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Chromatin-based silencing mechanisms
Judith Bender
Eukaryotic genomes are organized into regions of

transcriptionally active euchromatin and transcriptionally

inactive heterochromatin. In plant genomes, heterochromatin is

marked by methylation of cytosine and methylation of histone

H3 at lysine 9. Heterochromatin formation is targeted to

transposons as a means of defending the host genome against

the deleterious effects of these sequences. Heterochromatin is

directed to transposon sequences by transposon-derived

aberrant RNA species and functions to prevent unwanted

transcription and movement. Formation of heterochromatin at

rRNA-encoding genes and centromere-associated repeats

might also involve an RNA-based mechanism that is designed

to stabilize these potentially labile structures.
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NA-directed DNA methylation
RdRP R
NA-dependent RNA polymerase
RNAi R
NA interference
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mall interfering RNA
Introduction
In eukaryotes, DNA is packaged into the nucleus of the

cell by assembly into chromatin. The fundamental unit of

chromatin is the nucleosome, consisting of an octamer

with two subunits each of histones H2A, H2B, H3 and

H4, which provides a globular core that is wrapped by

roughly 150 bp of DNA. Nucleosomal DNA is further

packaged by higher-order folding and association with

other proteins. Along each chromosome, chromatin is

organized into transcriptionally active, less-condensed
cedirect.com
euchromatin, and transcriptionally inactive, highly con-

densed heterochromatin.

In some eukaryotes, including plants and mammals, DNA

in regions of heterochromatin is marked by methylation at

the 5-position of cytosines. This covalent DNA modifica-

tion can be inherited on the template strand during DNA

replication to guide the maintenance of the mark. In both

plants and animals, heterochromatin is also marked by

histones carrying particular posttranslational modifica-

tions on their amino-terminal tails, which extend out-

wards from the core of the nucleosome. These

modifications include methylation of histone H3 at lysine

9 (H3 mK9), and a lack of acetylation on histones H3 and

H4. By contrast, euchromatin is marked by methylation of

H3 at lysine 4 (H3 mK4) and acetylation of histones H3

and H4. These combinations of histone modifications

have been proposed to constitute a ‘histone code’ that

guides chromatin interactions with appropriate chromatin

remodeling factors (reviewed in [1,2]). In this review, I

discuss recent results that elucidate how heterochromatin

is targeted to appropriate regions of the plant genome,

and how interplay between DNA methylation and his-

tone modification acts to maintain the heterochromatin

state.

RNA-directed DNA methylation
Some, if not all, heterochromatin formation in plant

genomes is directed by aberrant RNA species. This

RNA-based heterochromatin formation is interrelated

with RNA interference (RNAi), another RNA-based

silencing mechanism (reviewed in [3]). In RNAi, double-

stranded RNA (dsRNA) provides a trigger for the degra-

dation of transcripts that have shared sequence identity.

The dsRNA trigger is first diced into small interfering

RNAs (siRNAs) of 21–26 nt by Dicer ribonucleases. At

least some species of these siRNAs are subsequently

taken up by an RNA-induced silencing complex and

used to guide the degradation of target transcripts by

sequence complementarity. The observation from plant

systems that produce high levels of dsRNA, such as RNA

virus infections [4,5��] or highly transcribed inverted

repeat transgenes [6,7�,8], is that dsRNA and/or siRNAs

can also trigger the methylation of DNA with identical

sequences. This RNA-directed DNA methylation

(RdDM) is highly sequence-specific, methylation does

not significantly spread beyond the boundary of the RNA

trigger [9,10].

In plant genomes, DNA methylation is maintained

preferentially at cytosines in the symmetric dinucleotide

context 50-CG-30 (hereafter referred to as CG) but
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methylation can also occur in CNG (where N is any

nucleotide) and asymmetric contexts. By contrast, in

mammalian genomes, methylation is maintained almost

exclusively in CG contexts. RdDM typically involves

dense methylation of both CG and non-CG cytosines

in the target regions. Forward and reverse genetic

approaches in Arabidopsis thaliana have implicated two

plant-specific types of DNA methyltransferase (DMTase)

in non-CG methylation: DRM DMTases are primarily

involved in initiating new RdDM imprints and can

methylate asymmetric cytosines [11,12,13�,14], whereas

the CMT3 DMTase maintains the RdDM imprint pre-

ferentially at CNG cytosines ([12,14–16]; Figure 1). A

third type of DMTase, MET1, is related to the mamma-

lian DMTase Dnmt1 and maintains methylation in CG

contexts [17,18�]. Thus, the relative contribution of each

of type of DMTase to the overall methylation status of a

locus depends on the sequence composition of the locus.
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The CMT ‘chromomethylase’ class carries a ‘chromo-

domain’ interaction motif embedded in its methyltrans-

ferase catalytic domain. As the chromo-domains found in

the animal heterochromatin protein 1 (HP1) and Poly-

comb protein bind to H3 mK9 and H3 mK27, respec-

tively [19–21], it is attractive to speculate that the CMT

chromo-domain is similarly involved in interactions with

methylated histones. In fact, the genetic screens in

Arabidopsis that identified cmt3 mutations also identified

mutations in the KYP/SUVH4 H3 K9 histone methyl-

transferase (HMTase) that confer deficiencies in non-

CG methylation, indicating a direct link between the H3

mK9 mark and CMT3-mediated DNA methylation

[22�,23�].

In the fungus Neurospora crassa, DNA methylation is

maintained by the DMTase DIM-2, which lacks a

chromo-domain [24], but also requires a separate
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chromo-domain-containing HP1-related protein [25]

and H3 mK9 [26]. These observations suggest that

the DMTase/chromo-domain/H3 mK9 relationship is

conserved among eukaryotes, with variations in whether

the functional protein domains are located in separate

polypeptide chains. At present, however, there is no

evidence that the CG methylation maintained by

MET1 in plants is directed by patterns of histone

methylation. In addition, the Arabidopsis HP1 homolog

LHP1 is not needed to maintain DNA methylation

[23�]. Instead, the histone deacetylase HDA6 is needed

to reinforce CG methylation patterning in Arabidopsis
[27,28,29�].

Transposon defense via RdDM
Transposon sequences present a threat to the integrity of

the host plant genome because of their movement to new

insertion sites. Even transposon-derived duplications that

are no longer capable of movement can potentially pro-

mote unwanted rearrangements by recombination-based

mechanisms. A primary line of host defense against these

dangerous sequences is to target them for heterochroma-

tin formation, which acts to suppress their transcription,

movement and recombinational activity. Heterochroma-

tin targeting involves RdDM, as indicated by patterns of

CG and non-CG methylation, and transposon-derived

siRNAs [28,30,31��,32].

Analysis of the mobile CACTA transposons in Arabidopsis
shows that CG and non-CG methylation patterning func-

tion as redundant reinforcements in transposon suppres-

sion. When CACTA elements are partially demethylated

by mutation of the MET1 CG DMTase or mutation of

the CMT3 non-CG DMTase, they show partial transcrip-

tional reactivation but no movement [31��]. Only when

the elements are completely demethylated by a double

met1 cmt3 mutation can they transpose. Thus, the differ-

ent pathways of methylation patterning in plants provide

different layers of transposon defense.

A puzzling aspect of transposon methylation is how

transposons, but not normal host genes, generate the

dsRNA triggers for RdDM. Part of the answer to this

puzzle comes from genetic studies in Arabidopsis showing

that an RNA-dependent RNA polymerase (RdRP) and

other putative RNA-processing factors are needed for

both RdDM and RNAi triggered by aberrant RNA spe-

cies that are not themselves double-stranded [7�,33–37].

These results suggest that some single-stranded RNAs

act as templates for RdRP-mediated synthesis of a second

strand to form dsRNA. Furthermore, when a particular

template RNA is converted into dsRNA and diced

siRNAs, the siRNAs then have the potential to amplify

the pathway either by directly priming RdRP-mediated

synthesis or by annealing to and causing structural

changes in the template RNA that indirectly facilitate

RdRP-mediated synthesis ([5��,38]; Figure 1).
www.sciencedirect.com
What features, then, would distinguish transposon-

derived transcripts as preferred templates for RdRP? A

key aspect of transposons (or transgenes) is that they

integrate at random sites in the host genome and, thus,

can be potentially transcribed from fortuitous nearby

promoters. Such ‘read-through’ transcripts are likely to

have disrupted splice sites and translational open reading

frames across the junction of host and transposon

sequences, which might create cues that shunt them into

the RdRP pathway. Another possibility is that indepen-

dent sense and antisense strand read-through transcripts

have the potential to pair with each other to form trans-

poson dsRNA. Read-through RNA triggers of RdDM that

encompass transposon sequences from end to end can

impair movement at two levels: by silencing internal

transposon promoters and by blocking interactions of

transposon-encoded proteins with transposon sequences.

RNAi provides an additional line of defense against

externally driven, transposon-derived transcripts that

might otherwise yield protein products that promote

transposon movement.

What level of dsRNA would be required to maintain

transposon methylation, especially if the transposon

sequence were present around the genome in multiple

copies, of which only one or a few were the source of

dsRNA? Studies on the methylated endogenous PAI
genes in Arabidopsis, which are arranged as an inverted

repeat and transcribed from a fortuitous external promo-

ter, suggest that extremely low levels of dsRNA can be

potent RdDM signals. Only a few PAI transcripts extend

beyond a polyadenylation site at the center of the PAI
inverted repeat to make dsRNA, and diced siRNAs are

below the limit of detection by RNA gel blot [8]. None-

theless, the inverted repeat promotes dense CG plus non-

CG methylation of itself plus two unlinked duplicated

PAI sequences through RdDM. Moreover, a rearrange-

ment in the center of the inverted repeat that further

suppresses dsRNA levels causes reduced but still very

stable methylation of PAI sequences [39]. The PAI genes

thus illustrate two key points relevant to transposon

defense: even very low levels of aberrant RNAs can

efficiently promote RdDM, and a single ‘bad’ member

of a family can potentially generate enough RNA to

suppress the whole family in trans.

Transposon duplications might consist of two classes:

one in which transposon sequences are transcribed from

external promoters to make RdDM triggers, and another

in which transposon sequences are transcriptionally silent

targets (Figure 1). This idea fits in with another observa-

tion regarding non-CG methylation, that is, that the KYP/

SUVH4 H3 K9 HMTase, which makes the H3 mK9 mark

diagnostic of transcriptional silencing, is needed only to

maintain non-CG methylation at a subset of methylation

target sequences. For example, the transcribed PAI
inverted repeat is not demethylated in a kyp/suvh4 mutant
Current Opinion in Plant Biology 2004, 7:521–526
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background [23�]. Only the unlinked transcriptionally

silent PAI genes are affected in this background. In

contrast, all three PAI loci are demethylated in a cmt3
mutant background. These results suggest that, at tran-

scriptionally active loci that produce RNA triggers of

RdDM, CMT3 can respond to KYP/SUVH4-indepen-

dent cues, such as H3 mK9 catalyzed by another

HMTase, a different histone modification, and/or direct

interactions with accumulated aberrant RNAs. Conver-

sely, at transcriptionally silenced target loci where aber-

rant RNA interactions might occur more rarely, CMT3

is strongly dependent on the KYP/SUVH4-catalyzed

H3 mK9 mark.

rRNA-encoding and centromere-associated
repeats
Like transposon repeats, the rRNA-encoding gene

(rRNA gene) repeats in plant genomes carry both cytosine

methylation and the H3 mK9 mark, and yet these

sequences produce high levels of rRNA transcripts. An

explanation for this apparent paradox comes from recent

Arabidopsis studies [40�,41] of the rRNA genes in nucleo-

lus-organizer regions, which are transcribed by RNA

polymerase I, and the 5S rRNA genes, which are tran-

scribed by RNA polymerase III. These studies show that

rRNA repeats consist of two populations: one that is

methylated and enriched for the H3 mK9 mark, and

one that is unmethylated and enriched for the H3 mK4

mark.

For the nucleolus-organizer-region repeats, which lie in

subtelomeric regions, chromatin immunoprecipitation

was used to show that the fraction enriched in H3

mK9 contains cytosine-methylated rRNA genes, whereas

the fraction enriched in H3 mK4 contains unmethylated

rRNA genes [40�]. For the 5S rRNA repeats, which lie in

pericentromeric regions, immunocytology was used to

show that a presumably transcriptionally active popula-

tion of repeats lacking H3 mK9 emerges as a loop away

from the heterochromatic population [41]. Thus,

although methylation of rRNA genes might be an inevi-

table consequence of producing high levels of RNA, it

could be that these sequences can assemble active

domains of repeats that are resistant to methylation by

virtue of a higher-order organization within the nucleus.

In addition, those repeats that are assembled into hetero-

chromatin might represent a storage form of rRNA

sequences that are resistant to rearrangement by recom-

bination, but that can be activated if necessary to main-

tain appropriate levels of rRNA.

Centromere-associated repeats (centromere repeats)

represent another principal target for DNA methylation,

H3 mK9 modification and heterochromatin formation

[17,42,43�,44,45]. A unique feature of these repeats is

that they associate with a centromere-specific histone

H3 variant, CenH3, which is necessary for centromere
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function [46,47]. Because of the complexity of centro-

mere repeats, it remains to be determined whether they

are organized into subdomains, in which functional

regions are interspersed with inactive regions. siRNAs

corresponding to centromere sequences have been

detected in Arabidopsis [32], arguing that at least a subset

of the centromere repeats are transcribed to make signals

for RdDM. In addition, centromere repeat sequences in a

kyp/suvh4 mutant background are only partially demethy-

lated at CNG residues in comparison with those in a

cmt3 mutant background [22�,23�], suggesting that only a

subset of the repeats are transcriptionally silent and carry

the H3 mK9 mark of transcriptional silencing.

Condensed centromeric heterochromatin could be

required for correct chromosome segregation and could

also stabilize centromere repeats against recombination;

however, methylation-deficient mutant plants with strong

demethylation and decondensation of centromere

sequences are viable [43�,45]. Thus, either the tight

compaction of centromere repeats is not a requirement

for function or deleterious effects of decondensed cen-

tromeres are not evident for plants grown under labora-

tory conditions for only a few generations.

Conclusions
Although it is clear that dsRNA provides a sequence-

specific signal for heterochromatin formation in plants, we

are only beginning to understand the underlying mechan-

isms. Key issues include defining the features that make

some transcripts preferred substrates for processing into

dsRNA, elucidating how dsRNA-derived species align

with cognate DNA sequences, and identifying the com-

ponents of the RNA–DNA complex that recruit DNA-

and histone-modifying enzymes. Heterochromatin direc-

ted at transposon sequences prevents the deleterious

effects of unchecked transcription and movement; how-

ever, the functions of heterochromatin formation at rRNA

gene repeats and centromere repeats remain unclear.

Mutations that disrupt heterochromatin will provide

key tools with which to dissect these functions.

Acknowledgements
J Bender’s research on gene silencing is supported by National Institute
of Health (NIH) grant GM-61148.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest
�� of outstanding interest

1. Jenuwein T, Allis CD: Translating the histone code.
Science 2001, 293:1074-1080.

2. Lachner M, O’Sullivan RJ, Jenuwein T: An epigenetic road
map for histone lysine methylation. J Cell Sci 2003,
116:2117-2124.

3. Finnegan EJ, Matzke MA: The small RNA world. J Cell Sci 2003,
116:4689-4693.
www.sciencedirect.com



Chromatin-based silencing mechanisms Bender 525
4. Jones L, Hamilton AJ, Voinnet O, Thomas CL, Maule AJ,
Baulcombe DC: RNA–DNA interactions and DNA methylation
in post-transcriptional gene silencing. Plant Cell 1999,
11:2291-2301.

5.
��

Vaistij FE, Jones L, Baulcombe DC: Spreading of RNA targeting
and DNA methylation in RNA silencing requires transcription
of the target gene and a putative RNA-dependent RNA
polymerase. Plant Cell 2002, 14:857-867.

The authors use RNA viruses to deliver dsRNA that corresponded to
specific sequences into the plant. Notably, when the viral dsRNA trigger
corresponds only to 50 ‘GF’ sequences of the green fluorescent protein
gene (GFP), which is expressed in full length from a transgene in the
tobacco or Arabidopsis genomes, GFP siRNAs and GFP DNA methylation
spread from the trigger into the ‘P’ segment of the target. Additional
experiments show that spreading is dependent on both transcription of
the resident GFP transgene and the sde1/sgs2 RdRP. These findings
argue that siRNAs located anywhere along a target transcript can poten-
tially activate the transcript as a template for RdRP-catalyzed synthesis of
dsRNA. Two endogenous tobacco transcripts are shown to be resistant
to RNAi spreading, however, indicating that not all transcripts can be
similarly activated.

6. Aufsatz W, Mette MF, van der Winden J, Matzke AJ, Matzke M:
RNA-directed DNA methylation in Arabidopsis. Proc Natl Acad
Sci USA 2002, 99 (Suppl 4):16499-16506.

7.
�
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