Agorio and Vera, 2007) and antiviral innate immunity (Jones
et al., 2006; Ma et al., 2015; Minoia et al., 2014; Raja et al., 2014).

AGO5

AGOS is highly enriched in the germline (Oliver et al., 2014). It binds preferentially 21 nt
small siRNAs (phased small RNAs, phasiRNAs) with a 5’ terminal cytosine (Komiya
et al., 2014; Mi et al., 2008; Takeda et al., 2008). It also binds miRNAs and mediates miR-
NA-directed target cleavage (Oliver et al., 2014). Arabidopsis AGOS has been implicated
in female gametogenesis (Tucker et al., 2012) and in antiviral defense (Brosseau and Mof-
fett, 2015). MEL1, AGOS5 homolog in rice, has specific functions in the development of
pre-meiotic germ cells and the progression of meiosis (Komiya et al., 2014).

AGO6

AGOG6 preferentially recruits 24 nt RNAs with a 5’ terminal adenosine (Havecker et al.,
2010). AGO6 mediates RNA-directed DNA methylation (Eun et al., 2011; Havecker et al.,
2010; McCue et al., 2015; Zheng et al., 2007). AGO6 participates in RNA-directed DNA
methylation of transcriptionally active transposable elements through incorporation of
fragments of PTGS-targeted transcripts of transposable elements onto AGO6 (McCue
et al., 2015). AGOG6 can also accommodate DCL4-produced produced tasiRNAs (Wu
etal., 2012).

AGO7

AGO7 was originally named ZIPPY and was primarily associated with the regulation of
developmental timing and did not have a significant role in transgene silencing (Hunter
et al., 2003). It was subsequently found that AGO7 is preferentially loaded with miR390
and triggers production of tasiRNAs from the TAS3 locus (Garcia et al., 2006; Montgomery
et al., 2008). TAS3-derived tasiRNA target AUXIN RESPONSE FACTORS and regulate
leaf patterning and lateral organ separation (Montgomery et al., 2008; Zhou et al., 2013).
This role of AGO7 appears conserved across plants as it has been also reported from rice
(Nagasaki et al., 2007; Shi et al., 2007) and maize (Douglas et al., 2010).

AGO8 - seems to be a pseudogene in A. thaliana (Zhang et al., 2015)
AGO9

AGO9 is involved in RNA-directed DNA methylation and is highly enriched in the
germline (Oliver et al., 2014) where it controls female gamete formation by repressing
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the specification of germ cell fate through epigenetic reprogramming in companion somat-
ic cells (Olmedo-Monfil et al., 2010). Zea mays AGO2 homolog (originally designated
ZmAGO104) is also specifically expressed in the somatic cells surrounding future gam-
etes but it had an opposing function — it suppresses the somatic cell fate in germ cells
(Singh et al., 2011).

AGO10

AGOI10 is the closest homolog of AGO1 and its main role appears to be sequestration of
miR156/166 miRNA family from AGO1 (Zhou et al., 2015; Zhu et al., 2011). The targets
of miR166/165 are class [l HOMEODOMAIN-LEUCINE ZIPPER transcription factors,
which determine the shoot apical meristem fate. According to the model, AGO10 uses its
higher binding affinity for miR166/165 and functions as a decoy, preventing loading of
miR166/165 onto AGO1, hence preventing their suppression and allowing for proper reg-
ulation of the shoot apical meristem (Brandt et al., 2013; Ji et al., 2011; Liu et al., 2009a;
Roodbarkelari et al., 2015; Tucker et al., 2013; Zhou et al., 2015; Zhu et al., 2011).

Additional relevant homologs

Monocot genomes encode for AGO18 homologs, which are not found in dicots, such as
A. thaliana (Zhang et al., 2015). In rice, AGO18 is important for antiviral defense (Wu
etal.,, 2015).

RdRPs

The first RARP homolog found in plants was RARP from tomato (Schiebel et al., 1993;
Schiebel et al., 1998). Arabidopsis genome carries six RARP genes: RDR1-RDR6 (Yu et al.,
2003). There are five RARPs in Salvia miltiorrhiza (Shao and Lu, 2014) and six in potato
Solanum lycopersicum (Lin et al., 2016). Plant RARPs are homologs of RARPs acting in
RNA silencing in other kingdoms, such as QDE-3 in Neurospora (Salgado et al., 2006;
Wassenegger and Krczal, 20006), suggesting that they evolved from a single ancestral RARP
acting in RNA silencing. RARPs produce dsRNA that can enter the RNA silencing pathway.
Hence, they either initiate RNA silencing or function as an amplifier of an already present
dsRNA response.

RDR1

RDRI1 (also known as SDE1/SGS2) in Arabidopsis and its homologs in other plant spe-
cies contribute to RNA silencing-based resistance to virus infection (Blevins et al., 2011;
Cao et al., 2014; Diaz-Pendon et al., 2007; Garcia-Ruiz et al., 2010; Leibman et al., 2011;
Muangsan et al., 2004; Vaistij et al., 2002; Yang et al., 2004; Yu et al., 2003). It was also
implicated in biogenesis of tasiRNAs during juvenile development (Peragine et al., 2004).
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RDR2

RDR2 has been linked with transcriptional silencing in the nucleus and RdDM of specific
loci (Chan et al., 2004; Xie et al., 2004). It participates in biogenesis of endogenous siRNAs
(natsiRNAs) (Borges and Martienssen, 2015; Brosnan et al., 2007). RDR2 is not required
for production of viral siRNAs from the Cauliflower mosaic pararetrovirus (Blevins et al.,
2011), Cabbage leaf curl geminivirus (Aregger et al., 2012). RDR3 converts PollV tran-
scripts into dsRNA, which is processed by DCL3 into 24 nt siRNAs loaded onto AGO4
(Pontes et al., 2006; Zhang et al., 2007). RDR2 and DCL3 were implicated in production
of pseudogene-derived 24 nt siRNAs in rice (Guo et al., 2009).

RDR3 - no functional information available
RDR4

RDR4 has been linked to biogenesis of endogenous siRNAs (natsiRNAs) (Borges and
Martienssen, 2015).

RDR5 - no functional information obtained
RDR6

RDR6 is necessary for sense-transgene mediated silencing and is important in antiviral
defense against certain viruses (Beclin et al., 2002; Dalmay et al., 2000; Mourrain et al.,
2000). RDR6-dependent antiviral response includes the cucumber mosaic virus in Arabi-
dopsis (Wang et al., 2010) or tobacco mosaic virus in Nicotiana benthamina (Qu et al.,
2005) but not the cauliflower mosaic virus in Arabidopsis (Blevins et al., 2011). RDR6 was
also implicated in the biogenesis of tasiRNAs and development (Li et al., 2005a; Peragine
et al., 2004; Vaucheret, 2005). RDR6-generated dsRNA is being processed by DCL4 (How-
ell etal., 2007; Qu et al., 2008).

miRNA module
miRNA biogenesis

Biogenesis initiates with recognition and cleavage of a primary miRNA (pri-miRNA),
which is transcribed by polymerase II (Xie et al., 2010; Zhao et al., 2013). A plant pri-miR-
NA is a single-stranded RNA carrying a local hairpin structure. Many miRNAs in plants
apparently originate from longer inverted repeats carrying sequences of their targets, which
were generated by sequence duplications (Allen et al., 2004). These long inverted repeats
subsequently eroded during evolution and only a short stem in the pri-miRNA persists as
a functional remnant of the original long hairpin. The inverted repeat duplication hypothesis
provides an explanation for the evolution of perfectly pairing miRNAs in plants.
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Plant miRNAs differ from animal miRNAs in sev-
eral aspects. one of them is that they do not use a two-
step nuclear-cytoplasmic process employing the nuclear
Microprocessor complex with Drosha and cytoplasmic
Dicer. Instead, plant miRNAs are produced in the nucle-
us in a two-step process involving a single Dicer pro-
tein — DCLI (Fig. 3).

DCLI1 requires additional cofactors, including DRB1/
HYL1 (anuclear dsRNA binding protein (Vazquez et al.,
2004)), HEN1 (HUA ENHANCER, a small RNA meth-
yltransferase (Yu et al., 2005)), SE (SERRATE, C2H2-
type zinc finger, (Lobbes et al., 2006; Yang et al., 2006)). nucleus
DCLI resides in a complex, in which physically interacts cytoplasm
with DRB1 and HEN1 (Baranauske et al., 2015). DCLI1,
DRBI1 and SE co-localize in the nucleus in so-called
dicing bodies (D-bodies) (Fang and Spector, 2007).
D-body function and assembly is not fully understood
and there is a number of additional components which
need to be functionally analyzed to unravel the complex
connections between the D-body, signalling cascades,
and responses to the environment (Reis et al., 2015a).

In the first step of miRNA biogenesis, DLC1 excis-
es the miRNA/miRNA* duplex processing pri-miRNA
from the base of the hairpin toward the loop (base-to-
loop) (Park et al., 2002; Reinhart et al., 2002). Loop-
to-base processing occurs in specific cases, such as
miR159 and miR319 (Bologna et al., 2009). A unique
case of bidirectional processing was observed for
miR 166, where it seems to play a regulatory role (Zhu
et al., 2013). Plants also have non-canonical miRNAs,
such as mirtrons, which skip the first cleavage step by
DCL1 (Meng and Shao, 2012).

The stem loop structure of pri-miRNA is recognized and processed by the DCL1-
DRBI1-SE complex (Finnegan et al., 2003; Lobbes et al., 2006; Vazquez et al., 2004; Yang
et al., 2006). Other DRB2 proteins (DRB2, 3, 5) also participate in biogenesis of miRNAs
(Eamens et al., 2012a; Eamens et al., 2012b). Some pri-miRNA stems produce a single
miRNA, some are longer and two or three additional ones on phase, i.e. require additional
DCLI cuts (Bologna et al., 2009; Zhang et al., 2010). Long hairpins can be processed by
a diversity of Dicers to generate either miRNAs or siRNAs (Fig. 4). The subcellular loca-
tion for dicing by DCL2 and DCLA4, and subsequent AGO loading of the resulting siRNAs,
is not completely understood (Axtell et al., 2011).

The 3’ termini of the miRNA/miRNA* duplex are modified by HEN1 which adds
a 2'-O-methyl group to the miRNA (Yu et al., 2005). This modification distinguishes plant
miRNAs from animal miRNAs, which are not methylated (perhaps except of some minor

mRNA cleavage
inhibition of translation

Figure 3 Plant miRNA pathway
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population of miRNAs in arthropods (Horwich et al., 2007)). HEN1 was first identified
genetically as a miRNA biogenesis co-factor, which was shown to localize into the nucleus
(Park et al., 2002; Vaucheret et al., 2004; Vazquez et al., 2004). The HEN1 ortholog in rice
was identified as WAF (WAVY LEAF), a crucial developmental factor (Abe et al., 2010).
Structural analysis of HEN1 and its homologs showed that the catalytic domain of HENT1 is
not closely related to any known RNA:2’-OH methyltransferases, but rather to small-mol-
ecule methyltransferases (Tkaczuk et al., 2006). One of the functions of the methylation is
that it protects miRNAs from uridylation by an AGO1-associated uridylase that uridylates
5” RNA fragments generated by AGO1 cleavage (Li et al., 2005b; Ren et al., 2014).

miRNAs are exported from the nucleus with the assistance of hasty (HST), a plant
homolog of Exportin 5 (Park et al., 2005). The subcellular location for dicing by DCL2
and DCLA4, and subsequent AGO loading of the resulting siRNAs, is not yet clear. Loading
of AGO1 with DCLI products is assumed to take place in the cytoplasm (Axtell et al.,
2011; Park et al., 2005). This loading onto AGO proteins involves sorting miRNAs accord-
ing to the 5’ terminal nucleotide and other factors (Mi et al., 2008; Montgomery et al.,
2008; Zhu et al., 2011). Analysis of strand selection suggest that the strand with a lower
5'-end thermostability is preferentially loaded into AGO1 (Eamens et al., 2009), which
shows that plants employ the same loading asymmetry rule as animals. The selective
loading of miRNA guide strand is directed by DRB1 (Eamens et al., 2009). DRB1 needs to
be dephosphorylated for optimal activity; dephosphorylation is ensured by CPL1 (C-TER-
MINAL DOMAIN PHOSPHATASE-LIKE 1/FIERY2 (FRY2)) (Manavella et al., 2012).
AGO1 miRISC loading also involves cyclophilin40 and HSP90; ATP hydrolysis by HSP
helps to release the AGO1-miRNA complex (Earley and Poethig, 2011; Iki et al., 2012;
Smith et al., 2009).

Plant miRNAs are mainly loaded onto AGO1, which has an endonuclease activity and
is able to suppress gene expression through both target cleavage and translational inhibi-
tion (Baumberger and Baulcombe, 2005; Mourrain et al., 2000; Wu et al., 2009). AGO1
shows a preferential loading for miRNAs carrying uridine at their 5’ end. A change in the
5’ terminal nucleotide of an miRNA predictably redirects it into a different AGO complex
and alters its biological activity (Mi et al., 2008). Remarkably, the DCL1 partnering with
DRB1 or DRB2 will determine the mode of action of a loaded miRNA: DRBI is associ-
ated with dicer cleavage while DRB2 with translational repression (Reis et al., 2015b).
Interestingly, a subset of miRNAs is only 20 nt long — their length appears to be deter-
mined by asymmetric bulges and mismatches at specific positions of the precursor (Lee
etal.,, 2015).

Modes of miRNA action in plant cells

Similarly to animals, miRNAs loaded on AGO proteins serve as a guide for sequence-spe-
cific repression. Similarly to mammalian miRNAs, plant miRNAs can also mediate transla-
tional repression and sequence-specific cleavage of cognate mRNAs (e.g. (Beauclair et al.,
2010; Brodersen et al., 2008; Li et al., 2014; Mallory and Bouche, 2008; Rhoades et al.,
2002). At the same time, activities of plant mRNAs differ from their animal counterparts
in several aspects. First, unlike animal miRNAs, many plant miRNAs frequently exhibit
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Figure 4 Overview of miRNA biogenesis and AGO loading
The scheme summarizes the main and alternative miRNA biogenesis routes in plants; the alternative
DCL2/3/4 processing routes are derived from (Axtell et al., 2011).

perfect or nearly perfect complementarity to their substrates resulting in RNAi-like cleav-
age of their targets (e.g. (Allen et al., 2004; Bowman, 2004; German et al., 2008; Kidner
and Martienssen, 2004; Liu et al., 2014; Llave et al., 2002; Mallory et al., 2004; McHale
and Koning, 2004; Rhoades et al., 2002; Xie et al., 2003). The high complementarity inter-
actions are also easier to predict and this predictive value is being used for identification
of putative plant miRNA targets. (Bonnet et al., 2010; Kumar et al., 2014; Rhoades et al.,
2002; Shao et al., 2013). While animal miRNA binding sites are typically localized to
3’UTRs, plant miRNA recognition sites can be found in 5’UTRs, ORFs, or 3’ UTRS as well
as in non-coding RNAs (e.g. TAS3 RNA (Montgomery et al., 2008)). At the same time,
functional features of miRNA binding are still incompletely understood as showed analysis
of miR159 sites in MYB33/MYBG65 (Li et al., 2014). Importantly, as mentioned above, the
mode of miRNA action can be also influenced by a DRB partner during its biogenesis, i.e.
independently of the target binding site (Reis et al., 2015b). Finally, plant miRNAs can also
mediate transcriptional repression through RNA-dependent DNA methylation. This section
will review all three types of miRNA-mediated repression.

miRNA-mediated target cleavage

miRNA-mediated target cleavage by AGO1 is a functionally important silencing mode as
evidenced by the requirement of catalytically active AGO1 in agol mutant complemen-
tation experiments (Carbonell et al., 2012). AGO1, guided by a miRNA, cleaves in the
middle of the base paired sequence (German et al., 2008; Llave et al., 2002). Similarly to
other eukaryotes, exposing a free 5’ fragment with a 3” hydroxyl and a 3’ fragment with
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a 5’ phosphate from a cleaved mRNA leads to decay, which involves a 5’-3” exonuclease
(AtXrN4 in Arabidopsis), which attacks the 3’ cleaved fragments (Souret et al., 2004). The
5’ fragments are uridylated at 3’ ends by HESO1 terminal uridylase; uridylation seem to be
coupled with their final demise (Ren et al., 2014).

miRNA-mediated translational inhibition

Some plant miRNA:mRNA target base pairing could have central mismatches, preventing
AGO-mediated cleavage. Other observations also suggest that plant miRNA-target inter-
action does not always result in AGO-catalyzed slicing but leads to translational repres-
sion (Axtell et al., 2006; Brodersen et al., 2008; Franco-Zorrilla et al., 2007; Li et al.,
2013; Schwab et al., 2005). The molecular mechanism of miRNA-mediated translational
repression in plants is less well understood than in animals. In any case, some similarities
emerged. For example, AGO1 localizes to P-bodies, dynamic cytoplasmic foci contain-
ing many proteins involved in translational repression and mRNA degradation (Brodersen
et al., 2008; Yang et al., 2012).

Another interesting factor, resembling GW 182 bridging of target recognition and
recruitment of mRNA degrading mechanisms, is SUO, which was identified through
a mutation screen for factors contributing to miRNA-mediated repression (Yang et al.,
2012). SUO encodes a large protein with N-terminal bromo-adjacent homology and tran-
scription elongation factor S-II domains and, importantly, two C-terminal GW repeats
(Yang et al., 2012). The SUO loss-of-function phenotype is a consequence of a defect in
miRNA-mediated translational repression and it is reminiscent of plant phenotypes with
reduced AGO1 activity (Yang et al., 2012). SUO is present in the nucleus, and co-localizes
with DCP1 in the cytoplasm (Yang et al., 2012). An independent study of miRNA-me-
diated repression showed a functionally important link to decapping through the decap-
ping component VARICOSE (VCS) (Ge-1 homolog), further suggesting that mechanisms
underlying miRNA-mediated translational repression in animals and plants are related
(Brodersen et al., 2008).

Another line of evidence linking AGO1 and GW-mediated recruitment of downstream
repressing factors came from the analysis of viral inhibitors encoded by plant viruses —
the P1 protein from the Sweet potato mild mottle virus targets AGO1 and inhibits RISC
activity through the N-terminal half containing region three WG/GW motifs (Giner et al.,
2010).

miRNA-mediated transcriptional silencing/DNA methylation

In addition to the two usual post-transcriptional modes of action, plant miRNAs can be
also plugged into the RNA-dependent DNA methylation mechanism. In this case, miRNA
precursors would be processed by DCL3 into longer (24 nt) species and would be loaded
onto AGO4/6/9 system (Axtell et al., 2011). A specific example of such miRNA has been
discovered in rice where a class of miRNAs (denoted long miRNA, ImiRNAs) is processed
by DCL3, loaded onto AGO4, and directs DNA methylation (Wu et al., 2010) (the molec-
ular mechanism of RNA-dependent DNA methylation is described later).
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Physiological roles of plant miRNAs

Plant miRNAs have much more “focused” roles than animal miRNAs, in particular mam-
malian ones. This likely reflects their evolutionary origin, which is connected with their tar-
get genes, and the common slicing mode of action (discussed for example in (Svoboda and
Cara, 2006)). Briefly, many plant miRNAs seem to originate from inverted repeats, which
formed from sequences of their target genes, e.g. through duplication or recombination
involving genes and pseudogenes. An interesting aspect of plant miRNA-mediated regula-
tions is the targeting of various transcription factor families, which is translated phenotypic
alterations. For example, during miRNA target prediction, of the 49 predicted targets, 34
were members of these transcription factor gene families involved in developmental pat-
terning or cell differentiation (Rhoades et al., 2002). Validated miRNA-targeted transcrip-
tion factor include the Class III HD-Zip gene family (Bowman, 2004), GRF transcription
factors (Debernardi et al., 2014), Scarecrow-like (SCL) family of putative transcription
factors (Llave et al., 2002) or MYB33/MYBG65 (Li et al., 2014).

Mutants of miRNA factors yielded a whole array of phenotypes suggesting a number of
different roles of miRNAs in cell proliferation (Debernardi et al., 2014; Debernardi et al.,
2012; Rodriguez et al., 2010), plant development (Abe et al., 2010; Datta and Paul, 2015;
Jover-Gil et al., 2012; Schauer et al., 2002), or in response to various physiological con-
ditions, including environmental stress (Huang et al., 2009; Sunkar and Zhu, 2004). One
of the notable features of plant miRNAs, which is analogous but distinct from circulating
miRNAs in mammals, is that some plant miRNAs can cross cellular boundaries through
plasmodesmata to adjacent cells (Marin-Gonzalez and Suarez-Lopez, 2012).

Interestingly, miRNA pathways in Arabidopsis are regulated by a negative feedback loop
targeting DCL1 by miR162-guided mRNA cleavage (Xie et al., 2003). An analogous neg-
ative feedback loop was observed in Arabidopsis for AGO1, which is targeted by miR168
during development (Vaucheret et al., 2004).

dsRNA-induced post-transcriptional silencing in PTGS & VIG pathways

The complexity of RNA silencing in plants comes from multiple layers, which are inte-
grated to provide specific functions of specific small RNA pathway. These layers are
(D) structural — e.g. processing of different types of substrates, sorting of small RNAs onto
AGO proteins, and molecular effects — endonucleolytic cleavage, translational repression
etc. (II) functional/conceptual — e.g. distinguishing between defensive mechanisms and
physiological gene regulations, (I1I) spatiotemporal at multiple levels — including cellular
compartmentalization, distinct genomic loci, parts of a plant or its life-cycle, differentiat-
ing between somatic and germ cells, leafs, flowering etc. This explains that despite four
Dicer proteins, which produce two main classes of small RNAs (21/22 and 24 nt), there
is over ten different names for AGO-bound small RNAs (Axtell, 2013; Borges and Mar-
tienssen, 2015), some of which were already mentioned: miRNA, ImiRNA, hp-siRNA,
natsiRNA, cis-natsiRNA, trans-natsiRNA, tasiRNA, phasiRNA, easiRNA, hetsiRNA,
diRNAs ... (Fig. 4).

231



PLANTS I

miRNA hp-siRNA  nat-siRNA  Secondary .. cona
siRNA

Pol Il transcript Pol Il transcript Pol II/IV transcripts \Pol Il transcript \Pul IV transcript
-AAAA
AAAA

RDRZI4

21 nt (20-22nt) 21-24nt 21 24nt 22 nt 21 nt 24 nt
- . cis-natsiRNA tasiRNA, phasiRNA, .
RNA hp-siRNA het siRNA
m p-sl trans-natsiRNA easiRNA etsl
post-transcriptional silencing post-transcriptional DNA methylation
(cleavage & translational repression) silencing &

DNA methylation

Figure 5 Complexity of small RNAs in plants. The scheme was adapted from (Borges and Martienssen,
2015)

However, while there is aseemingly unpenetrable thicket of substrates, DCLs, AGOs,
RDRs, small RNAs, and biological effects, RNA silencing in plants is built from three main
mechanistic modules. The three modules are (I) the miRNA module reviewed above, (I1) the
“RNAi” module, into which can be included dsRNA-induced post-transcriptional silencing
in PTGS & VIG pathways, and the (III) the transcriptional silencing RADM module,
which encompasses 24 nt small RNA-driven de novo DNA methylation and associated chro-
matin changes and which will be discussed in the next section. This module will thus focus
on long dsRNA processing into small RNAs, which is the key step in the dsSRNA response.

Many different substrates give a rise to primary and secondary small RNAs that are 21/22
or 24 nt long. Deep sequencing showed that plants have relative to other eukaryotes extraor-
dinarily large and complex populations of small RNAs (Henderson et al., 2006; Howell
etal., 2007; Kasschau et al., 2007; Lu et al., 2005; Rajagopalan et al., 2006). More than the
half of the small RNAs are 24 nt long “heterochromatic” siRNAs, which map to intergenic
regions, particularly to the proximal and distal pericentromeric regions (Rajagopalan et al.,
2006). Notably, plant small RNAs are typically methylated at the 2’-hydroxyl group of the
3’ terminal nucleotide by the methylase HEN1 (Li et al., 2005b; Yu et al., 2005).

Structurally, the three main types of primary substrates for DCL proteins are short,
miRNA-like hairpins, long dsRNA hairpins, and long dsRNA (e.g. formed during viral
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replication). In addition, activity of RDRs generates long dsRNA to produce either primary
siRNAs (i.e. long dsRNA origin is more or less independent of AGO proteins activity) or
secondary siRNAs, where an RDR converts an AGO-targeted transcript into dsRNA. In
terms of silencing effects, AGO-loaded small RNAs can induce mRNA cleavage, transla-
tional repression, and de novo DNA methylation (RADM). Biogenesis of small RNAs and
the first two modes of action were described above, RADM will be described in the next
section. Thus, the rest of this section will provide an overview of the main routes of dsSRNA
synthesis and degradation involved in silencing (Fig. 4).

The main Dicer proteins producing small RNAs in the RNAi-like module are DCL2/3/4.
All of them participate in antiviral response and in processing various other substrates,
which were described above. Importantly, there is a hierarchical and functional separation
of the three DCL proteins, such that small RNAs produced by DCL3 can be channelled into
the RADM module. DCL4 and DCL2 act hierarchically on viral and endogenous substrates.
DCL4 seems to act earlier while DCL2 later. Both act in a loop involving DRD6, which
amplifies the effect (Brosnan et al., 2007; Chen et al., 2011; Deleris et al., 2006; Di Serio
etal., 2009; Garcia-Ruiz et al., 2010; Howell et al., 2007; Liu et al., 2007; Mlotshwa et al.,
2008; Moissiard et al., 2007; Ogwok et al., 2016; Parent et al., 2015; Qu et al., 2008; Xie
et al., 2005).

Small RNAs produced by DCL2/3/4 are sorted onto different AGO proteins, which exe-
cute the silencing and, eventually, mark cognate RNAs for RDR6 for amplification. Some
of the sorting rules were described above. AGO4/6 accommodate longer 24 nt small RNAs
produced by DCL3 and can induce RdADM. Smaller RNAs are loaded onto other AGO
proteins depending on the sorting rules and AGO availability — please, refer to the AGO
section for more details.

Systemic silencing

RNAI in higher plants can be non-autonomous (Dunoyer et al., 2005; Himber et al., 2003).
It was found that exogenous and endogenous DCL4-dependent 21 nt siRNAs can act as
mobile silencing signals between plant cells in a process which likely involves siRNA
duplexes rather than loaded AGO1 proteins (Dunoyer et al., 2010). Follow up studies con-
firmed the core conclusions: graft transmission of endogenous siRNAs inducing silencing
(Ali et al., 2013; Liang et al., 2012). The molecular mechanism of systemic RNAi through
the vasculature is not completely understood. It seems that small RNAs are transported
from cell to cell via plasmodesmata rather than diffusing from their source in the phloem
(Liang et al., 2012).

Transcriptional Gene Silencing
RdDM was actually the first discovered small RNA-controlled epigenetic mechanism. It
was originally found in tobacco plants where viroid cDNA, integrated into the genome,

became specifically methylated in the presence of autonomous viroid RNA-RNA replica-
tion (Wassenegger et al., 1994). It was subsequently shown that as little as 30bp of targeted
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Figure 6 “RNAi module” of RNA silencing in Arabidopsis.

The key step in the RNAi module is conversion of dsRNA into small RNAs by one of the DCL proteins,
among which dominate DCL2/3/4. However, DCL1 is also able to produce 21 nt siRNAs from a trans-
genic inverted repeat (Papp et al., 2003). Various dsRNA substrates can enter the RNAi module. Some
of them are produced by RDR6 either as the initial trigger or as an amplification step where AGO-tar-
geted RNAs are converted to dsRNA, which is processed into secondary siRNAs. If the targeting by
AGO is precisely defined (e.g. by miRNA), the secondary siRNAs would be phased. DCL3-generated
24 nt siRNAs can induce RdDM.

DNA is sufficient for RADM and that dsSRNA complementary to promoter region can induce
promoter methylation and transcriptional silencing (Jones et al., 2001; Mette et al., 2000;
Pelissier et al., 1999; Pelissier and Wassenegger, 2000; Thomas et al., 2001).

RdDM not only affects cytosine residues within canonical, symmetrical CpG dinucle-
otides, but also CpNpG and other non-CpG asymmetric targets (Aufsatz et al., 2002a;
Pelissier et al., 1999). Since 21-24 nt small RNAs were produced from the original trigger
(Mette et al., 2000), RdADM was recognized as one of RNA silencing pathways in plants.

The canonical RADM pathway (Fig. 7) is initiated by plant-specific RNA polymerase
Pol IV that produces single-stranded RNA transcripts from genomic loci to be silenced
(Herr et al., 2005; Onodera et al., 2005). RNA transcripts are transported into the nucleolus
where they are converted into dsSRNA by RNA-dependent RNA polymerase RDR2 and pro-
cessed by DCL3 into siRNAs, which are then methylated by the methylase HEN1. AGO4,
DCL3, RDR2 and 24-nt siRNAs complementary to the heterochromatin regions co-localize
in nucleolar processing centers (Li et al., 2006; Pontes et al., 2006). Importantly, AGO4 is
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not the only AGO mediating RADM, RdDM can be induced by AGO4, 6, and 9, which are
functionally diverged, largely due to their differential expression (Havecker et al., 2010)

Processing centers are located at a distance from source/target loci and siRNAs traffick-
ing between processing bodies and target regions has to take place. However, mechanisms
regulating this process remains unknown at present. Nucleolus-associated so-called Cajal
bodies are also centers for AGO1- and DCL1-dependent miRNA processing and are the
sites of nonsense-mediated decay indicating closer relationship between RNAi-dependent
and other RNA regulating pathways.

Methylated siRNAs associate with AGO4, which interacts with Pol V subunit NRPD1b
and the complex moves into the nucleoplasm where it associates with NRPD2a and forms
functional Pol V complex. In co-operation with de novo DNA methyltransferase DRM2,
and SNF2-like chromatin remodelling protein DEFECTIVE IN RNA-DIRECTED DNA
METHYLATION 1 (DRD1), the Pol V complex facilitates de novo DNA methylation of
cytosines in all sequence contexts at the targeted locus (Kanno et al., 2005a; Kanno et al.,
2005b; Kanno et al., 2004; Li et al., 2006; Pontes et al., 2006).

CpG methylation in the targeted locus is subsequently maintained during the replication
by complexes containing DECREASE IN DNA METHYLATION 1 (DDM1) (Vongs et al.,
1993), a maintenance DNA methyltransferase MET1 and histone deacetylase HDA6 (Auf-
satz et al., 2004; Aufsatz et al., 2002b; Jones et al., 2001). Methylation at non-CpG nucle-
otides depends on DNA methyltransferase CHROMOMEHTYLASE3 (CMT3), de novo
cytosine methyltransferases DRM1 and DRM2 (DOMAINS REARRANGED METHYL-
TRANSFERASE), Arabidopsis thaliana homologs of mammalian DNMT3, and a lysine 9
on histone 3 (H3K9) methyltransferase SUVH4/KRYPTONITE (Bartee et al., 2001; Cao
and Jacobsen, 2002; Chan et al., 2004; Jackson et al., 2002; Lindroth et al., 2001). Notably,
SUVHA4 is dispensable for de novo DNA methylation and silencing (Jackson et al., 2002;
Malagnac et al., 2002) suggesting that H3K9 methylation in plants does not precede DNA
methylation. It has been speculated that the difference in mechanistic relationships between
H3K9 methylation and DNA methylation in plants and other model organisms may perhaps
reflect dependence and independence of RNA silencing and histone modifications in these
models (Matzke and Birchler, 2005).

RdDM is induced by different types of sequences and has a number of targets. RADM
was studied using two types of dsSRNA as inducers of methylation (a) transgenic hairpin
constructs (Aufsatz et al., 2002a; Pelissier et al., 1999), and (b) dsRNA viruses (Hall et al.,
2002; Vaistij et al., 2002). Notably, these two triggers elicit somewhat different responses.
In contrast to the RdADM silencing induced by hairpin constructs, silencing induced by
homologous viral transgenes can spread from the region of homology both upstream and
downstream (Vaistij et al., 2002). This process depends on RNA-dependent RNA poly-
merase RDR6, a maintenance methyltransferase MET1, and AGO1 (Jones et al., 2001;
Morel et al., 2002). Although histone modifications were not examined in the original
paper of Vaistij et al., spreading of silencing resembles RN Ai-dependent heterochromatin
formation in Schizosaccharomyces pombe (Vaistij et al., 2002). In addition to these exoge-
nous triggers, analysis of endogenous small RNAs and DNA methylation studies revealed
that major targets of RADM are transposons and repeats in constitutive and facultative
heterochromatin but not all transposons are repressed by RdADM; only a limited number
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Figure 7 Schematic model of canonical RdADM in A. thaliana

Core components of RNA silencing are colored. Target locus is transcribed by RNA polymerase Pol IV
into RNA, which is relocated into a nucleolar processing center where it is converted into dsRNA by
RNA-dependent RNA polymerase RDR2 and further processed. Priming of RDR2 may involve cleav-
age of pol IV transcripts by an AGO protein (AGO47?). dsRNA is cleaved by DCL3 into siRNAs, which
are methylated by the methylase HEN1. siRNAs are then loaded onto AGO4, which interacts with Pol
V subunit NRPD1b. The complex moves into the nucleoplasm and forms functional Pol V complex,
which, in co-operation with de novo DNA methyltransferase DRM2, and SNF2-like chromatin remod-
elling protein DRD1, facilitates in a sequence-specific manner de novo DNA methylation of cytosines
(black circles on a stalk) in all sequence contexts at homologous loci. Recognition of a target locus
probably occurs via binding to an RNA from the silenced locus. CpG methylation is maintained during
the replication by complexes containing DDM1, a maintenance DNA methyltransferase MET1, and
histone deacetylase HDAB. Methylation at non-CpG nucleotides is dependent on DNA methyltrans-
ferase CMT3, de novo cytosine methyltransferases DRM1 and DRM2, and a H3K9 methyltransferase
SUVH4/KRYPTONITE.

of targets of RADM are endogenous genes (Borges and Martienssen, 2015). As RADM can
be reversed by demethylation (Penterman et al., 2007), a picture emerges in which RdADM
is not only a repressive mechanism controlling repetitive and viral sequences but also
a part of regulatory networks controlling gene expression, which includes other chromatin
modifications.

In addition, there is a second RdADM pathway in flowering plants, designated non-ca-
nonical RADM (Matzke et al., 2015), which is initiated by pol II transcripts, which are
channeled through DCL3 and AGO4/6 in the “RNAi module” into RADM (Fig. 8).
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Figure 8 Schematic model of non-canonical RdDM in A. thaliana

The target/trigger locus is transcribed by RNA polymerase Il into RNA, which is recognized by an
AGO-loaded small RNA, is converted into dsRNA by RNA-dependent RNA polymerase RDR6, and it is
processed by one of DCL proteins where AGO4/6 bound small RNAs can enter RdADM module, 21/22 nt
small RNAs can operate within the RNAi module and amplify the silencing response.
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