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THE NUCLEUS
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Abstract | RNA interference (RNAI) is an evolutionarily conserved mechanism that uses short
antisense RNAs that are generated by ‘dicing’ dsRNA precursors to target corresponding
MRNAs for cleavage. However, recent developments have revealed that there is also extensive
involverent of RNAI-related processes in regulation at the genome level. dsRNA and proteins
of the RNAI machinery can direct epigenetic alterations to homologous DNA sequences to
induce transcriptional gene silencing or, in extreme cases, DNA elimination. Furthermore, in
some organisms RNAI silences unpaired DNA regions during meiosis. These mechanisms
facilitate the directed silencing of specific genomic regions.

Double stranded RNA can induce a range of sequence-
specific gene silencing phenomena in plants, animals
and many fungi. Silencing is initiated when dsRNA is
processed into small RNAs, 21-26 nucleotides (nt) in
length, by the RNaselll enzyme Dicer'. These small RNAs
are then incorporated into silencing-effector complexes,
which they guide to complementary nucleic-acid targets.
Depending on the nature of the target sequence and the
protein composition of the effector complex, different
types of silencing can occur?™.

RNA interference (RNAI) is initiated by Dicer-
generated small interfering RNAs (siRNAs) that
target complementary mRNAs for degradation by a
ribonuclease-containing RNA-induced silencing
complex (RISC). A core component of RISC, and
other silencing-effector complexes, is Argonaute, a
protein that can bind small RNAs® and in some cases
execute target-mRNA cleavage®’. Another common,
although not universal, protein of the RNAi machin-
ery is RNA-dependent RNA polymerase (RdRP),
which synthesizes dsSRNA from ssRNA templates to
initiate or amplify the RNAi reaction®’. Naturally
occurring siRNAs originate from transposons'®'* and
viruses that produce dsRNA during replication’’, as
well as other types of bidirectionally transcribed
repetitive sequences'®!” and genes'>'®. As described in
BOX 1, the Dicer, Argonaute and RARP components of

the RNAi machinery — which are also involved in
other RNA-mediated silencing mechanisms — are
encoded by multigene families in several species.

MicroRNAs (miRNAs) are a second class of small
RNA that can induce silencing by targeting mRNA.
miRNAs are produced through processing by Dicer of
imperfect RNA hairpins, which are typically encoded in
non-protein-coding regions of plant and animal
genomes. miRNAs are incorporated into a RISC-like
complex and, depending on their degree of comple-
mentarity to the target mRNA, elicit either translational
repression or mRNA cleavage. Gene silencing that is
mediated by miRNAs is essential for plant and animal
development!*?’, and might also have a role in the
pathogenicity of DNA viruses with large genomes that
encode miRNAs?.

Post-transcriptional gene silencing that is induced
by siRNAs and miRNAs achieves specificity through
RNA-RNA sequence recognition and base pairing.
However, RNA can also form base pairs with DNA.
Indeed, much of the current excitement in the field of
RNA-mediated silencing is being generated by the grow-
ing evidence that the RNAi process affects gene function
at the level of genomic DNA. In this review, we focus on
recent studies that have unveiled an important role for
dsRNA and proteins of the RNAi machinery in directing
gene silencing in the nucleus. We start by providing a
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EPIGENETIC

Refers to mitotically and/or
meiotically heritable changes in
gene expression that do not
involve a change in DNA
sequence.

VIROIDS

These are tiny plant

pathogens consisting solely

of a non-protein-coding,
circular rod-shaped RNA that is
several hundred base pairs in
length.

Box 1 | Multigene families that encode components of the RNAi machinery

Although the fission-yeast genome contains only one copy of each of the genes that encode the core proteins of the RNA
interference (RNAi) machinery (Dicer, RNA-dependent RNA polymerase (RARP) and Argonaute), these proteins are

often encoded by multigene families in other organisms.

Dicer

Proteins of the Dicer family are ribonuclease III enzymes that process dsRNA to produce small RNAs. There are four
such proteins in Arabidopsis thaliana, two in Drosophila melanogaster, two in Neurospora crassa, one in mammals and

one in Caenorhabditis elegans.

RNA-dependent RNA polymerases

These synthesize dsRNA from an ssRNA template to initate or amplify the RNAi process. There are four in C. elegans, six in
A. thaliana (at least three of which are expressed) and three in N. crassa, but there are none in D. melanogaster or mammals.

Argonaute

Members of this family provide the small RNA-binding component of silencing-effector complexes. There are 27 in

106

C. elegans, 10 in A. thaliana, 8 in humans, 5 in D. melanogaster and 2 in N. crassa'®.

The proliferation of these gene families in multicellular eukaryotes indicates a subfunctionalization of the
encoded proteins into diverse processes, and provides the possibility of separate nuclear or cytoplasmic
distributions in the cell. Although much remains to be learned about the extent of functional diversification
and/or redundancy of gene-family members, distinct roles in RNA-mediated gene-silencing pathways for some
individual representatives of these families have been discovered. Some of these are mentioned in the text and

more examples are provided below.

In A. thaliana, nuclear DICER-LIKE 1 (DCL1)'"” is required for processing microRNA (miRNA) precursors' and
DCL2 is required for producing viral small interfering RNAs (siRNAs)"°. In D. melanogaster, Dicer-1 (DCR1) produces
miRNAs whereas DCR2 generates siRNAs'®. The two Dicers in N. crassa are functionally redundant in RNAi'®.

In N. crassa, meiotic silencing of unpaired DNA (in the nucleus) and RNAi (in the cytoplasm) require distinct RARPs

and Argonaute proteins®. In A. thaliana, RARP6 is needed for RNAi that is triggered by sense transgenes

110

In D. melanogaster, Argonaute 1 (AGO1) and AGO2 are implicated in miRNA and siRNA-mediated silencing,

respectively'!!

brief overview of the different RNAi-mediated pathways
that operate at the nuclear level. We then describe each
mechanism in greater detail.

Overview of nuclear pathways

Four dsRNA-mediated pathways that operate at the
level of the nuclear genome have been described so far.
Two of these, RNA-directed DNA methylation (RADM)
and RNAi-mediated heterochromatin formation, are
EPIGENETIC processes that result in covalent modification
of cytosines in DNA or of histones (typically methyla-
tion of lysine 9 of histone H3), respectively. RADM has
been described most thoroughly in plants, and RNAi-
mediated heterochromatin assembly has been reported
in fission yeast (Schizosaccharomyces pombe), animals
and plants. Although RADM and RNAi-mediated hete-
rochromatin formation are both initiated by dsRNA, it
is not clear whether they represent the products of two
separate pathways or a single pathway. In higher organ-
isms, DNA methylation and histone modifications are
interconnected in self-reinforcing feedback loops, the
details of which are still being unravelled*>. However,
there is no detectable DNA methylation in fission yeast,
in which RNAi-based heterochromatin was initially
detected'®*, indicating that histone modifications and
DNA methylation are not obligatorially coupled. With
this in mind, we will discuss RADM and RNAi-based
heterochromatin separately, and as well as pointing
out the overlapping aspects, we will also describe their
contrasting features, some of which might reflect
mechanistic differences.

.AGO2 in humans contains an RNaseH-like domain that catalyses mRNA cleavage in the RNAi process®’.

In a third mechanism — DNA elimination —
ciliated protozoans take the RNAi-mediated heterochro-
matin pathway a step further: intergenic sequences that
have been packaged into silent chromatin by the RNAi
machinery are jettisoned during development of the
transcriptionally active macronucleus. This initially epi-
genetic process therefore has a genetic aspect, as the end
result is a restructured genome.

Finally, the silencing of unpaired DNA during meiosis
that occurs in some organisms relies on proteins of the
RNAi machinery. Meiotic silencing, at least in Newurospora
crassa— where it was first discovered — originates in the
nucleus, but unlike the other three mechanisms men-
tioned above, it is ultimately a post-transcriptional
process that does not involve detectable chromatin alter-
ations at the target locus. Indeed, recent evidence indi-
cates that meiotic silencing in N. crassa might be an
exception to the emerging ‘rule’ that the RNAi machinery
participates in DNA or histone modifications??.

In the following sections, we describe each of these
mechanisms in more detail.

RNA-directed DNA methylation

RADM was the first RNA-guided epigenetic modification
of the genome to be discovered. Originally detected in
virob-infected tobacco plants®, RADM was subsequently
shown to require a dsRNA that is processed into small
RNAs of 21-24 nt, therefore reinforcing a link with
RNAi?. In plants, dsRNAs which contain sequences
that are homologous to promoter regions can trigger pro-
moter methylation and transcriptional gene silencing® .
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Figure 1 | RNA-directed DNA methylation. This model is based on genetic evidence from
Arabidopsis thaliana. In the nucleus, dsRNA can be produced by RNA-DEPENDENT RNA
POLYMERASE 2 (RDR2) activity on ssRNA templates or by transcription of inverted DNA repeats by
a DNA-dependent RNA polymerase such as RNA polymerase Il (not shown). RNA signals that direct
DNA methylation are produced through processing of dsRNA by enzymes of the DICER-LIKE family
(in some cases known to be DCL3). These RNA signals (wavy red lines) target site-specific
methyltransferases — MET1 for CGs and DOMAINS REARRANGED METHYLTRANSFERASE 2
(DRM2) primarily for nonCGs — to catalyse de novo methylation of DNA. RNA-directed DNA
methylation (RADM) also requires the activity of the SNF2-like protein DEFECTIVE IN RNA-
DIRECTED DNA METHYLATION 1 (DRD1), perhaps to make DNA accessible to RNA signals.
Methylation of CGs and CNGs can be maintained to some extent in the absence of the RNA trigger
through the activity of MET1 and CHROMOMETHYLASE 3 (CMT3), respectively. Maintenance of
CG methylation requires the activity of the histone deacetylase HDAB and the SNF2-like protein
DECREASE IN DNA METHYLATION 1 (DDM1). CNG methylation is accompanied by H3K9
methylation (not shown), catalysed by SUVH4 (also known as KRYPTONITE). The Argonaute
proteins AGO4 and AGO1 are involved in de novo methylation or maintenance of methylation of
some loci, respectively. The DNA glycosylase domain-containing proteins DEMETER (DME) and
REPRESSOR OF SILENCING 1 (ROS1) are needed for loss of methylation — and therefore
reactivation — of selected genes, which might also involve small RNAs (see also BOX 2).

m, methyl group

RdADM leads to de novo methylation of cytosines that
occur in all sequence contexts, not just in symmetrical
CG dinucleotides, which are considered the usual tar-
gets for methylation. Methylation is largely confined to
the region of RNA-DNA sequence homology*"*2. So,
unlike RNAi-based heterochromatin, which can spread
over several kilobases from the RNA-targeted nucleation
site?***, RADM does not usually infiltrate substantially
into adjacent sequences. The minimum DNA-target size
for RADM is ~30 bp*, allowing a degree of refinement
that is not possible with histone modifications, which
take place in the context of NUCLEOSOMES, comprising
147 bp of DNA.

NUCLEOSOME

The basic unit of chromatin. The
nucleosome core consists of an
octamer made up of two copies
of each of the histones H2A,
H2B, H3 and H4, around which
147 bp of DNA is wrapped
approximately twice. The histone
N-terminal tails protrude from
the core and are targets of
various post-translational
covalent modifications, such as
methylation and acetylation.

RdADM in plants. As mentioned previously, RADM has
been studied most extensively in plants, and both for-
ward and reverse genetic approaches are currently being
used to analyse the mechanism of RADM in Arabidopsis
thaliana. Here, we summarize findings that have been
obtained from A. thaliana systems that use transgene-
encoded RNA hairpins to trigger methylation of homol-
ogous target promoters, as well as studies of several
endogenous genes for which methylation is thought to
be triggered by small RNAs. These analyses have shown
that RADM requires DNA-cytosine methyltransferases
and histone-modifying enzymes, in addition to a novel
chromatin-remodelling protein and a growing list of
proteins that function in the RNAi pathway.

RADM is a stepwise process that is initiated by RNA
signals and site-specific DNA methyltransferases®*
(FIG.1). After the de novo methylation step, histone modi-
fications help to maintain DNA methylation, which can
otherwise be lost by passive, and possibly active, processes
(BOX 2). In A. thaliana, maintenance of CG methylation
requires the combined activities of the DNA methyltrans-
ferase MET1 (REFS 28,36) and the histone deactetylase
HDAG (REE 37), whereas maintenance of CNG methyla-
tion and histone H3 lysine 9 (H3K9) methylation
requires the plant-specific DNA methyltransferase
CHROMOMETHYLASE 3 (CMT3) and the H3 lysine 9
methyltransferase SUVH4 (also known as KRYP-
TONITE), an A. thaliana homologue of Drosophila
melanogaster SU(VAR)3-9 (see later) (REFS 38-41) (FIG. 1).
The dispensability of SUVH4 for de novo methylation
was revealed by experiments in which a target gene in
an suvh4 mutant became methylated and silenced in an
RNA-directed process®.

It should be noted that DNA methylation does not
always precede H3K9 methylation: this order of events
is reversed in N. crassa, in which H3K9 methylation is a
prerequisite for all cytosine methylation*2. The mecha-
nistic relationship between DNA methylation and H3K9
methylation therefore differs in plants and in N. crassa®,
perhaps reflecting the fact that DNA and histone modifi-
cations are independent of RNAI in N. crassa*** or
reflecting the different structure of the N. crassa DNA
methyltransferase compared with plant CMT3 and
MET1 (REE 40).

In A. thaliana, the CNG-H3K9 methylation pathway
has been further connected to RNAi by the identifica-
tion of the ago4 mutant'. AGO4 is a nuclear protein'>
that, together with additional components of the
RNAi machinery — DICER-LIKE 3 (DCL3), RNA-
DEPENDENT RNA POLYMERASE 2 (RDR2), and
SILENCING DEFECTIVE 4 (SDE4; a protein of
unknown function) (FIG. 1) — establishes the methy-
lation of two tandem repeats in the promoter of a
transgene that encodes the seed exposperM protein
FWA, leading to its silencing®. DCL3 that is localized
in the nucleus, and which is one of four Dicer proteins in
A. thaliana (BOX 1), produces 24-nt siRNAs that have
been implicated in inducing chromatin modifications of
transgenes and several endogenous repetitive sequences
in plants'®'*>. AGO4 also has a role in maintaining
DNA methylation and H3K9 methylation at several
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Box 2 | Cytosine demethylation, imprinting and RNA

CG methylation is lost passively during successive rounds of DNA replication if it is not maintained by DNA
methyltransferases''>. However, there is growing evidence for active demethylation without DNA replication in animals
and plants, possibly through the activity of DNA glycosylases; enzymes that normally function in BASE-EXCISION REPAIR' 2.
Several 5-methylcytosine DNA glycosylases in vertebrates are thought to excise methylated cytosines, which are
replaced with unmethylated cytosines!!“.

In Arabidopsis thaliana, DNA glycosylase domains are present in two large proteins — REPRESSOR OF SILENCING 1
(ROS1) and DEMETER (DME) — that have been implicated in the activation of transcriptionally silenced genes,
presumably through the removal of methylated cytosines''>™''® (FIG. 1). DME is specifically required for the
demethylation and activation of the maternal alleles of the imprinted genes MEDEA (which encodes a polycomb-
group protein that regulates endosperm development)''” and FWA (which encodes a homeodomain transcription
factor that functions in the seed endosperm)*!. Whether the demethylation of target genes by DME or ROS1 is guided
by RNA is unknown, but RNA-directed DNA methylation (RdADM) has been implicated in establishing methylation of
FWA (REE 46) and of a transgene promoter that is demethylated by ROS1 (REE 115). Intriguingly, in vertebrate cells, RNA
that is complementary to the methylated DNA strand was reported to be required for active demethylation by DNA
glycosylases''®. In addition, the chicken DNA glycosylase associates tightly with an RNA helicase, p68 (REF. 120). In
Drosophila melanogaster, the p68 orthologue is required for efficient RNA interference (RNAi)'2!. If the p68 orthologue
in chicken is also needed for RNAI, a connection would be established between demethylation by DNA glycosylases and

ENDOSPERM

The seeds of flowering plants
contain two fertilization
products: the diploid embryo
and the triploid endosperm, a
terminally differentiated tissue
that serves as a nutrient source
for the developing embryo.

BASE-EXCISION REPAIR

(BER). The replacement of DNA
bases that are altered by small
chemical modifications through
the excision of only the damaged
nucleotide (short-patch BER) or
through the removal of 2-13
nucleotides containing the
damaged nucleotide (long-patch
BER).

SNF2-CHROMATIN-LIKE
REMODELLING PROTEINS

First identified in budding yeast
as sucrose non-fermenter, or
mating type switching defective
(Swi) mutants, these proteins
use energy from ATP breakdown
to enhance the accessibility of
nucleosomal DNA to regulatory
factors.

the RNAi machinery in vertebrates.

endogenous and transgene repeats, and in the accumula-
tion of siRNAs that correspond to these sequences!*'>*,
Whereas AGO4 is proposed to be specialized for chro-
matin modifications', a second A. thaliana Argonaute
protein, AGO1, is more versatile, acting both in siRNA
and miRNA-mediated post-transcriptional gene-
silencing pathways*, and in the maintenance of chro-
matin modifications at some loci'*#647.

A clue as to how the RNAi machinery triggers
methylation of DNA in the context of chromatin came
from a screen for mutants that are defective in the
RdADM of a seed-specific promoter that was expressed
transgenically in A. thaliana. This screen identified
DEFECTIVE IN RNA-DIRECTED DNA METHYLA-
TION 1 (DRD1), a plant-specific, putative snr2-LIKE
CHROMATIN-REMODELLING PROTEIN*®. The involvement of
DRDI in RADM indicates that reconfiguration of chro-
matin is required to render the target DNA accessible to
RNA signals. A second SNF2-like protein, DECREASE
IN DNA METHYLATION 1 (DDM1) — which has a
mammalian homologue, lymphoid specific helicase
(LSH)* — contributes to maintenance of RADM?3*5%5!,
DDMI1 was originally identified in a screen for mutants
that are deficient in DNA methylation of centromeric
and rDNA repeats™ — repetitive regions that provide
useful indicators of reduced methylation in populations
of mutagenized plants — although it is still not known
whether they initially acquire methylation through
RADM. A link between DDM1 activity and RNA-
mediated silencing of repetitive elements was revealed
by the finding that DDM1 cooperates with MET1 and
HDAG6 to maintain a large domain of transposon-
containing heterochromatin (the chromosome 4 ‘knob’),
aregion that is the source of many corresponding trans-
poson siRNAs*. Furthermore, DDM1 is needed for
MET-catalysed DNA methylation and silencing of pro-
moter tandem repeats in the endogenous FWA gene™™.
The trigger for methylation is presumably provided by
siRNAs that are homologous to the tandem repeats,
which originate from transposons*®. Subsequent loss of

methylation from the maternal allele is important for
imprinted expression of FWA in endosperm (BOX 2).

FWA provides the first example of an endogenous
promoter that is targeted for DNA methylation and
transcriptional silencing by transposon-derived siRNAs.
Whether other endogenous promoters are similarly reg-
ulated is not yet known. Answering this question will
require a full survey of small RNA populations and their
potential targets. In A. thaliana, many endogenous small
RNAs are derived from non-protein-coding regions'
and could potentially target epigenetic modifications to
promoter or enhancer elements.

RADM in other organisms. Does RADM occur in organ-
isms other than plants? Some of the known components
of the RADM machinery are present in mammals (BOX 3),
indicating that RADM could potentially occur outside
the plant kingdom; however, until now, reports on the
occurrence of RADM in mammals have reached conflict-
ing conclusions. In one of the first reported investigations
of RADM in mammalian cells, long dsRNA that knocked
down expression of a target gene by RNAi in mouse
oocytes did not induce de novo methylation of the corre-
sponding DNA region®. Two recent studies®**’, however,
indicate that siRNAs that target the promoters of endoge-
nous genes can induce CG methylation, transcriptional
silencing and H3K9 methylation® in human cells.
Further work is required to determine the generality of
these results. Even if dsSRNA or synthetic siRNAs do not
normally trigger RADM in mammals, other non-coding
and antisense RNAs, the modes of action of which are
still not fully understood, have been implicated in
chromatin-based regulation in these organisms*.

RNAi-directed heterochromatin

Heterochromatin has long been recognized as a cytolog-
ically visible, genetically inactive component of nuclei.
However, the pathway of heterochromatin assembly has
come into focus only recently, with the striking discovery
of the involvement of RNAi in its formation.
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Box 3 | Does RNA-directed DNA methylation operate in mammals?

Non-CG methylation, a hallmark of RNA-directed DNA methylation (RADM) in plants,

has been detected in DNA of mammalian embryonic stem cells

122 and in human L1

retrotransposons'?, but it is unknown whether this methylation is triggered by RNA.
One issue is whether mammals have the molecular machinery needed for RADM.
Two of the DNA methyltransferases required for RADM in plants, DOMAINS
REARRANGED METHYLTRANSFERASE 2 (DRM2) and DNA methyltransferase
MET1, have mammalian counterparts (DNMT3A/B and DNMT1, respectively),
although the catalytic domain of DRM2 is rearranged relative to DNMT3A/B and
there are some differences in their amino termini'*. The plant-specific DNA
methyltransferase CHROMOMETHYLASE 3 (CMT3) is important for CNG
methylation®®*, but whether this enzyme is an absolute requirement for RADM is
not clear. Another plant-specific factor of the RADM machinery is the SNF2-like
protein DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1 (DRD1). The
closest non-plant homologues of DRD1 are members of the conserved Rad54/ATRX
subfamily of SNF2-like proteins*®. ATRX (ci-thalassaemia, mental retardation,

X-linked) is needed for CG methylation of some repetitive sequences in mammals

124

Whether this methylation is triggered by RNA is unknown, but ATRX could
conceivably substitute for DRD1 in the RADM pathway in mammalian cells.

RADM clearly takes place in the nucleus, whereas the mRNA degradation step of RNAi
occurs typically in the cytoplasm. Are small RNAs that trigger RADM likely to be present
in nuclei of mammalian cells? Plant cells have DICER-LIKE activities that are localized in
the nucleus, such as Arabidopsis thaliana DCL3 (REE 15) and DCLI (REE 107), which can
produce small RNAs in the nucleus. Moreover, in plant cells, small RNAs that initiate RNAi
in the cytoplasm can move to the nucleus to induce methylation of homologous DNA'%.

Although the single Dicer of mammals is present in the cytoplasm

126" a mechanism for

translocating small RNAs to the nucleus of mammalian cells is indicated by the presence of
mature miRNAs in nuclear as well as cytoplasmic cellular fractions’. Small RNAs
produced in the cytoplasm might also be able to interact with DNA when the nuclear
envelope breaks down during cell divisions™. So, mammals seem to have much of the
machinery for RADM, but whether this process occurs regularly in mammals remains to

be determined.

CHROMODOMAIN

(Chromatin organization
modifier domain). Initially
identified in the Drosophila
melanogaster HP1 and polycomb
proteins, this is an ~50-
amino-acid domain that binds
to histone tails that are
methylated at certain lysine
residues.

KINETOCHORE

A large protein complex that
mediates the attachment of
chromosomes to the meiotic and
mitotic spindles.

SILENT MATING TYPE
The unexpressed copy of the
mating-type locus.

Properties of heterochromatin. As a general rule,
heterochromatin is gene-poor relative to euchromatin
and it surrounds the centromeric region in many
species. Heterochromatin is usually not conducive to
high levels of gene expression; in some organisms, chro-
mosomal rearrangements that juxtapose heterochro-
matin and euchromatin result in a mosaic pattern of
gene silencing called position-effect variegation (PEV),
caused by alteration of the chromatin state across the
junction between the two>. At the DNA level, hetero-
chromatin is composed of degenerate retrotransposon
sequences, tandem arrays of a simple repeat unit, or a
combination of both'*®. Indeed, artificial tandem arrays
of transgenes have long been known to mimic PEV-type
silencing for the genes that are carried on the repeat®’.
The molecular properties of heterochromatin have
been defined most thoroughly in D. melanogaster,
mammals and fission yeast. Certain conserved proteins
are highly concentrated in heterochromatin in many
organisms. Heterochromatin protein 1 (HP1) binds at its
CHROMODOMAIN to histone H3 that is methylated at Lys9
(REFS 62-64). This methylation of histone H3, which is
typical of heterochromatic regions, is mediated primarily
by SU(VAR)3-9, the mutant form of which functions as
a suppressor of PEV (REE 65). In fission yeast, the homo-
logues of HP1 and SU(VAR)3-9 are Swi6 and Clr4,
respectively?®. A third protein that has a key function in
heterochromatin is cohesin, which is required for the

attachment of sister chromatids until they are separated
during anaphase®-¢,

RNA:i targets centromeric heterochromatin. The DNA
component of fission-yeast heterochromatin consists
of simple transposon-derived tandem arrays, which
surround the central-core centromeric region of each
chromosome'®. This central-core region anchors the
KINETOCHORE, whereas the flanking heterochromatin
domains promote the cohesion of sister chromatids®.
The derepression of the centromeric outer-transposon
repeats in mutants deficient for components of the
RNAi machinery led to the proposal that small RNAs
function as guides to target the chromatin modifica-
tions that are typical of heterochromatin'®. Specifically,
this evidence came from knockouts for the genes that
encode Argonaute, Dicer and RdRP, which are single-
copy genes in fission yeast (BOX 1). Usually, transcripts
from the forward strand of the repeats are not seen in
transcription assays, and a low level is found for the
reverse strand. However, in the RNA1 mutants, RNA
from both strands accumulates, indicating the
involvement of the RNAi pathway in transcriptional
silencing. The epigenetic basis of this silencing was
revealed by reduced amounts of H3K9 methylation
and repeat-associated Swi6 in the RNAi mutants.

Further evidence for the involvement of the RNAi
pathway in the formation of heterochromatin in
fission yeast came from studies in which a transgene
that is located in the centromeric repeats, which
would usually be silenced, was activated in RNAi
mutants. Similar observations were made at the sient
MATING-TYPE locus, which contains a single copy of the
centromeric repeat that is targeted for H3K9 methyla-
tion by siRNAs, with subsequent Swi6-dependent
spreading of heterochromatin beyond this region®.

These results led to the proposal that transcription of
the two strands of the centromeric repeats generates
dsRNA molecules. These molecules might be amplified
by the RARP, which was found to associate closely with
the repeats'®. Processing of the dsRNAs by Dicer is
thought to produce small RNAs that guide the histone
methyltransferase to the respective sites on the chromo-
some to catalyse H3K9 methylation. The modified form
of H3 is bound by Swi6 (the fission-yeast HP1 homo-
logue), which diminishes transcription capacity. Cohesin
subsequently becomes associated with the heterochro-
matic sites and aids in sister-chromatid association. The
sequence of events that is thought to take place in RNA-
mediated heterochromatin formation is shown in FIG. 2.
In fission yeast, a nuclear-effector complex known as
‘RITS’ (RNA-induced initiation of transcriptional gene
silencing) is involved in targeting chromatin modifica-
tions. RITS contains siRNAs that originate from
heterochromatic regions, such as centromeres, and
three identified proteins — Ago1l, Chp1 (a centromere-
associated chromodomain protein) and Tas3 (a ser-
ine-rich protein that is specific to fission yeast)”.
RITS is tethered to silenced loci by H3K9 methylation
and this tethering is essential for silencing and the
continued production of siRNAs"".
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POLYCOMB COMPLEX

A group of repressive chromatin
proteins that maintain states of
gene expression throughout
development.

The RNAi machinery has also been implicated in het-
erochromatin formation in D. melanogaster. Mutations
in two genes that encode members of the Argonaute
family (piwiand aubergine) as well as mutations in the
homeless (otherwise known as spindle E) gene (which
encodes an RNA helicase that is important for RNAi™?,
meiosis” and transposon silencing’) suppress PEV. In
the studies that revealed this, suppression was manifested
by release of the variegated silencing of transgenically
inserted tandem arrays of the white eye-colour gene or
by the reversal of silencing of white transgenes that are
inserted into the heavily heterochromatic fourth chro-
mosome”. The strongest effect was found with homeless
mutants, which show reduced levels of H3K9 methyla-
tion in heterochromatic regions and a reduction in the
amounts of HP1 that are associated with these sites.

A recent study showed a similar reliance on compo-
nents of the RNAi machinery for the formation of
centromeric heterochromatin in vertebrate cells. Dicer
expression was conditionally inactivated in chicken cells
that carry a copy of human chromosome 21 (REE. 76).
This system allows a single human chromosome to be

dsRNA

Cleavage

SIRNA 22 RS RS _o o~

Methylation on H3K9: silencing

B, b @, L@,

Maintenance of silenced state

Figure 2 | RNA interference-mediated heterochromatin
assembly. Tandem repeats or multiple copies of transposable
elements in heterochromatin generate dsRNAs, or those that
can be converted to a double-stranded form, through the activity
of RNA-dependent RNA polymerase (RARP). The dsRNA is
cleaved by Dicer to produce small interfering RNAs (siRNAs).
These siRNAs are thought to guide histone methyltransferases
(HMTs) to the chromatin to modify histone H3 on lysine 9 (H3K9).
The methylated form of H3 is bound by Swi6 or HP1, which also
associates with the methyltransferases, to maintain the silenced
state. m, methyl group.

analysed without the confounding background of
similar centromeric sequences from other human chro-
mosomes. 0.-Satellite centromere sequences form a
repetitive array at all human centromere regions. They
surround and include the active kinetochore on human
chromosome 21. It has been shown that transcripts
from this region are processed by Dicer’s. Cohesin-GFP
reporter proteins — which are usually expected to
localize to heterochromatin — were delocalized in the
Dicer-deficient cells. The various forms of HP1 that
are expressed in chicken cells were also partially delo-
calized within the nucleus, indicating a disruption of
heterochromatin targeting by the RNAi machinery.
Abnormal mitoses were also seen in the Dicer mutants,
probably as a consequence of the disruption of cohesin
localization.

Silencing at interstitial sites. In addition to centromeric
heterochromatin, the RNAi pathway is also implicated
in the targeting of non-centromeric, interstitial sites in
euchromatin for silencing. In D. melanogaster, dispersed
transgenes that are inserted at several sites in euchro-
matin are silenced at the transcriptional level through
association with the porvcoms comprex””7®. This type of
silencing at interstitial sites is also dependent on compo-
nents of the RNAi pathway”®. Polycomb-dependent
silencing involves histone modifications that are dif-
ferent to those described above for HP1-mediated
silencing at centromeric regions (that is, the methyla-
tion of lysine 27 rather than lysine 9 of histone H3),
but are similar in that they result in a more restrictive
chromatin environment that generally prevents high
levels of transcription.

A role for RNAI in heterochromatin-like dispersed
silencing in otherwise euchromatic regions has also been
demonstrated in fission yeast. The transcription of an
artificial hairpin RNA was shown to trigger the silencing
of homologous sequences throughout the genome*, and
the silenced genes showed increased levels of H3K9
methylation, with attendant Swi6 and cohesin binding.
The same study also showed that the long terminal
repeats of retrotransposons are targets of this pathway.
This type of interstitial RNAi-mediated heterochromatin
can spread 7-10 kb from the site that is initially nucle-
ated by siRNAs, and can also spread into endogenous
genes and regulate their expression. For example, this
was shown to occur for certain genes that are expressed
only in cells undergoing meiosis, demonstrating a role
for this process in cellular differentiation™.

Small RNAs are also involved in generating intersti-
tial heterochromatin in A. thaliana. A detailed micro-
array analysis of the transposon-rich heterochromatic
knob on chromosome 4 of A. thaliana (discussed ear-
lier) revealed high levels H3K9 methylation and DNA
methylation that were concentrated in transposon
sequences and did not spread to adjacent genes*. Small
RNAs that are homologous to transposons and repeat
sequences in this region presumably direct the target-
specificity of these chromatin modifications, although
this has still to be shown directly. Methylation of these
repetitive elements is dependent on the SNF2-like
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Figure 3 | RNA interference (RNAi) and DNA elimination in Tetrahymena thermophila.

A | Conjugation in T. thermophila. Vegetative cells of T. thermophila contain one micronucleus and
one macronucleus. Conjugation begins with pairing of complementary mating types (a). The
micronucleus undergoes meiosis to produce four haploid nuclei, three of which degenerate (b).
The remaining haploid micronucleus divides mitotically (). This is followed by reciprocal nuclear
exchange (d) and fusion to form a new diploid zygote nucleus (e). The zygote nucleus undergoes
two mitotic divisions (f). From the four products of these divisions, two develop into new
macronuclei as the old macronucleus degenerates (g). It is during this period (f, g) that internal
eliminated segment (IES) elimination and other genome alterations occur. Cells then separate and
one micronucleus degenerates (h). The remaining micronucleus divides mitotically and subsequent
cell divisions produce four daughter vegetative cells (i). Modified, with permission, from REE. 130 ©
(1996) Academic Press. B | RNA-scan model for IES elimination. Micronuclear IES sequences
destined for elimination during development of the new macronucleus are shown in green. Early in
conjugation, the micronuclear genome is bidirectionally transcribed (). The resulting dsRNA is
processed by Dicer into small RNAs, termed scan RNAs (scnRNAs) (b). The scnRNAs are
exported into the old macronucleus, and those that can base pair to genomic DNA (red dotted
lines) are degraded. The remaining scnRNAs, which correspond to sequences eliminated in the
previous conjugation, migrate to the developing new macronucleus (c) and induce H3K9
methylation of the homologous IES sequences (d), which are then deleted (e). Twil is a Piwi-related
protein that associates with small RNAs in both the old and new macronuclei®’. Programmed DNA
degradation protein 1 (Pdd1) binds through its chromodomain to H3 methylated on lysine 9 and is
essential for DNA elimination. Modified, with permission, from REE 79 © (2004) Elsevier Science.

m, methyl group.

chromatin-remodelling protein DDM1, as the levels of
small RNAs that are homologous to a repeated trans-
poson in the knob were reduced in ddmI mutants,
implicating this protein in the targeting mechanism*.

Opverall, these studies indicate that repeat sequences
with the potential to produce dsRNAs are targeted for
silencing by an RNAi-mediated pathway. Small RNAs
that are generated by Dicer cleavage of dsSRNAs function
as facilitators in guiding histone methyltransferases to
the homologous sites in chromatin, whether they are
clustered in heterochromatin or located interstitially
in the chromosome. This initial modification provides
a platform onto which repressive proteins such as HP1
or the polycomb complex bind, leading to the packaging
of the chromatin in such a way that limits the amount of
transcription that can occur.

DNA elimination and RNAi

RNAI has recently been implicated in what has been
called the ‘ultimate form of gene silencing’”: the pro-
grammed excision of excess DNA. This phenomenon
can be observed in ciliated protozoans, which exten-
sively reorganize their genome during the sexual
process of conjugation. The single-celled ciliates con-
tain two functionally distinct types of nuclei: a diploid
micronucleus provides the germline reserve and is
transcriptionally silent during vegetative growth,
whereas a polyploid macronucleus serves as the tran-
scribed, somatic nucleus. Both types of nuclei
develop from mitotic divisions of a zygotic nucleus,
which is formed during conjugation by fusion of two
haploid micronuclei (FIG. 3A). Differentiation of the
new macronucleus is accompanied by massive elimina-
tion of germline DNA sequences — known as internal
eliminated segment (IES) sequences. Although no gen-
eral function has been assigned to this unusual process,
it might eliminate ‘selfish’ DNA elements, such as trans-
posons, that have invaded the micronuclear genome”.
In Tetrahymena thermophila, about 15% of the genome,
comprising about 6,000 individual sequences, is deleted
in this way”. In Paramecium tetraurelia, the number
of precisely removed IES sequences is around 60,000
(REE. 80). Until recently, the mechanism of coordinated
elimination of IES sequences, which do not share
common sequences, was unknown. Recent findings
implicate the RNAi machinery in targeting modifications
that are typical of heterochromatin to IES sequences,
therefore marking them for subsequent excision.

An initial hint that RNA is involved in programmed
DNA elimination came from the observation of bidirec-
tional transcription of the micronuclear genome during
conjugation, which produced heterogeneous and poten-
tially double-stranded transcripts that contained IES
sequences®'. Moreover, unusual epigenetic effects, in
which an experimentally introduced sequence in the old
macronucleus could affect the excision of the homolo-
gous sequence in the new macronucleus, indicated the
internuclear transfer of a sequence-specific signal,
which was postulated to be a diffusible RNA®. Indeed,
many components of the RNAi machinery are active
at the time when DNA elimination occurs. In
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Figure 4 | Silencing of unpaired DNA during meiosis. In
some species, silencing of unpaired genomic regions takes
place during meiosis. Genetic analyses in Neurospora crassa
have demonstrated that this silencing requires an RNA-
dependent RNA polymerase (RARP) and an Argonaute (AGO)-
like protein, which are distinct from the ones required for RNAI
in this organism (BOX 1). In N. crassa, meiotic silencing involves
a trans-sensing step at the chromosomal level (dotted lines
between the two chromosomes, each depicted as a solid blue
line). Any region that is unpaired (yellow loop) is transcribed,
presumably by a DNA-dependent RNA polymerase (not
shown). The resulting ssRNA (inner red circular arrow) is used
as a template by the RdRP Sad1 to synthesize dsRNA (two red
circular arrows). This dsRNA is probably processed into small
RNAs by Dicer (DCR), however the involvement of small RNAs
in this process has not yet been confirmed. Although the
precise events that take place in the subsequent steps are not
known, the small RNAs are thought to bind to the Argonaute-
like protein in a RISC (RNA-induced silencing complex)-like
complex, which then targets all transcripts that are homologous
to the unpaired region (straight red arrows) — even those
originating from homologous paired regions elsewhere in the
genome (yellow parallel bars) — for degradation.

T. thermophila, small RNAs that are 28 nt in length
appear before elimination®. In cells deficient for Twil
— a Piwi-related protein that is expressed only during
conjugation — these small RNAs fail to accumulate and
IES excision does not occur®. Twil is required for H3K9
methylation of IES sequences, which in turn is required
for elimination®. Two proteins, Pdd1p and Pdd3p,
which are also required for deletion of IES sequences,
bind through their chromodomains to histone H3 that
is methylated on K9 (REE 85).

A model has been proposed in which small RNAs,
generated by Dicer processing of micronuclear dsRNA,
scan the genome of the old macronucleus. Any small
RNA that lacks a genomic partner for base pairing
(that is, those that correspond to regions that were
eliminated in the preceding conjugation) is ‘subtracted
out’® and diffuses into the developing macronucleus
to guide H3K9 methylation of IES sequences, which

are eventually eliminated’**% (rIG. 3B). Experimental
delivery of dsRNA by injection® or bacterial feeding®
triggers the deletion of the homologous genomic
DNA, even if it is normally retained, indicating that
the mechanism can target any sequence. The role, if
any, of DNA methylation in IES elimination is not
known; there is no reported evidence that N6-methy-
ladenine — the main modified nucleotide in nuclear
DNA of T. thermophila and Paramecium tetraurelia
— is involved in this process (E. Meyer, personal
communication).

IES sequences are probably derived from trans-
posons’®, So, the same type of sequence that triggers
the nucleation of RNAi-based heterochromatin in
other organisms is also targeted by an RNAi-related
mechanism in ciliates. However, instead of maintain-
ing silent chromatin, ciliates eject the DNA. A future
challenge will be to determine the nature of the DNA-
excision machinery and how its activity is induced
by heterochromatin-like regions that are established by
RNAi-mediated mechanisms.

Meiotic silencing, pairing and RNAi

Throughout the history of gene-silencing research,
homologous DNA-DNA pairing has been considered as
a possible trigger for silencing. Fueling this idea were
studies such as one carried out in the filamentous fun-
gus Ascobolus immersus®. During meiosis in this organ-
ism, DNA methylation can be transferred from one
allele to another in a pattern that is characteristic of Gene
CONVERSION, indicating that DNA-DNA pairing mediates
the process®. However, the idea that DNA pairing is
involved in other types of homology-dependent gene
silencing became less compelling with the discovery of
siRNAs, which could function as diffusible trans-acting
homology signals for silencing. Nevertheless, pairing of
homologous genes does seem to be involved in silenc-
ing in some cases, although the available evidence still
indicates an interrelationship with RNA-mediated
silencing mechanisms. A striking example of a relation-
ship between homologous pairing and RNAI is the
phenomenon of meiotic silencing of unpaired DNA.

Meiotic silencing in Neurospora crassa. The silencing of
unpaired DNA during meiosis was documented
through studies of the Ascospore maturation-1 (AsmI)
genein N. crassa®'. N. crassa is haploid in its vegetative
state, but the zygotic form is diploid. This single diploid
cell undergoes meiosis, which involves pairing of
homologous chromosomes. The endogenous Asm1
gene, or an Asm1 transgene placed elsewhere in the
genome, is fully active when it has a pairing partner
during meiosis. However, a single unpaired copy of
Asm] is silenced, as is any combination of three copies
or even two copies that are located in the genome in
such a way that they cannot associate. So, an unpaired
copy of a gene in the diploid meiotic cell will trigger
silencing of all homologous copies, independent of
whether the others are paired (FIG. 4).

A mutation in the suppressor of ascus dominance-1
(Sadl) gene that suppresses this meiotic silencing
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mechanism has been isolated®. This mutation
reverses the silencing of unpaired DNA and also sup-
presses the dominant-sterile phenotypes of several
other mutations that might cause failure of meiotic
pairing, as well as the dominant sterility that is char-
acteristic of chromosomal duplications, which also
produce unpaired regions during meiosis. Further-
more, crosses to related species — that might be
expected to harbour chromosomal variation and
therefore result in unpaired regions in hybrids — are
sterile, but this sterility is partially overcome by the
Sadl mutation. Cloning and sequencing of Sadl
showed that it encodes an RARP*"%?, revealing an
unexpected connection between DNA pairing and
RNAI. An Argonaute-like protein, Sms2 (suppressor of
meiotic silencing 2), is also required for meiotic silenc-
ing®, which further implicates the RNAi machinery in
this process. Mutations in DNA methyltransferase
genes in N. crassa do not affect meiotic silencing®.
However, DNA methylation does — by an unknown
mechanism — influence the previous frans-sensing
step (explained in FIG. 4), which has recently been
shown to be genetically separable from silencing®.

The characteristics of the unpaired regions that are
silenced by this mechanism were analysed using muta-
tions of the AsmI gene®. A range of deletions, which
altogether cover the whole gene, were made in a hap-
loid strain, which was crossed to cells of the opposite
mating type that carried a normal copy of the gene.
This produced diploid zygotic cells, which undergo
homologous pairing during meiosis. For a single

HERMAPHRODITE
Individuals with both male and
female sexual organs.

Box 4 | RNA-RNA or RNA-DNA?

Although RNA-dependent RNA polymerase
(RdDM) and RNA interference (RNAi)-mediated
heterochromatin are initiated by dsRNAs that are
substrates for Dicer cleavage, divergent steps in the
two pathways might yield distinct primary
epigenetic marks — DNA cytosine methylation or
histone H3 lysine 9 (H3K9) methylation,
respectively. Which of these two processes occurs
could depend in part on the way small RNAs
interact with homologous target sequences. RADM
is characterized by non-spreading cytosine
methylation that can be deposited locally on relatively short, single-copy target
regions®!. By contrast, RNAi-based heterochromatin is often targeted to repetitive
sequences'?’” and can spread, in a Swi6 (mating type switching defective 6) or HP1
(heterochromatin protein 1)-dependent manner, several kilobases from the RNA-
targeted nucleation site. Two models for how small RNAs interact with a homologous
target locus have been proposed'? (see figure): direct RNA—DNA pairing (the DNA-
recognition model) or pairing of small RNAs and a nascent RNA that is transcribed
from the target locus (the RNA-recognition model). At present, there is no conclusive
evidence for either model. To resolve this issue, it will be necessary to determine whether
transcription of target DNA sequences is required to elicit silencing and epigenetic
modifications. The relatively precise boundaries of many examples of RADM in plants
and of RNAi-mediated DNA elimination in ciliates are most consistent with direct
RNA-DNA base pairing, therefore arguing for a DNA-recognition model. However,
possibly supporting the RNA recognition model, a recent study in Arabidopsis thaliana
shows that nascent RNA is needed for miRNA-associated DNA methylation of exons
that are downstream of the miRNA complementary region'®.

RNA-DNA

AR

RNA-RNA

unpaired copy to silence itself (cis silencing), a
transcribed region needs to be included in the looped
out region that is formed by an unpaired sequence
(FIG.4). Consistent with a need for production of RNA
in this mechanism, an unpaired promoter sequence of
a gene did not trigger silencing, provided that the
structural portion of the gene was paired. Further-
more, silencing of unpaired genes did not spread to
paired neighbouring genes®. Although silencing could
be achieved with as little as 700 base pairs of unpaired
DNA, longer unpaired regions induce more efficient
silencing. By contrast, when homologous DNA was
placed elsewhere in the genome in an unpaired configu-
ration, fragments of more than 2 kb were needed to
observe silencing in trans®. Therefore, transsilencing is
not as effective as cis silencing, although both require
unpaired transcription units.

This highly specific type of silencing therefore allows
diploid cells to sense and silence newly transposed
mobile elements. The mechanism might thereby oper-
ate to protect the genome from unchecked transposi-
tion and a correspondingly high mutation rate. The
process could also function as a powerful speciation
mechanism, in that chromosomal changes among sep-
arated evolutionary lineages will cause sterility if the
lineages are reunited and mate.

Related mechanisms in other organisms. A phenome-
non similar to meiotic silencing of unpaired DNA, but
which involves chromatin modification, has been docu-
mented recently in Caenorhabditis elegans. In this
species, an unpaired X chromosome is present in males
(which have an XO genotype), but not in HERMAPHRODITES
(XX genotype). During meiosis, unpaired X chromo-
somes are targeted for H3K9 methylation regardless of
the sexual phenotype of the cell, be it a normal male
or an XO animal that has been transformed by sex-
determination mutations to phenotypically resemble
hermaphrodites”. Changes in other histone modifica-
tions are not seen. In crosses involving males, the
X-chromosome modifications persist for several cell
divisions into the new generation, up to the 20-cell stage.
Tt is still not clear why this silencing is needed, but it
might reflect a genome-surveillance mechanism that
detects new transposable-element insertions. Given that
RNA is implicated in meiotic silencing in N. crassa and
in targeting H3K9 methylation in fission yeast, plants
and animals, it is tempting to speculate about its involve-
ment in this epigenetic modification as well. However,
there are no data to support this hypothesis so far.

A process that has the opposite effect occurs in
somatic cells of D. melanogaster, where the homozy-
gous pairing of certain transgenes results in a reduced
level of expression compared with that seen if two
copies are present in dispersed, non-allelic positions in
the genome. This phenomenon is referred to as pairing-
sensitive silencing®®*. In D. melanogaster, homologous
chromosomes are paired throughout much of the life
cycle. This allows pairing interactions to occur that
might influence gene expression in somatic tissues.
Remarkably, pairing-sensitive silencing is affected by
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mutations in genes that encode components of the
RNAI machinery, although not in the way that might be
expected from the studies described above. For
engrailed—white transgenes, which carry an engrailed
regulatory region adjacent to a copy of the white eye-
pigmentation gene, homozygous piwi and homeless
mutations increase the level of silencing of paired
copies'®. Unpaired copies of the transgene in the same
genomic location are unaffected, indicating that it is
specifically pairing-induced silencing that is intensified
in RNAi mutants. Curiously, this effect is the opposite to
that expected from the requirement for siRNAs as medi-
ators of silencing, because whereas such RNAs are
expected to be present at reduced levels or absent in the
mutants, the degree of silencing increases. Nevertheless,
this example demonstrates a case in which somatic pair-
ing influences gene expression, and the RNAi pathway
seems to be involved in this process.

Summary, conclusions and outlook

Findings from diverse organisms have revealed a
prominent role for small RNAs and the RNAi machin-
ery in eliciting sequence-specific silencing at the
genome level. An impressive variety of effects have been
reported: RNA-directed DNA methylation and histone
methylation, DNA elimination and pairing-associated
silencing. Despite the seeming ubiquity of small
RNA-guided mechanisms, however, it is important to
keep in mind that there are RNAi-independent path-
ways for heterochromatin formation®*?>!' and DNA
methylation®*'>-1% in organisms in which RNAi
takes place.

Consistent with the role of RNAi in defence against
invasive sequences''%, transposons and related repeats
are preferred natural targets of the RNAi-mediated
silencing pathways in the nucleus. Although often con-
sidered solely as molecular parasites, transposon
sequences that function as foci for RNAi-based chro-
matin modifications benefit the host through these
mechanisms by contributing to gene regulation and to
chromosome structure and function.

Although a general picture of RNAi-mediated path-
ways in the nucleus has emerged, many questions remain.
Foremost among these is the manner in which small

RNAs interact with a target locus. Do small RNAs base
pair with target DNA sequences or with nascent tran-
scripts (BOX 4)? Conceivably, both types of interaction
have been exploited in nature, but conclusive experiments
are still required. A related issue is the molecular compo-
sition of nuclear silencing-effector complexes, which have
still not been characterized in most organisms. Defining
these will require biochemical approaches similar to those
that are used to identify proteins and siRNAs of the
aforementioned RITS complex in fission yeast’*”". In
A. thaliana, the reduced accumulation of repeat-associ-
ated siRNAs in several chromatin mutants is consistent
with recruitment of these factors to the target locus by
siRNAs'>**4, However, biochemical analyses that show
enrichment of siRNAs in association with chromatin
proteins are required to confirm this proposal.

Another question concerns the extent to which
gene-family members that encode RNAi proteins are
dedicated to nuclear pathways. A subcellular division
of activity has been noted for plants and N. crassa
(BOX 1), but information from other organisms is
inadequate. Furthermore, the phylogenetic distribu-
tion of the four known RNAi-mediated nuclear path-
ways is not yet known. Does RADM occur regularly
in mammals? Are there examples of programmed
DNA elimination mediated by RNAi in organisms other
than ciliates? Meiotic silencing is probably not a universal
mechanism, as indicated by the fact that heterozygous
deficiencies have no affect on meiosis in plants,
D. melanogaster or mammals, but does it occur in organ-
isms other than N. crassa and C. elegans? Are there
pairing-sensitive epigenetic phenomena in somatic cells
that are dependent on RNAi components, as has been
observed in D. melanogaster? Are there novel nuclear
RNAI pathways that await discovery?

The pervasive involvement of small RNAs in
defining chromosome domains and in chromatin-
based gene regulation was unknown until only a few
years ago. RNAi-mediated chromatin modifications
not only determine patterns of gene expression, but
also affect chromosome behaviour. Future research
developments are likely to reveal further participation
of the RNAi pathway in governing chromosome
structure and function.
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Entrez Gene:
http://www.ncbi.nih.gov/Entrez/query.fcgi?db=gene

FWA | piwi | aubergine | homeless | white

NCBI Taxonomy:
http://www.nchbi.nim.nih.gov/entrez/query.fcgi?CMD=search&DB
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Neurospora crassa | Arabidopsis thaliana | Drosophila
melanogaster | Tetrahymena thermophila | Paramecium tetraurelia |
Ascobolus immersus | Caenorhabditis elegans

FURTHER INFORMATION

Arabidopsis small RNA Project:
http://cgrb.orst.edu/smallRNA/db
ChromDB: The Plant Chromatin Database:

http://www.chromdb.org

The miRNA registry:
http://www.sanger.ac.uk/Software/Rfam/mirna/index.shtml
A to this int tive links box is free online.

NATURE REVIEWS | GENETICS

© 2005 Nature Publishing Group

VOLUME 6 [ JANUARY 2005 | 35





