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RNA interference: Silencing in the cytoplasm and nucleus
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Although the discovery that double-stranded RNA is able to silence
gene expression was only made five years ago, methods for
experimentally silencing genes have already been extended into a
broad diversity of organisms, including human cells. RNA
interference has also been discovered to function in physiological
gene silencing. RNA interference works by causing degradation of
targeted mRNAs in the cytoplasm. However, recent results suggest
that RNA interference may also silence gene activity in the nucleus
by remodeling chromatin and repressing the transcription of
targeted genes.
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Introduction
RNA interference (RNAi) may be one of the oldest host
defense responses known to date [1,2]. RNAi and similar
phenomena in other organisms are believed to be parts of
an ancient pathway to both combat foreign nucleic acids
and prevent the expression of aberrant RNAs [3,4].
Introduction of double-stranded RNA (dsRNA) has been
found to result in the degradation of targeted mRNAs in
the cytoplasm [5••]. This response effectively silences gene
activity through the depletion of mRNAs that are necessary
for producing protein. The exact mechanism underlying
RNAi remains unclear, however, some details have
emerged over the past few years. This review will
summarize what is currently known about the mechanism
of RNAi and will highlight recent evidence that it may also
function in the nucleus to silence transcription.

Discovery of RNAi
Early evidence that RNA could elicit gene silencing in
animal cells came from work by Guo and Kemphues,
who used antisense RNA to reduce gene expression in the
nematode Caenorhabditis elegans (C elegans) and were
surprised to find that sense RNA was equally effective
[6]. Subsequently, Fire et al tested whether a very small
amount of dsRNA may be the effective agent in these
experiments [5••]. A mixture of both sense and antisense
RNA, resulting in dsRNA, gave a vastly more potent
effect than either strand alone; so potent that even
substoichiometric amounts of dsRNA elicited a penetrant
effect. Subsequently, a number of previously known
DNA sequence identity-dependent silencing phenomena
have been found to share RNAi-like mechanisms,
including co-suppression in plants and animals, and

quelling in fungi [7]. RNAi has since become widely used to
suppress the function of specific genes. In the age of genomics,
RNAi has proved a valuable tool that enables researchers to
study a number of important processes such as cell death,
development and cancer [1].

RNAi in the cytoplasm
Recent genetic and biochemical research in several systems has
greatly improved our understanding of how RNAi works
(Figure 1). A dsRNA-binding protein recognizes introduced
dsRNAs that are typically several hundred nucleotide pairs long
[8]. This dsRNA-binding protein associates with Dicer, an
RNaseIII-related enzyme, that dices the introduced dsRNA into
small duplexes (21 to 25 nucleotides long) [8,9••,10••,11•]. These
small duplexes, called small interfering RNAs (siRNAs), then act
as guides in association with a large protein complex to target
transcripts for degradation. The siRNA/protein complex is
termed an RNA-induced silencing complex (RISC) [12,13••,14••]
and only becomes competent to target degradation of mRNAs
upon ATP-dependent unwinding of the siRNAs [15••].
Concentrations as low as a few molecules of dsRNA per cell can
elicit a strong and persistent response; this is likely to be a result
of catalytic action by RISC [2,5••]. In some organisms, it may also
be a result of an amplification mechanism in which an RNA-
dependent RNA polymerase uses the target mRNA as a
template to synthesize more dsRNA, using siRNAs as primers
for new dsRNA production [16,17•].

Many of the cellular components required for RNAi have been
identified [18,19]. Exactly how the majority of these
components function in RNAi is not yet clear, and determining
what roles they play is an ongoing challenge.

Long dsRNAs cannot be used for gene silencing in all organisms,
as some, including mammals, possess dsRNA defense
mechanisms. Such mechanisms result in sequence-non-specific
effects, thereby limiting the utility of long dsRNAs as a gene-
silencing tool. Fortunately, siRNAs alone are able to elicit a
potent and effective RNAi response, presumably bypassing the
dicing step and directly loading onto RISC without triggering
the dsRNA defense mechanisms [20,21••,22••,23•,24].

As RNAi and other sequence identity-dependent silencing
phenomena share a remarkable degree of similarity, these
diverse gene-silencing events are suspected to be modern
versions of an ancient pathway that was used to regulate gene
expression [25-30]. Co-suppression in plants and quelling in
fungi, for instance, share several features in their RNA-
mediated responses [1]. Co-suppression has been found to
work, at least in part, post-transcriptionally. Many of the
proteins involved in post-transcriptional gene silencing (PTGS)
and RNAi are conserved [18,19,31]. Moreover, plants
undergoing PTGS have been found to possess small RNAs,
approximately 25 nucleotides in length, which were absent in
non-silenced control plants [32••]. As in animals, these small
RNAs were found to be complementary to both the sense and
antisense strands of the silenced gene. Small RNAs have been
identified more recently in extracts of C elegans and Drosophila
[10••,13••,14••].
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Figure 1. Mechanism of RNAi.
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The figure illustrates a working model combining results from various organisms (see text for details and references). Proteins and protein
activities are shown as balls; identified proteins or activities are labeled, some speculated proteins and complexes are unlabeled, and ATP-
dependent steps are marked. Whether dsRNAs or siRNAs enter the nucleus is not yet clear. Note that Dicer is known to associate with RISC
but is not required for RISC activity.

One surprising aspect of RNAi is that the effect can
spread between tissues; introducing dsRNA in one part of
an organism may lead to silencing of the targeted gene in
another [5••,33••]. Proteins specifically required for the
spreading effect include a predicted transmembrane
protein that may form a channel or act as a receptor for
dsRNA, siRNA, or an as yet undiscovered RNAi signal
[34•]. Similarly, the ability of suppression to spread is
also a feature of PTGS; in plants, tissue from a silenced
donor, grafted to an unsilenced plant, can lead to
silencing in the host [35].

RNAi in the nucleus
Recent work has suggested that RNAi in non-plant
systems may, in addition to eliminating specific pools of
mRNA in the cytoplasm, also work by preventing the
production of new mRNA by epigenetic silencing of gene
expression in the nucleus.

Epigenetic regulation refers to heritable changes in gene
expression, without changes in gene sequence, which
usually occur through modifications of chromatin [36].
The eukaryotic nucleus contains large amounts of DNA
that must be efficiently packaged into a small space.
Mechanisms to remodel chromatin at specific loci, thus
rendering the DNA accessible to the transcriptional
machinery, have developed in eukaryotic cells.
Modifications to histones can regulate the availability of
DNA by controlling the condensed state of chromatin;
converting chromatin from a closed, heterochromatic

state to an open, euchromatic state. Distinct histone
modifications can act sequentially or in combination to form a
'histone code' that dictates whether DNA is either accessible or
tightly compacted. These modifications include covalent
modifications, including methylation or acetylation, of
specific amino acid residues on one or more histone tails
[36,37]. In plants, DNA-mediated gene silencing can be
epigenetic in nature; it has recently become clear that this can
also be true for RNA-mediated gene silencing. RNAi and co-
suppression of endogenous genes by high copy number
transgenes have both been found to work transcriptionally, as
well as post-transcriptionally [38,39]. Upon introduction of
high copy number transgenes or dsRNA, PTGS occurs when
there is sequence identity within the coding sequence, while
transcriptional gene silencing (TGS) occurs when the
sequence identity occurs within the promoter [40,41]. TGS in
plants requires genes that are implicated in modifying
chromatin structure and is also known to involve DNA
methylation [42].

DNA methylation does not appear to occur in certain animals,
including C elegans and Drosophila, nor in certain fungi [43].
This has raised the question of whether dsRNA only silences
gene activity in the nucleus of plants. An answer to this
question has begun to emerge from several studies published
over the past year.

Chromatin modification and RNAi in animals
The possibility that RNAi may also act by modifying chromatin
has been suggested since, in animals, a phenotype induced by
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RNAi sometimes persists through additional generations
and some genes required for RNAi are also required to
maintain chromosomal stability [33••,44].

Certain chromatin-modifying proteins have been
implicated in RNAi in C elegans [45•]. The introduction of
dsRNAs that target components of the RNAi machinery
itself can, at least in some cases, prevent RNAi from
functioning [9••,45•,46,47]. In C elegans, this effect has
been exploited to identify genes that may play roles in
RNAi [45]. Several genes identified by this method
encode proteins that are predicted to associate with
chromatin, raising the possibility that RNAi may work at
the level of chromatin in animal cells, as it does in plants.
Mutations in at least three of these genes have confirmed
their roles in RNAi; this includes genes that encode
proteins homologous to Drosophila Polycomb-group
proteins, which function to repress gene expression
through the modification of chromatin [48].

Recent work using Drosophila has implicated a protein
called Piwi in the silencing of targeted genes during high
copy number transgene-induced silencing [49•]. Piwi is a
homolog of the C elegans protein RNAi-defective 1 (RDE-
1) and belongs to a large family of proteins, many of
which are required for RNAi in diverse organisms [50-
52]. In piwi mutants of Drosophila, PTGS is greatly
impaired and siRNAs corresponding to the target gene
are absent [49•]. High copy number transgenes induce
not only post-transcriptional but also transcriptional gene
silencing in Drosophila [53]. Interestingly, piwi mutants are
also defective in transcriptional gene silencing.

Since Drosophila TGS is dependent on Polycomb-group
proteins, it is tempting to speculate that dsRNA might
elicit Polycomb-dependent chromatin modifications and
gene silencing in flies and worms [49•,53]. To date,
however, TGS has only been assayed in flies and only
after transgene-induced silencing, not after the
introduction of dsRNA. Polycomb-dependent silencing
probably does not work by DNA methylation in flies and
worms, since little to no DNA methylation can be
detected in these organisms [43].

Chromatin modification and RNAi in fission
yeast
Recent work has demonstrated that endogenous dsRNAs
result in gene silencing in the fission yeast
Schizosaccharomyces pombe [54•]. Centromeric DNA is
normally silenced in S pombe and transgenes inserted into
centromeric regions are not expressed. Centromeric
silencing is dependent on RNAi machinery, as loss of
genes homologous to those required for RNAi in animal
systems can result in expression of centromeric
transgenes. Centromeric DNA is normally flanked by
silent, repetitive sequences and loss of the RNAi
machinery also results in the abnormal production of
transcripts deriving from both strands of the repeat
sequences. Wild-type fission yeast do not accumulate
such transcripts, and the dependence of the RNAi
machinery on their disappearance suggests that dsRNAs
normally produced by repetitive sequences are degraded
by the RNAi machinery. In concordance with this, others

have detected siRNAs derived from centromere repeat
sequences in wild-type S pombe [55].

In addition, RNAi in fission yeast functions to repress
transcription in the nucleus. Silenced, centromeric sequences
have covalent histone H3 modifications (eg, methylation of
lysine 9) characteristic of silenced heterochromatin; centromere
homologous repeats are sufficient to induce such chromatin
modifications elsewhere in the genome [54•,56•]. Loss of the
RNAi machinery results in histone H3 modifications
characteristic of non-silenced chromatin at centromeric
sequences. These results suggest that dsRNAs derived from the
repeat sequences in centromeres are processed into siRNAs
that serve to target a methyltransferase to a corresponding site
in the centromeric region [54•,55,56•]. Recruitment of a
methyltransferase could lead to covalent modification of
histone H3 and the subsequent formation of silent chromatin.
While the loss of RNAi components leads to de-repression of
centromeric DNA, the exact molecular mechanism by which
this occurs remains to be determined.

Upon chromatin modification directed by the RNAi machinery,
other machinery takes over to maintain the repressed state.
Histone H3 methylated at lysine 9 can recruit the
heterochromatin protein Swi6/HP1 [56•]. After silencing has
been established, RNAi components become dispensable for
maintenance of the repressed state. Instead, Swi6/HP1 is
essential for the silenced state of chromatin to be inherited
through mitosis and meiosis [56•].   

Conclusion
RNA-mediated gene silencing has become an important tool to
analyze gene function in many organisms. As genome
sequences become available, RNAi makes determining the
function of each and every gene a realistic goal. Moreover, the
ability to readily silence specific genes holds promise for
designing effective therapies to combat a host of ailments.
RNA-mediated gene silencing also plays a critical role in
physiological gene silencing in a diverse range of organisms.
As a result, there is much interest in understanding the
mechanism by which RNA interference results in silencing.

Much research evidence has been produced in the past several
years to extend our understanding of how RNAi functions.
Until recently, dsRNA had been predicted to act exclusively at
the post-transcriptional level to target mRNA stability. Recent
work, however, has uncovered an additional role for dsRNA in
regulating transcription via remodeling of chromatin. While
the exact mechanisms behind chromatin silencing are not yet
clear, the notion that RNA may direct chromatin modifications
at specific sites along a chromosome is intriguing.

New developments in RNAi are likely to be closely watched,
and as the molecular mechanisms of RNAi become fully
understood, we will ultimately be better placed to understand
genome function.
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