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Eukaryotes deploy RNA-mediated gene silencing pathways to guard their genomes against selfish genetic elements, such as
transposable elements and invading viruses. In plants, RNA-directed DNA methylation (RdDM) is used to silence selfish
elements at the level of transcription. This process involves 24-nt short interfering RNAs (siRNAs) and longer noncoding RNAs
to which the siRNAs base-pair. Recently, we showed that 24-nt siRNA biogenesis could be recapitulated in the test tube using
purified enzymes, yielding biochemical answers to numerous questions left unresolved by prior genetic and genomic studies.
Interestingly, each enzyme has activities that program what happens in the next step, thus channeling the RNAs within the
RdDM pathway and restricting their diversion into alternative pathways. However, a similar mechanistic understanding is
lacking for other important steps of the RdDM pathway.We discuss some of the steps most in need of biochemical investigation
and important questions still in need of answers.

Small noncoding RNAs (RNAs that do not encode pro-
teins) play important roles in restricting the proliferation of
selfish genetic elements, either by base-pairing with mes-
senger RNAs to interfere with their stability or function,
thereby inhibiting protein synthesis, or by interfering with
transcription to prevent RNA synthesis (Borges and Mar-
tienssen 2015; Holoch and Moazed 2015; Martienssen
and Moazed 2015; Maillard et al. 2019). In the latter
strategy, the small RNAs guide chemical modifications
at matching chromosomal DNA sequences. These modi-
fications include addition or removal of chemical groups
on the histone proteins that wrap the DNA and, in many
eukaryotes, including humans and plants, methylation of
the DNA (Law and Jacobsen 2010; Martienssen and
Moazed 2015). Collectively, these chemical modifications
contribute to chromatin environments that are refractory to
promoter-dependent transcription by DNA-dependent
RNA polymerases I, II, or III.
In plants, the major transcriptional gene silencing path-

way is RNA-directed DNA methylation (RdDM) (Zhou
and Law 2015; Wendte and Pikaard 2017). The process
has been elucidated, primarily in Arabidopsis thaliana,
using tools of genetics, genomics, cell biology, and mo-
lecular biology. Collectively, these studies have provided a
working understanding of what the pathway accomplish-
es, but how the enzymes and RNAs of the pathway func-
tion at a biochemical level remains unclear. Progress in
illuminating these biochemical details is the subject of this
perspective.

KEY ENZYMES AND RNAs OF THE
RdDM PATHWAY

The central aspects of RdDM can be grasped by focus-
ing on the RNA synthesizing and processing enzymes that
are key to the pathway. Two are nuclear multisubunit RNA
polymerases, abbreviated as Pol IV and Pol V (Haag and
Pikaard 2011), that evolved in plants as specialized forms
of DNA-dependent RNA polymerase II (Pol II) (Ream
et al. 2009). The third is RNA-DEPENDENT RNA
POLYMERASE 2 (RDR2) (Xie et al. 2004). Figure 1 pro-
vides a simplified view of the RdDM pathway (for a more
complete view, seeWendte and Pikaard 2017), with Pol IV
and RDR2 collaborating to produce double-stranded
RNAs (dsRNAs) that are then cut (diced) by DICER-
LIKE 3 (DCL3) (Xie et al. 2004) into short interfering
RNA (siRNA) duplexes, single strands of which somehow
become associatedwithARGONAUTE4 (AGO4) (Zilber-
man et al. 2003) or related Argonaute proteins. AGO4–
siRNA complexes are then recruited to sites of Pol V
transcription, apparently via base-pairing between the
siRNAs and nascent Pol V transcripts (Wierzbicki et al.
2008, 2009). Protein–protein interactions can also occur
between AGO4 and the largest subunit of Pol V (NRPE1)
(El-Shami et al. 2007) and between AGO4 and the Pol
V–associated protein, SUPPRESSOR of TY INSERTION
5-LIKE (SPT5L) (Lahmy et al. 2016). AGO–siRNA–Pol
V complexes then facilitate recruitment of chromatin-mod-
ifying enzymes, including the de novo DNA methyltrans-
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ferase, DOMAINS REARRANGED METHYLTRANS-
FERASE 2 (DRM2) (Cao and Jacobsen 2002), the plant
ortholog of the mammalian enzymes, DNMT3a and
DNMT3b (Law and Jacobsen 2010). Extensive methyl-
ation of local deoxycytosines ensues, in all sequence con-
texts (CG, CHG, and CHH, in which H represents any
nucleotide other thanG). Repressive histonemodifications
also occur, with genetic evidence implicating histone
deacetylation, catalyzed by HISTONE DEACETYLASE
6 (HDA6) (Aufsatz et al. 2002; He et al. 2009), histone H3
lysine 9 dimethylation (H3K9me2) catalyzed by suppres-
sor of variegation homologs (SUVH), SUVH4, SUVH5,
and SUVH6 (Jackson et al. 2004; Ebbs and Bender 2006;
Johnson et al. 2007; Blevins et al. 2014), and histone H3
lysine 4 (H3K4) demethylation catalyzed by the Jumonji C
(JmjC) domain–containing protein JMJ14 (Deleris et al.
2010; Searle et al. 2010) and nucleosome repositioning by
the SWI/SNF complex (Zhu et al. 2013). Collectively, the
DNA and histone modifications contribute to a chromatin
environment refractory to promoter-dependent transcrip-
tion of transposon or viral genes.

IN VIVO STUDIES AND UNANSWERED
QUESTIONS

Genetic studies showed thatmutants defective for Pol IV,
RDR2, or DCL3 lack the 24-nt class of siRNAs associated
withDNAmethylation and gene silencing (Xie et al. 2004;
Herr et al. 2005; Onodera et al. 2005; Henderson et al.
2006; Kasschau et al. 2007). Based on the presumptive

functions of these enzymes, deduced from similarities to
related proteins, Pol IV and RDR2 were hypothesized to
generate RNA precursors that DCL3 then diced into 24-nt
siRNAs. It seemed logical that Pol IV, as a presumptive
DNA-dependent RNA polymerase, might act first, with
RDR2 then using the Pol IV transcripts as templates to
generate dsRNAs. Cell biological studies provided indirect
support for this hypothesis by showing that RDR2 be-
comes mislocalized in nuclei of cells lacking Pol IV (Pon-
tes et al. 2006). In contrast, Pol IVimmunolocalizationwas
largely unchanged in rdr2 mutants. However, Pol IV was
mislocalized in nuclei treated with ribonuclease A, sug-
gesting that Pol IV might transcribe an RNA template
(Pontes et al. 2006); thus, the possibility that RDR2 might
act prior to Pol IV could not be ruled out.
Pol IVand RDR2 transcripts proved difficult to identify,

remaining elusive until 2015, when several laboratories
independently examined RNAs that accumulate in Dicer
mutants, as expected for siRNA precursors (Blevins et al.
2015; Li et al. 2015; Zhai et al. 2015). The RNAs were
shown to be dependent on both Pol IVand RDR2 for their
synthesis, to be sensitive to double-strand specific ribonu-
cleases, to accumulate in dcl3mutants but be diced into 24-
nt siRNAs by DCL3 in vitro (Blevins et al. 2015), and to
map to 24-nt siRNA producing loci. Surprisingly, the
siRNA precursors were mostly 25–35 nt in length, so short
that they could only be diced once (Blevins et al. 2015;
Zhai et al. 2015).
A priori, one might predict Pol IV transcripts to accu-

mulate in a rdr2mutant if Pol IVacts first, and RDR2 then
converts Pol IV transcripts into dsRNAs. Conversely, if

Figure 1. Key events of the RNA-directed DNA methylation pathway. Pol IV and RDR2 physically associate and their reactions are
coupled to produce double-stranded RNAs (dsRNAs). These dsRNAs include a nontemplated nucleotide at the 3′ end of the RDR2
strands attributable to RDR2’s terminal transferase activity. Upon dicing by DICER-LIKE 3 (DCL3), 24- and 23-nt siRNAs are
generated, possibly as a heteroduplex (hence the question mark), with 23-nt RNAs enriched for the untemplated 3′ nucleotides. We
hypothesize that the 23-nt siRNAs serve as the passenger strands for the associated 24-nt guide RNAs that are loaded into ARGO-
NAUTE 4 (AGO4). Resulting siRNA–AGO4 complexes find their target sites by base-pairing to Pol V transcripts and interacting with
the carboxy-terminal domain (CTD) of the Pol V largest subunit. The cytosine methyltransferase DRM2 is ultimately recruited and
carries out regional de novo methylation of cytosines in any sequence context.
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RDR2 acts first, RDR2 transcripts would be expected to
accumulate in a pol iv mutant. Surprisingly, in single mu-
tants defective for either Pol IV or RDR2, no precursor
transcripts were detected (Blevins et al. 2015; Zhai et al.
2015). Could it be that single-stranded transcripts are sim-
ply turned over rapidly, thus evading detection? Or might
the physical association of Pol IV and RDR2, shown by
previous coimmunoprecipitation experiments (Law et al.
2011; Haag et al. 2012), be needed for each enzyme to be
active? Initial in vitro transcription assays of Haag et al.
(2012) suggested that this might be true for RDR2, but not
Pol IV. Or could it be that Pol IV and RDR2 are both
needed to synthesize each strand of a dsRNA precursor,
perhaps by RDR2 carrying out a priming step and Pol IVa
subsequent elongation step, reminiscent of Okazaki frag-
ment synthesis during DNA replication (Bergsch et al.
2019)?
Another puzzling characteristic of Pol IVand RDR2-de-

pendent precursor RNAs, which we refer to as P4R2 RNAs
(Blevins et al. 2015), is that they frequently have a 3′-termi-
nal nucleotide that does not match the corresponding geno-
mic DNA (Blevins et al. 2015; Zhai et al. 2015). Whether
these mismatches occur at the ends of Pol IV or RDR2
transcripts or both was unclear because there was no defin-
itive way to distinguish Pol IV transcripts from RDR2 tran-
scripts in vivo. One hypothesis suggested that mismatched
nucleotides result frommisincorporation errorswhenPol IV
encountersmethylated cytosines in theDNA template (Zhai
et al. 2015). It was further hypothesized that if the mistake
could not be repaired, transcription terminationmight result.
The latter idea, combined with evidence that Pol IV is re-
cruited to regions displaying CG maintenance methylation
(Blevins et al. 2014), provided a possible explanation for
why Pol IV transcripts are so short.
The Pol IV-misincorporation hypothesis was tested in

subsequent biochemical experiments in vitro. Pol IV tran-
scription is relatively error-prone compared to Pol II and
Pol V, but there was no difference in nucleotide misincor-
poration at methylcytosines versus cytosines (Marasco
et al. 2017). Cytosine methylation also does not induce
Pol IV termination in vitro (Marasco et al. 2017; Singh
et al. 2019).
An alternative explanation for template-mismatched nu-

cleotides in P4R2 RNAs stems from the fact that RDR2
displays terminal nucleotidyl transferase activity that can
add one or more untemplated nucleotides to the 3′ end of
an RNA in vitro (Blevins et al. 2015). But can RDR2 add
an untemplated nucleotide to the 3′ ends of Pol IV tran-
scripts, its own transcripts, or both? Once again, because
there was no way to distinguish Pol IV from RDR2 tran-
scripts among P4R2 RNAs in vivo, an answer to this
question awaited assays able to distinguish their tran-
scripts in vitro.

NEW BIOCHEMICAL ASSAYS PROVIDE
IN VITRO ANSWERS TO THE

IN VIVO QUESTIONS

As introduced above, numerous questions concerning
Pol IV and RDR2 transcription remained unanswered

from in vivo studies. Among these were the following:
(1) Which enzyme acts first in the biogenesis of siRNA
precursors? (2) Does Pol IV make one strand of each
dsRNA precursor and RDR2 the other strand, or are
both enzymes needed to synthesize each strand? (3) Is
there a way to distinguish Pol IV transcripts from RDR2
transcripts? (4) Are 3′-untemplated nucleotides present at
the ends of both Pol IVand RDR2 transcripts? (5) Is there
any functional significance to these untemplated nucleo-
tides? (6) Why are P4R2 transcripts so short?
Answers to the first four questions came from a bio-

chemical assay we devised using single-stranded bacte-
riophage M13 genomic DNA as a source of template for
dsRNA synthesis by Pol IVand RDR2 (Singh et al. 2019).
Pol IV and RDR2 associate and thus copurify from wild-
type plants (Law et al. 2011; Haag et al. 2012). However,
epitope-tagged Pol IV can be isolated from a rdr2 null
mutant, and epitope-tagged RDR2 can be purified from
a nrpd1 null mutant, lacking the Pol IV largest subunit, so
as to be isolated individually (Haag et al. 2012). We found
that dsRNAswere synthesized by Pol IV–RDR2 complex-
es but not by either enzyme individually (Singh et al.
2019). RNA sequencing showed that Pol IV transcripts
are exclusively reverse complements of the DNA. Only
if RDR2 is also present are RNA transcripts generated in
the same 5′→3′ polarity as the template DNA; these RNAs
can only be generated by using Pol IV transcripts as tem-
plates. The results showed definitively that each enzyme is
wholly responsible for synthesizing individual strands of
the dsRNA (Singh et al. 2019). Moreover, the phenome-
non of template-mismatched nucleotides present at the
3′ ends of P4R2 RNAs in vivo was recapitulated (Blevins
et al. 2015; Singh et al. 2019). Importantly, these untem-
plated nucleotides occur at the 3′ termini of RDR2 tran-
scripts, not Pol IV transcripts. This indicates that RDR2
uses its terminal transferase activity to add an extra nucle-
otide to the end of its own transcripts but does not act on
Pol IV transcripts.
Terminal transferase activity has been shown for a

number of RNA-dependent RNA polymerases, including
Arabidopsis RDR6, Neurospora crassa QDE1, and viral
polymerases (Ranjith-Kumar et al. 2001; Curaba and Chen
2008; Poranen et al. 2008; Aalto et al. 2010). But what is
the significance of this activity, if any? Our findings using
the M13 system suggest that RDR2’s terminal transferase
activity serves a purpose—in specifying the fates of the
twoRNAstrands following dicing. Reactions that included
DCL3, in addition to Pol IVand RDR2, generated both 24-
and 23-nt siRNAs in vitro (Singh et al. 2019), as is also the
case in vivo (Kasschau et al. 2007). The significance of the
23-nt class of siRNAs has never been clear. Interestingly,
we found that the template-mismatched 3′ nucleotides at-
tributable toRDR2 terminal transferase activity are primar-
ily found at the ends of 23-nt siRNAs (Singh et al. 2019).
This in vitro result fits with analyses that showed that
template-mismatched 3′-terminal nucleotides are also en-
riched among 23-nt siRNAs in vivo (Wang et al. 2016).
Based on these observations, we hypothesize that DCL3
interacts with dsRNAs, measures 24 nt from the 5′ end of
the Pol IV strand, and makes a staggered cut that leaves
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the 3′ end of the Pol IV strand overhanging the RDR2
strand by 2 nt, consistent with cutting by other Dicers
(Park et al. 2011). Because the RDR2 strand has a 1-nt
extension at its 3′ end as a result of RDR2’s terminal trans-
ferase activity, DCL3 cutting generates a 23-nt RNA from
the RDR2 strand, with the template-mismatched nucleo-
tide at its 3′ end (Fig. 1). Because 23-nt siRNAs are not
abundant among the RNAs that copurify with immunopre-
cipitatedAGO4 (Qi et al. 2006;Havecker et al. 2010;Wang
et al. 2016), we hypothesize that 23-nt RNAs may serve as
so-called “passenger strands” for the 24-nt guide strands
that become stably associated with AGO4 (Singh et al.
2019). If so, 23-nt siRNAs have a function, and so does
the terminal transferase activity of RDR2 that contributes
to their biogenesis.
An answer to the question of why P4R2 RNAs in vivo

are so short came from a different set of in vitro experi-
ments using synthetic oligo- and polynucleotide DNAs. In
these experiments, we found that Pol IV engaged in tran-
scription of a single-stranded DNA template DNA strand
terminates ∼12–16 nt after encountering the base-paired
nontemplate DNA strand (Singh et al. 2019), in a se-
quence-independent manner. This suggests a model in
which Pol IV initiates on one DNA strand following the
melting of duplex DNA to form a transcription bubble,
like other DNA-dependent RNA polymerases (Holstege
et al. 1997; Bae et al. 2015; Barnes et al. 2015). After
transcribing single-stranded DNAwithin the bubble, Pol
IV encounters double-stranded DNA at the edge of the
bubble and is only able to transcribe an additional 12–
16 nt before terminating. Exactly why Pol IV cannot tran-
scribe further than 12–16 nt into duplex DNA is unclear.
However, amino acid changes in several key regions of Pol
IV’s catalytic center offer some clues (Haag et al. 2009,
2012). In prokaryotic and eukaryotic DNA-dependent
RNA polymerases, structural features in their largest sub-
units known as the “trigger,” “rudder,” and “zipper” loops
affect catalytic activity, melting of the DNA strands ahead
of the advancing polymerase, and reannealing of the DNA
strands in the wake of the passing polymerase, respective-
ly (Toulokhonov and Landick 2006). The largest subunit
of Pol IV (NRPD1) contains amino acid deletions in each
of these elements (Haag et al. 2009, 2012; Singh et al.
2019). Collectively, these deletions may hamper Pol IV’s
ability to plow ahead into duplex DNA and propagate a
transcription bubble that translocates along with the poly-
merase, allowing for processivity.

Does RDR2 Interact with Pol IV Transcripts
Prior to Pol IV Termination?

Arabidopsis has numerous small RNA-mediated path-
ways, involving six RNA-dependent RNA polymerases,
four Dicers, and 10 Argonaute proteins (Volpe and Mar-
tienssen 2011; Borges and Martienssen 2015). With so
many alternative enzymes in play, how can RNAs stay
channeled within a specific pathway? Our findings sug-
gest that protein–protein interactions and RNA signals,
imparted by the enzymes that synthesize or process the
RNAs, account for RNA channeling. Pol IV physically

associates with RDR2 (Law et al. 2011; Haag et al. 2012)
and the interaction is insensitive to RNase A treatment,
suggesting that RNA does not link them (Pontes et al.
2006). Therefore, protein–protein interactions are likely,
involving one or more Pol IV subunits that interact directly
with RDR2 or indirectly via one or more bridging pro-
teins. In Arabidopsis, Pol IV’s largest subunit, NRPD1,
and seventh-largest subunit, NRPD7, are the only subunits
not shared by Pols I, II, III, or V (Ream et al. 2009),
making them potential candidates for RDR2 interactors.
In maize, however, in which Pol IVand RDR2 (MOP1 in
maize) also copurify, the only subunit unique to Pol IV is
NRPD1 (Haag et al. 2014). Thus, NRPD1 is the prime
suspect for mediating the interaction with RDR2
interaction.
RDR2 initiation is coupled to Pol IV termination and

results in RDR2 transcripts that mirror the length of Pol IV
transcripts in the M13 system (Singh et al. 2019), suggest-
ing that RDR2 transcribes the Pol IV transcripts end-to-
end. However, it remains unclear when RDR2 first en-
gages the Pol IV transcript. One possibility is that RDR2
interacts with the nascent Pol IV transcript as soon as the 5′
end of the transcript emerges from Pol IV’s RNA exit
channel such that the RNA is already engaged by RDR2
prior to Pol IV termination and transcript release. Alter-
natively, RDR2 may only capture Pol IV transcripts after
their release. Additional biochemical tests, such as protein
cross-linking experiments and/or structural studies of Pol
IV–RDR2 complexes, will be needed to determine how
Pol IV and RDR2 interact and how RNAs are channeled
from Pol IV to RDR2.

How Is Pol IV Transcription Initiated?

Genetic evidence indicates that sites of Pol IV transcrip-
tion are not specified by conventional promoters to which
transcription factors bind. Instead, the evidence suggests
that chromatin modifications are the signals that facilitate
Pol IV recruitment (Law et al. 2013; Blevins et al. 2014).
These include cytosine methylation marks that can be
maintained following every round of DNA replication
by DNA METHYLTRANSFERASE 1 (MET1), the plant
ortholog of mammalian DNMT1. MET1 maintenance
methylation at CG motifs somehow requires the activity
of HDA6 (To et al. 2011; Liu et al. 2012; Blevins et al.
2014), as does maintenance methylation at CHGmotifs by
CHROMOMETHYLTRANSFERASE 3 (CMT3) (Earley
et al. 2010). Nucleosomes assembled using DNA methyl-
ated by these enzymes include histone H3 proteins that
are dimethylated on lysine 9 (H3K9me2). SAWADEE
HOMEODOMAIN HOMOLOG 1 (SHH1; also known
as DTF1), a protein with TUDOR-like domains that can
associate with Arabidopsis Pol IV, can bind these
H3K9me2 marks (Law et al. 2013; Zhang et al. 2013).
Interestingly, in maize, the paralogous proteins, SHH2a
and SHH2b, associate with both Pol IV and Pol V (Haag
et al. 2014). Like Pol IV, Pol V depends on MET1 to
specify its sites of action (Johnson et al. 2014), somehow
facilitated by methylcytosine binding by SUVH2 and
SUVH9 (Liu et al. 2014; Jing et al. 2016); thus, both

SINGH AND PIKAARD4



polymerases may have similar epigenetically inherited re-
cruitment signals. But how recruitment leads to Pol IVand
Pol V being able to engage and transcribe one strand of
DNAwrapped around a histone octamer is unknown. Pol
IV–dependent synthesis of 24-nt siRNAs requires one or
more members of a family of putative ATP-dependent
DNA translocases, CLSY1–CLSY4 (Smith et al. 2007).
CLSY1 has been shown to physically interact with SHH1/
DTF1 (Zhang et al. 2013) and has been proposed to act as
a chromatin remodeler that might alter DNA–histone con-
tacts. However, no biochemical assays of CLSY activity
have been reported. Importantly, ATP-dependent DNA
translocases can have diverse functions, including heli-
case activity. This raises the intriguing possibility that
CLSY proteins could potentially be involved in the tran-
scription bubble opening to allow Pol IV transcription
initiation. Likewise, the putative ATP-dependent DNA
translocase, DRD1 (Kanno et al. 2005), is required for
Pol V transcription (Wierzbicki et al. 2008; Law et al.
2010; Zhong et al. 2012) and may play a similar role
(Pikaard et al. 2012). Clearly, biochemical assays need
to be developed to understand how Pol IV and Pol V can
initiate transcription in the context of chromatin.

How Does Nontemplate DNA Induce
Pol IV Termination?

Pol IV terminates shortly after encountering double-
stranded DNA and termination in this manner is somehow
required to enable RDR2 to synthesize the second RNA
strand (Singh et al. 2019). The biochemical basis for these
molecular events is unclear. As discussed previously, ami-
no acid deletions in the Pol IV “trigger,” “rudder,” and
“zipper” loops in the vicinity of the catalytic center may
contribute to transcription stalling and termination (for
sequence comparisons, see Toulokhonov and Landick
2006; Landick 2009; and Singh et al. 2019). But how
termination results in a nucleic acid conformation that
enables RDR2 to engage the 3′ end of the released Pol
IV transcript and use it as a template is difficult to envi-
sion. Structural studies may be necessary to come to a
mechanistic understanding of this critical step.

Do Patterns of DCL3 Dicing Program
AGO4–siRNA Complex Formation?

AGO4–siRNA complexes immunoprecipitated from
Arabidopsis contain 24-nt siRNAs, almost exclusively,
despite the fact that DCL3 generates both 23- and 24-nt
siRNAs (Qi et al. 2006; Kasschau et al. 2007; Havecker
et al. 2010; Wang et al. 2016; Singh et al. 2019). As
discussed previously, we hypothesize that 23-nt RNAs
may serve as passenger strands that help specify the stable
association of AGO4 with the 24-nt RNAs base-paired
with the 23-nt RNAs (Singh et al. 2019). However, it is
not yet clear if 24/23-nt heteroduplexes exist in cells.
Likewise, we know little about how AGO4 becomes load-
ed with siRNAs. In vitro assays that could recapitulate
AGO4 loading and siRNA strand choice would provide
a means to address these questions.

Are There DCL-Independent Routes
of siRNA Biogenesis?

Recent studies suggested that there are DCL-indepen-
dent routes of siRNA biogenesis, explaining residual lev-
els of DNA methylation in Dicer mutants (Yang et al.
2016; Ye et al. 2016). Briefly, the idea is that Pol IV nascent
transcripts might be loaded into AGO4 as single strands
that are then trimmed down to 24 nt by the putative 3′ to 5′
exonuclease activity of RRP6L1 or an uncharacterized
“trimmer” enzyme. However, using the M13 system in
vitro, a significant fraction of Pol IVand RDR2 transcripts
happen to be 24 nt in size (Singh et al. 2019). Might these
transcripts be capable of being loaded into AGO4? If so,
this would be a Dicer- and Trimmer-independent way of
producing 24-nt RNAs.Moreover, it is noteworthy that the
proposed role for RRP6L1 as an siRNATrimmer is hypo-
thetical, stemming from genetic evidence that it is involved
for RdDM. But there is an alternative explanation for
RRP6L1 involvement in RdDM. RRP6L1 interacts with
the carboxy-terminal domain of Pol V in yeast two-hybrid
assays, and in rrp6l1mutants, Pol V transcripts are longer
than in wild type (Wendte et al. 2017). Pol V transcripts are
similarly longer in ago4 mutants, suggesting that what
RRP6L1 trims are Pol V transcripts sliced by AGO4
(Wendte et al. 2017).

CONCLUSION

Two decades of in vivo studies have identified the play-
ers in the RdDM pathway and what happens when they are
mutated. However, we are still in the early stages of un-
derstanding the biochemical functions of many of these
proteins. Having reconstituted the siRNA biogenesis steps
of the RdDM pathway in vitro, we can envision a future in
which we can load AGO4 with siRNAs of our choosing
and have these AGO4–siRNA complexes associate with
Pol V engaged in transcription. By considering RdDM
pathway as a series of reactions that can be understood
in biochemical detail, we are optimistic that RdDM can
ultimately be reconstituted in vitro. If so, we may finally
understand how the siRNAs, long noncoding RNAs,
DNA strands, and proteins are configured to enable the
chemical modification of genomic target sites, an under-
standing not yet in hand for RNA-directed chromatin
modification pathways of any organism.
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