
©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

 Point-of-View

www.landesbioscience.com	 RNA Biology	 1593

RNA Biology 10:10, 1593–1596; October 2013; © 2013 Landes Bioscience

Point-of-View

RNA-directed DNA methylation in plants
Where to start?
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Plants use 24-nucleotide small inter-
fering RNAs (24-nt siRNAs) and 

long non-coding RNAs (lncRNAs) to 
direct de novo DNA methylation and 
transcriptional gene silencing. This pro-
cess is called RNA-directed DNA meth-
ylation (RdDM). An important question 
in the RdDM model is what explains the 
target specificity of RNA polymerase 
IV (Pol IV), the enzyme that initiates 
siRNA production. Two recent papers 
addressed this question by character-
izing the DTF1/SHH1 protein, which 
contains a homeodomain in the N termi-
nus and a novel histone-binding domain 
SAWADEE in the C terminus. Here we 
review the main results of the two studies 
and discuss several possible mechanisms 
that could contribute to Pol IV and Pol V 
recruitment.

RNA-mediated transcriptional gene 
silencing (TGS) is a conserved phenom-
enon that occurs in fungi, plants, and 
animals.1 It is required for many impor-
tant cellular functions, such as transposon 
silencing, genome stability, cell identity 
maintenance, and defense against exoge-
nous DNAs. A surprising feature of RNA-
mediated TGS is that silencing requires 
transcriptional activity, i.e., low levels of 
transcripts can usually be detected at the 
silenced locus.2 This seemingly contradic-
tory observation can be explained by the 
action of small RNAs (sRNAs) and long 
non-coding RNAs (lncRNAs). Eighteen 
to 40 nt sRNAs, including small interfer-
ing RNAs (siRNA) and piwi-interacting 
RNAs (piRNA), can direct molecular 
machinery that catalyzes heterochromatic 

histone modifications or DNA methyla-
tion to loci with sequence homology, usu-
ally by base pairing with long non-coding 
RNAs (lncRNAs) that are associated with 
the chromatin. Thus, a low level of tran-
scripts needs to be generated to provide 
positional information for TGS. A recent 
study that is part of the human ENCODE 
project reports that primary transcripts 
cover at least 74.7% of the human genome 
and that ncRNA expression is more cell 
type-specific than are protein-coding 
genes, suggesting that non-coding RNAs 
(ncRNAs) have a broad range of roles in 
various cellular functions.3

In plants, RNA-mediated TGS is 
mainly effected by a pathway called RNA-
directed DNA methylation (RdDM) 
(Fig. 1), a term coined in 1994 by Sanger 
and colleagues.4 Since then, carefully 
designed genetic screens in the model 
organism Arabidopsis thaliana have iden-
tified many components of the RdDM 
pathway, some of which, like the small 
RNA-binding protein ARGONAUTE, 
were subsequently found to exhibit con-
served biochemical activities and to have 
similar roles in RNA-mediated TGS in 
other organisms.5 While ncRNAs play 
important and similar roles in plants and 
animals, ncRNA generation differs in 
these two systems. In animals, the DNA-
dependent RNA polymerase II (Pol II) 
is the main polymerase responsible for 
ncRNA generation, but ncRNA genera-
tion in plants involves at least three RNA 
polymerases: Pol II, Pol IV, and Pol V.

Pol IV and Pol V evolved from Pol II 
but have distinct functions in the RdDM 
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pathway. Pol IV is believed to produce sin-
gle-stranded RNAs that serve as precur-
sors of siRNAs. Pol IV is tightly coupled 
to RDR2 (RNA-DEPENDENT RNA 
POLYMERASE 2), which transcribes 
newly synthesized Pol IV transcripts and 
generates double-stranded RNAs (dsR-
NAs).6 This process is likely aided by 
the putative ATP-dependent chromatin 
remodeling factor CLSY1 (CLASSY1).7 
The dsRNAs are diced by DICER-LIKE 
3 (DCL3) into 24-nt siRNAs with 3′ 
overhangs, which are then methylated 
by HUA ENHANCER 1 (HEN1). Sin-
gle-stranded 24-nt siRNAs are finally 
loaded into ARGONAUTE 4 (AGO4) 
or ARGONAUTE 6 (AGO6) to form the 
RdDM effector complex (Fig. 1).

Pol V and Pol II, in contrast, are 
involved in producing ncRNA scaf-
folds with which 24-nt sRNAs form base 
pairs.8,9 Transcription by Pol V requires 
a protein complex DDR, named after 
its three components: DRD1 (DEFEC-
TIVE IN RNA-DIRECTED DNA 
METHYLATION), DMS3 (DEFEC-
TIVE IN MERISTEM SILENCING 
3), and RDM1 (RNA-DIRECTED 
DNA METHYLATION).10 DRD1 is 
a putative ATP-dependent chromatin 
remodeling factor, DMS3 is a putative 
cohesin-like protein, and RDM1 contains 
single-stranded DNA-binding activity. 
Researchers have proposed that the DDR 
complex is required to unwind the DNA 
and maintain the single-stranded DNA 
structure required for Pol V transcription.11 
RDM1 is also part of the RdDM effector 
complex and associates with AGO4 and 
the de novo methyltransferase DRM2 
(DOMAIN REARRANGED METH-
YLTRANSFERASE 2) that locally cata-
lyzes CG, CHG, and CHH methylation.12 
The scaffolding function of Pol V tran-
scripts is further exemplified by several 
RNA-binding proteins that are necessary 
for proper methylation of RdDM targets. 
SPT5-LIKE/KOW DOMAIN-CON-
TAINING TRANSCRIPTION FAC-
TOR 1 (SPT5L/KTF1) is recruited to 
Pol V transcripts independently of AGO4 
and is thought to play a role in stabiliz-
ing the effector complex.13,14 The IDN2-
IDP protein complex also binds to Pol V 
transcripts15 and recruits the SWI/SNF 
chromatin remodeling complex, whose 

activity is required for heterochromatin 
formation.16

An important question is “What 
explains the target specificity of the 
RdDM pathway or of Pol IV and Pol V 
transcription?” Affinity purification fol-
lowed by tandem mass spectrometry 
analyses indicates that Pol IV and Pol V 
are each composed of 12 subunits, half of 
which are shared by Pol II, Pol IV, and Pol 
V.17 Phylogenetic analyses based on sub-
unit 4, 5, and 7 of Pol IV and Pol V also 
showed that Arabidopsis Pol IV and Pol 
V evolved from Pol II via a multistep pro-
cess.18 Thus, it is possible that Pol IV and/
or Pol V could be recruited by sequence-
specific transcription factors as occurs 
with Pol II. Two recent studies used the 
ChIP-seq technique to characterize Pol V 
occupancy in the Arabidopsis genome.10,19 
A search for consensus sequences in the 
Pol V binding peaks, however, did not 
yield informative results, possibly because 
it is difficult to define the promoter region 
of Pol V transcription.

It is also possible that specific epigen-
etic marks play a role in Pol IV and/or 
Pol V recruitment. In Arabidopsis, the 
RdDM pathway mainly acts on repetitive 
sequences and transposons, most of which 
are marked with strong DNA methyla-
tion and other heterochromatic histone 
modifications such as monomethylation 
of lysine 27 of histone H3 (H3K27me1) 
and mono- and dimethylation of lysine 9 
of histone H3 (H3K9me1/2). Pol IV and 
Pol V may have an intrinsic preference for 

chromatin regions with such signatures. 
Alternatively, proteins that specifically 
recognize one or more of these marks may 
help recruit Pol IV and Pol V to the tar-
gets. The findings that different types of 
lncRNAs in mammalian cells are asso-
ciated with different chromatin signa-
tures suggest that epigenetic marks play 
a role in directing Pol II transcription of 
lncRNAs.20,21

Researchers have also proposed that 
specific nucleic acid structures may be 
involved in recruitment of Pol IV and Pol 
V.11 In vitro transcription by Pol IV and 
Pol V requires a RNA primer hybridized 
to the DNA template.6 Thus, the “R loop” 
structure formed by the RNA primer dis-
placing one strand of the DNA template 
may be recognized by Pol IV and Pol V 
and may help recruit them to target loci.

A protein that could possibly contribute 
to the target specificity of Pol IV is DTF1/
SHH1 (DNA TRANSCRIPTION FAC-
TOR 1/SAWADEE HOMEODOMAIN 
HOMOLOG 1). DTF1 was first iden-
tified as a protein that co-purifies with 
NRPD1, the largest subunit of Pol IV.22 
Other co-purified proteins include the 
RdDM components RDR2, CLSY1, and 
RDM4. DTF1 was also discovered inde-
pendently in a genetic screen for RdDM 
mutants.23 DTF1 function is required for 
proper DNA methylation and for proper 
24-nt siRNA levels at the selected RdDM 
loci examined in the latter two studies. 
The DTF1 gene encodes a plant-specific 
protein with 167 amino acid residues. The 

Figure 1. A simplified model of RNA-directed DNA methylation. The two domains (S, SAWADEE; H, 
homeodomain) of DTF1 protein are indicated by gray filled ovals. Filled black circles indicate methyl 
groups on histones, 24-nt dsRNA, or DNA; the dashed line with double arrows indicates the two 
proteins can interact, either directly or indirectly.
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N-terminal part of the protein contains 
a cryptic homeodomain, and the C-ter-
minal part contains a conserved plant-
specific domain called SAWADEE.24 
The homeodomain is a well-character-
ized DNA-binding domain and usually 
adopts a 3-helix structure with the third 
helix involved in DNA recognition.25 
The homeodomain sequence of DTF1 is 
only remotely similar to other homeodo-
main sequences, but the sequence corre-
sponding to the third helix is conserved, 
suggesting that it could be involved in rec-
ognition of specific DNA motifs (HZ and 
JKZ, unpublished data). The SAWADEE 
domain, on the other hand, was predicted 
to adopt a chromo barrel structure that 
may be involved in binding to specific 
histone modifications26 (see below). Thus, 
the predicted functions of its two domains 
suggest that DTF1 could recognize spe-
cific chromatin signatures and may be 
involved in Pol IV recruitment.

Two recent papers (published in May 
2013) further characterized the DTF1/
SHH1 protein and reported that it is 
involved in Pol IV recruitment.26,27 Both 
research groups used high-throughput 
sequencing to characterize the DNA 
methylome and whole-genome 24-nt 
siRNA levels in the dtf1 plants and several 
other RdDM mutants. Mutation of DTF1 
has a dramatic effect on the 24-siRNA 
levels.26 While 24-nt siRNAs decrease to 
less than 10% in the nrpd1 mutant, they 
decrease to 28% in the dtf1 mutant, which 
is substantially greater than the 50% 
decrease observed in the nrpe1 mutant (a 
knockout mutant in the largest subunit of 
Pol V). These numbers are consistent with 
the number of siRNA clusters that show 
decreased expression in each mutant. The 
dtf1 and nrpe1 differentially expressed 
siRNA clusters are subsets of those of 
nrpd1. Each accounts for 83% and 68%, 
respectively, of the differentially expressed 
siRNA clusters identified in nrpd1, indicat-
ing that DTF1 is involved in the upstream 
steps of RdDM pathway. This is unlike 
NRPE1, which presumably affects 24-nt 
siRNA accumulation indirectly through 
affecting DNA methylation levels. Not 
surprisingly, mutation of DTF1 also leads 
to a decrease of DNA methylation across 
the whole genome. The number of hypo 
DMRs (differentially methylated regions) 

identified in the dtf1 mutant accounts for 
~40% of those identified in the nrpd1 or 
nrpe1 mutant. Immunoaffinity purifica-
tion of DTF1 followed by tandem mass 
spectrometry indicates that DTF1 spe-
cifically associates with Pol IV but not Pol 
V.26 Thus, DTF1 is an upstream RdDM 
factor that specifically associates with Pol 
IV.

To understand DTF1 function, Zhang 
et al. followed an in silico approach in 
order to predict its protein structure using 
the Phyre2 server.28 The prediction indi-
cated that the SAWADEE domain could 
adopt a structure similar to that of the 
chromo barrel domain.29 Proteins with 
such structures have been shown to bind 
specific histone modifications. Thus, 
purified recombinant SAWADEE domain 
was applied to a histone peptide array. 
The results indicate that the SAWADEE 
domain can specifically recognize his-
tone H3 peptide with methylated lysine 
9 (H3K9me1/2/3) but that the binding 
is blocked by the presence of methylation 
on lysine 4 of the same peptide.26 Law et 
al. obtained similar results using another 
type of histone peptide array. In addi-
tion, they solved the crystal structure of 
the SAWADEE domain complexed with 
histone peptide. The structure indicates 
that the SAWADEE domain contains 
two binding pockets, one that recognizes 
unmethylated H3K4 (H3K4me0) and the 
other that recognizes H3K9me1/2/3.27 
Thus, SAWADEE is a new reader of his-
tone marks.

The results so far suggest that DTF1 
functions in recruiting Pol IV to chroma-
tin regions with H3K9 methylation. Law 
et al., who tested this hypothesis by exam-
ining NRPD1 occupancy genome wide 
in the dtf1 mutant, observed a decreased 
NRPD1 association with the chroma-
tin at loci where 24-nt siRNA levels are 
decreased in the dtf1 mutant.27

It is unknown whether the homeodo-
main of DTF1 is also involved in rec-
ognizing specific DNA sequences and, 
thus, in providing additional targeting 
information for Pol IV. That possibility 
is supported, however, by the observa-
tion that DTF1 apparently only affects 
24-nt siRNA levels of subsets of Pol IV 
targets.26,27 The Arabidopsis genome con-
tains a DTF1 homolog named DTF2/

SHH2 that has the same domain arrange-
ment as DTF1 except that its SAWADEE 
domain has a longer C-terminal region. 
The SAWADEE domain of DTF2 also 
binds to H3K9me1/2/3 in in vitro binding 
assays.26 It is possible that the homeodo-
mains of DTF1 and DTF2 preferentially 
recognize different DNA sequences, 
allowing DTF1 and DTF2 to target meth-
ylated H3K9 regions with different DNA 
sequence contexts. In support of this infer-
ence, the siRNA clusters that depend on 
DTF1 and Pol IV are enriched in euchro-
matin, whereas the siRNA clusters that 
depend only on Pol IV are enriched in 
pericentromeric heterochromatin.27

The exact molecular mechanism by 
which DTF1 affects Pol IV recruitment is 
not clear. The possibility that DTF1 could 
interact with any of the Pol IV-specific sub-
units has not been tested. The yeast homo-
logs of NRPD4/NRPE4 and NRPB5/
NRPD5 interact with transcription fac-
tors.18 Yeast two-hybrid assays indicated 
that DTF1 directly associates with CLSY1 
but not with RDR2.26 Previous experi-
ments found that the subnuclear localiza-
tion patterns of RDR2 and NRPD1 were 
disrupted in the clsy1 mutant,7 suggesting 
that DTF1 could affect RDR2 and Pol IV 
localization through CLSY1.

The finding that DTF proteins bind 
to H3K9 methylation provides the first 
direct link between histone modifications 
and RNA-directed DNA methylation. 
This also indicates, however, that we are 
only beginning to understand how Pol IV 
and Pol V are recruited. Although DTF1 
is required for Pol IV targeting, it is not 
clear whether it is sufficient. If it is suf-
ficient, then the question remains “What 
directs H3K9 methylation in general?” 
That 24-nt siRNAs and scaffolding 
ncRNAs are each generated by differ-
ent RNA polymerases in plants means 
that the two processes can now be stud-
ied separately. Factors involved in Pol V 
recruitment have not been reported. How 
Pol IV and Pol V transcriptional processes 
at the same locus are coordinated also 
remains unknown. Direct evidence show-
ing dynamic changes of the DNA methy-
lome in plants under biotic stress has been 
reported, indicating that DNA meth-
ylation can be dynamically regulated in 
response to environmental cues.30 Could 
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factors like DTF1 be involved in target-
ing the RdDM machinery to those newly 
methylated regions? Answers to these and 
related questions will greatly increase our 
understanding of the regulated genesis of 
ncRNAs.
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