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SUMMARY

The RNA-directed DNA methylation (RdDM) pathway
in plants controls gene expression via cytosine DNA
methylation. The ability to manipulate RADM would
shed light on the mechanisms and applications of
DNA methylation to control gene expression. Here,
we identified diverse RADM proteins that are capable
of targeting methylation and silencing in Arabidopsis
when tethered to an artificial zinc finger (ZF-RdDM).
We studied their order of action within the RdDM
pathway by testing their ability to target methylation
in different mutants. We also evaluated ectopic siRNA
biogenesis, RNA polymerase V (Pol V) recruitment,
targeted DNA methylation, and gene-expression
changes at thousands of ZF-RdDM targets. We found
that co-targeting both arms of the RdDM pathway,
siRNA biogenesis and Pol V recruitment, dramatically
enhanced targeted methylation. This work defines
how RdADM components establish DNA methylation
and enables new strategies for epigenetic gene regu-
lation via targeted DNA methylation.

INTRODUCTION

Cytosine DNA methylation is a key epigenetic mark involved in
the silencing of transposable elements (TEs) and genes in eu-
karyotes. Improving our knowledge of the pathways that trigger
methylation in plants is critical, not only for understanding how
methylation is established naturally, but also for creating DNA-
methylation-targeting tools that can be used to establish novel
epigenetic alleles of important plant genes. Plant genomes are
methylated within three sequence contexts: CG, CHG, or CHH
(where H is A, T, C) (Law and Jacobsen, 2010). Methylation
establishment requires the plant-specific RNA-directed DNA
methylation (RdDM) pathway, which can be divided into two
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major arms and acts via the de novo DNA methyltransferase
DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2)
(Law and Jacobsen, 2010).

In the RADM “arm 1,” RNA polymerase IV (Pol IV) generates
transcripts (P4-RNAs) that are converted into double-stranded
RNAs (dsRNA) by RNA-DEPENDENT RNA POLYMERASE 2
(RDR2) and subsequently processed into 24-nt siRNAs by
DICER-LIKE 3 (DCLB3) (Kuo et al., 2017; Matzke et al., 2015) (Fig-
ure S1A). In the absence of DCL3, other DICER-LIKE proteins—
DCL1, DCL2, and DCL4—can process P4-RNAs into 21-nt or
22-nt small interfering RNAs (siRNAs) that trigger de novo
methylation by RdDM (Bond and Baulcombe, 2015; Henderson
et al., 2006). Mutations in NRPD1, the Pol IV catalytic subunit,
lead to a virtually complete loss of 24-nt siRNAs genome wide
(Matzke et al., 2015) and a strong DNA-methylation loss at
RdDM sites (Stroud et al., 2013). Pol IV accessory proteins
include the CLASSY SNF2-related putative chromatin remodeler
family (CLSY) involved in global Pol IV recruitment (Zhou et al.,
2018), and SAWADEE HOMEODOMAIN HOMOLOG 1 (SHH1),
which binds the repressive histone mark H3K9 methylation asso-
ciated with DNA methylation and is required for Pol IV recruit-
ment at a subset of RADM sites (Law et al., 2013). siRNAs for
RdDM can be alternatively generated from other RNAs, like viral
or Pol-Il dependent, in “non-canonical RdADM” (Cuerda-Gil and
Slotkin, 2016). These RNAs can be processed into dsRNAs by
RDR1 and RDR6 and subsequently cleaved into siRNAs by
different DCL proteins (Cuerda-Gil and Slotkin, 2016). Subse-
quently, siRNAs are loaded into ARGONAUTE 4 (AGO4) or its
homologs, AGO6 and AGO9 (Matzke et al., 2015).

In the RADM arm 2, RNA Pol V, together with a number of
accessory proteins, generates longer non-coding RNAs at
target loci (Bohmdorfer et al., 2016; Liu et al., 2018; Matzke
et al., 2015) (Figure S1A). The DNA-methylation reader proteins
SU(VAR)3-9 homologs SUVH2 and SUVH9, as well as the DDR
complex consisting of RNA-DIRECTED DNA METHYLATION 1
(RDM1), DEFECTIVE IN MERISTEM SILENCING 3 (DMS3),
and DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1
(DRD1), are required globally for Pol V occupancy on chromatin
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(C) FWA expression measured by RNA-seq in three independent pools of seedlings from untransformed Col-0 and fwa mutants and pools of seedlings from three
independent T2 lines expressing DMS3-ZF in the fwa and fwa drm1 drm2 (fwa drm1/2) backgrounds.
(D) Screenshot of two biological replicates of Pol Il Ser5 and no antibody control (no Ab) ChlP-seq signal over the FWA region in DMS3-ZF lines in fwa drm1/2 and
fwa nrpe1 backgrounds. RPKM values from the FWA transcribed region are presented for each track.









(F) Metaplot of Col-0 ATAC-seq signals over ZF off-target sites with or without NRPE1 recruitment in DMS3-ZF.

(G) Genomic distribution of ZF off-target sites with (left) or without (right) NRPE1 recruitment in DMS3-ZF.

(H) Heatmap and metaplot showing FLAG and NRPE1 ChlIP-seq signal in DMS3-ZF lines in fwa drm1/2 (left panel) and fwa ago4/6/9 (right panel) over DMS3-ZF
off-targets.






