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The term epigenetics refers to heritable changes not encoded by DNA. The organization of DNA into chromatin 
fibers affects gene expression in a heritable manner and is therefore one mechanism of epigenetic inheritance. Large 
parts of eukaryotic genomes consist of constitutively highly condensed heterochromatin, important for maintaining 
genome integrity but also for silencing of genes within. Small RNA, together with factors typically associated with 
RNA interference (RNAi) targets homologous DNA sequences and recruits factors that modify the chromatin, com-
monly resulting in formation of heterochromatin and silencing of target genes. The scope of this review is to provide 
an overview of the roles of small RNA and the RNAi components, Dicer, Argonaute and RNA dependent polymeras-
es in epigenetic inheritance via heterochromatin formation, exemplified with pathways from unicellular eukaryotes, 
plants and animals.
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Introduction 

In eukaryotes, the DNA is wrapped around histone 
proteins, forming chromatin fibers that coil up on them-
selves for further compaction. This arrangement affects 
the accessibility and activity of the DNA, which needs 
to be transcribed or at least replicated prior to each cell 
division. Moreover, the chromatin fibers need to be re-
constituted at each cell division and different chromatin 
states may then be passed on to the daughter cells. 

Histones are globular proteins with protruding N-
terminal tails. There are four canonical types of histones, 
H2A, H2B, H3 and H4. Two copies of each histone 
together with 146 bp of DNA from a nucleosome – the 
building block of chromatin fibers. Chromatin fibers are 
more or less compacted depending on several factors, 
for example covalent modifications of the histone tails 
that create specific binding sites for various chromatin-
binding proteins. Two forms of chromatin are generally 
distinguished, the accessible, early replicating and gene 
dense euchromatin and the highly condensed, inaccessi-
ble and late replicating heterochromatin. DNA organized 

into heterochromatin mostly consists of non-coding re-
peat sequences, and euchromatic genes that happen to 
be translocated into heterochromatin are epigenetically 
silenced. These genes were presumed to be silent due 
to the inaccessible structure of the heterochromatin that 
would hinder passage by RNA polymerase II (pol II). 

Our understanding of the functions of heterochromatin 
and the mechanisms governing heterochromatin forma-
tion have been greatly improved over the last decades, 
much thanks to experiments conducted in model organ-
isms such as the yeasts Saccharomyces cerevisiae and 
Schizosaccharomyces pombe, the fruit fly Drosophila 
melanogaster and the weed Arabidopsis thaliana. Many 
of the molecular mechanisms are highly conserved 
throughout evolution, pointing at their fundamental role 
in regulating and maintaining the genomes of living or-
ganisms. The most surprising discovery in the last few 
years was the realization that small RNA and factors 
from the RNAi machinery are involved in targeting pro-
tein factors that set up heterochromatin at homologous 
DNA sequences. The pathways of RNAi in heterochro-
matin establishment and maintenance have since been an 
exponentially developing field of research. 

Hallmarks of heterochromatin are highly conserved

The repressive effect of heterochromatin on gene ex-
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pression was first investigated in D. melanogaster where 
translocation of genes into the vicinity of heterochromat-
ic domains results in a variegated phenotype, called posi-
tion effect variegation (PEV) (reviewed in [1]). In some 
clones of cells, heterochromatin will spread and cover the 
gene and thereby turn off its expression, whereas in other 
clones, the gene will remain euchromatic and expressed 
[2]. However, not all genes are inactivated by heterochro-
matin. There are hundreds of genes in D. melanogaster 
that are naturally residing within heterochromatin and 
display typical heterochromatic marks (H3K9me) while 
remaining actively transcribed [3]. Hence, the effects of 
heterochromatin on gene expression are variable, point-
ing at the complex nature of gene regulation.

The phenomenon of PEV has been exploited as a suc-
cessful experimental setup to identify factors involved in 
the formation of heterochromatin. These factors are, in 
many cases, remarkably well conserved in distantly re-
lated species [4-10]. Histone Lysine Methyl Transferases 
(KMTs), enzymes that add one, two or three methyl 
groups to lysine residues within the tails of histones, as 
well as proteins with chromodomains that bind specifi-
cally to motifs generated by KMTs, are the best charac-
terized factors required for setting up heterochromatin. 
Di- or trimethylation of lysine 9 of histone H3 (H3K9me) 
is a typical mark of heterochromatin, conserved in fungi, 
plants and animals. Other common modifications in het-
erochromatin are methylation of lysine 20 of histone H4 
(H4K20me) and methylation of lysine 27 of histone H3 
(H3K27me). These modifications are combined with a 
total hypoacetylation of the residues in histone tails as 
compared to euchromatin and therefore histone deacety-
lases (HDACs) are important enzymes for heterochroma-
tin formation and propagation. 

In euchromatin, histones H3 and H4 are generally 
highly acetylated and enriched for methylation of lysine 
4 of histone H3 (H3K4me). Genome-wide chromatin-
immunoprecipitation experiments (ChIP on chip) in S. 
pombe have demonstrated that H3K4me of euchromatin 
and H3K9me of heterochromatin are mutually exclusive 
[11].

The family of KMTs responsible for H3K9me con-
tains a SET domain, which confers methyl transferase 
activity, and a chromodomain [12, 13]. Methylation of 
H3K9 creates a binding site for Heterochromatin Protein 
1 (HP1), another protein originally found in screens for 
suppressors of PEV [4]. HP1 has one chromodomain 
joined by a hinge to a second chromoshadow domain 
[14, 15]. Chromodomains are found in several protein 
families, all involved in the transmission of stable chro-
matin states. The chromodomain recognizes and binds 
specifically to histone modifications, or in the case of the 

chromoshadow domain, promotes self-assembly [16]. 
Intriguingly, some chromodomains i.e. MOF also inter-
act with non-coding RNA [17]. KMTs specific for H3K9 
have been found in complexes with HP1. Methylation 
of H3K9 by KMTs thus provides a binding site for HP1 
that, in turn, can recruit more KMTs and HP1 leading to 
propagation and spreading of heterochromatin.

Not only histones are covalently modified in hetero-
chromatin. Methylation of cytosine residues of the DNA 
is a common feature of silenced genes in heterochro-
matin in many eukaryotes. However, DNA methylation 
has not been found in the common model organisms, 
the yeasts S. cerevisiae and S. pombe or the nematode 
Caenorhabditis elegans, and only low levels are detected 
in the fruit fly D. melanogaster [18] (Table 1). De novo 
DNA methylation of cytosines can be targeted by methy-
lation of H3K9 or by homologous RNA [19]. It is easy to 
visualize how DNA methylation is inherited from mother 
cell to daughter cell considering that DNA replication 
is semi-conservative and the newly synthesized strand 
may be methylated with the “old” strand as template [20, 
21]. Likewise, half of the histones are partitioned to each 
DNA helix during S-phase, and may thereby guide his-
tone modifications to newly incorporated histones. This 
would provide means for maintenance of the chromatin 
setting over cell divisions. However, histone deposition 
to the DNA is a dynamic process that occurs at all stages 
of the cell cycle [22].

In most eukaryotes, centromeres, telomeres and rDNA 
are typical heterochromatic regions. The sequence of 
centromeric and telomeric DNA is generally not con-
served but consists of repetitive elements, remnants of 
transposons, and very few genes. The structure of both 
centromeres and telomeres is vital for ensuring proper 
segregation of sister chromatids during cell divisions and 
thus for keeping the genome intact. Failure to maintain 
a silenced state is often detrimental to higher organisms, 
and causes diseases such as cancer or deregulation of 
development resulting in embryonic death. For example, 
epigenetic activation of oncogenes and/or suppression of 
tumor-suppressor genes are common causes of cancer. 
Heterochromatin also plays a pivotal role in protecting 
the genome from parasitic DNA elements, such as trans-
posons, which are “shut off” or silenced by heterochro-
matin. Heterochromatin is associated with silencing of 
genes and, in the case of X inactivation in female mam-
mals, entire chromosomes (for review [23]). 

RNAi and epigenetics

The 1998 discovery that double stranded RNA medi-
ates gene silencing (RNAi) [24] was awarded the 2007 
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Nobel Prize in Medicine or Physiology. Today, RNAi has 
become a standard laboratory technique for investigat-
ing gene function by knockdown of the corresponding 
mRNAs. The molecular mechanisms of post-transcrip-
tional gene silencing by endogenous microRNA (miRNA) 
genes through the degradation and/or interference with 
the translation of their mRNA targets have to a great 
extent been elucidated (for review [25]). Interestingly, 
many of the factors that mediate posttranscriptional si-
lencing via RNAi also have functions in transcriptional 
gene silencing.

Ever since the late 1980’s, there have been several re-
ports of phenomena that later turned out to fall into this 
category. Introduction of antisense RNA was believed 
to mediate suppression of gene expression via specific 
binding to matching mRNAs and thereby interfering with 
their translation into proteins. Unexpectedly, the negative 
control in the form of the corresponding sense RNA also 
caused a certain degree of silencing [26]. In plants, RNA 
viruses were reported to direct DNA methylation of ho-
mologous genes [19] and introduction of multiple trans-
gene copies resulted in silencing, also termed cosuppres-
sion, via DNA methylation of the endogenous gene copy 
[27, 28]. In the yeast S. pombe, small RNA and com-
ponents of the RNAi pathway were demonstrated to be 
required for heterochromatin formation at homologous 

DNA at centromeres [29, 30]. In the ciliate Tetrahymena 
thermophila, small RNA together with an Argonaute 
family protein were reported to be involved in generating 
H3K9me at histones at homologous DNA regions with 
subsequent elimination of DNA [31, 32]. Small RNA and 
factors required for RNAi, such as Dicer and Argonaute 
have since been implicated in the process of heterochro-
matin formation in various organisms, indicating that 
their role in the targeting and recruitment of factors such 
as KMTs and HP1 are generally conserved. In D. mela-
nogaster, mutations of proteins belonging to the Argo-
naute family have been shown to reduce H3K9me as well 
as HP1 binding within heterochromatin [33] and Ago2 
mutants show defects in centromeric heterochromatin 
formation in embryonic development [34]. Dicer mutants 
have been reported to display chromosome segregation 
defects in a human-chicken hybrid cell line [35] as well 
as loss of silencing at centromeres in mouse cell lines [36]. 
Furthermore, short interfering (siRNA) and RNAi have 
been demonstrated to trigger long-term, heritable gene 
silencing in C. elegans [37]. Silenced gene expression 
was inherited in about one third of the progeny, in some 
cases indefinitely, in a dominant fashion. Importantly, 
four genes encoding chromatin remodeling factors were 
required for maintenance of the silent state whereas the 
HDAC inhibitor, trichostatin A, reversed silencing [37]. 

Table 1 Compilation of features of heterochromatin and RNAi from yeast, animals and plants
                Fungi                               Ciliates                       Animals                             Plants
   S. pombe  N. Crassa         T.  C. elegans         D.   H. sapiens  A. thaliana
   thermophila  melanogaster
H3K9me Yes Yes Yes Yes Yes Yes Yes
HP1 Swi6, Chp1  HP1 Pdd1p  HPL1  HP1, HP1b   HP1a, b & g TFL2/LHP1
 & Chp2  &Pdd3p &HPL2 & HP1c
DNA  – Yes Yes – Low levels Yes Yes
methylation
short RNA siRNA  siRNA  scnRNA miRNA & miRNA,  miRNA,  miRNA & 
    siRNA siRNA, siRNA & siRNA
      piRNA piRNA
Dicer Dcr1 DCL1 &  DCL1 Dcr1 Dcr1 &  DCR1 DCL1, DCL2, 
  DCL2   Dcr2  DCL3 & DCL4
Argonaute Ago1 QDE2 &  TWI1 27 AGO  Ago1-3,  AGO1-4,  AGO1-10
  SMS2  genes Piwi1-4 PIWI1-4
RDP Rdp1 QDE1, SAD1  – Ego1, Rrf1-3 – – RDR1-6
  & RRP3   
ds siRNA  Eri1 n.d. – Eri1 CG6393 THEX1 –
ribonuclease
pol IV – – – – – – NRPD1a & b

n.d.: Not determined  
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Hence, in many eukaryotes siRNA/RNAi can induce epi-
genetic changes in gene expression via modifications of 
chromatin.

Small RNA – mediators of RNAi

There are several classes of 20-30 nucleotide long, 
short RNA, with different names depending on their ge-
nomic origin, their route of synthesis and their mode of 
action (for review [38]). The miRNAs typically direct 
post-transcriptional gene silencing (PTGS) via trans-
lational repression and differ from siRNA in that they 
originate from miRNA genes which code for precursors 
with potential to form local hairpin structures, with one 
distinct miRNA accumulating from each hairpin [39]. In 
addition, the miRNA genes are often conserved in be-
tween species [39]. Endogenous short interfering RNA 
(siRNA) originates from repetitive sequences, such as 
centromeric repeats, transposable elements or rDNA. 
Several different siRNA molecules along the length of 
the double-strand are detectable [39] and make up a 
considerable fraction of the short RNAs that have been 
cloned [29, 40-44]. The length of the siRNA varies be-
tween species, usually in between 19-22 nucleotides up 
to 26 nucleotides, and depends on the specificity of the 
enzymes that produce them. In S. pombe, centromeric 
siRNAs correspond to both strands of the DNA and do 
not show any strand bias. Genome wide protein bind-
ing maps in S. pombe have shown a strong correlation 
of binding of the RNAi components Ago1 and Rdp1 to 
the loci which generate siRNA [11]. Deep sequencing of 
seedlings and inflorescence of A. thaliana has also iden-
tified siRNA matching genes and intergenic regions with 
the genes represented showing a good distribution to 
many cellular processes and functions [41]. siRNA may 
silence genes at the post transcriptional level as well as at 
the transcriptional level and are known to associate with 
other Argonaute isoforms than the miRNA. However, 
in D. melanogaster, structural features of the double-
stranded small RNA precursor, i.e. presence or absence 
of central mismatches, have been demonstrated to govern 
which Argonaute protein the small RNA will bind [45]. 
Likewise, in A. thaliana, miRNAs were demonstrated 
to preferentially start with a 5′-terminal uridine and bind 
to AGO1 whereas siRNAs associating with AGO2 and 
AGO4 generally started with a 5′-terminal adenosine [46]. 
Furthermore, substitution of the 5′-terminal nucleotide 
caused predictable changes in small RNA Argonaute 
association [46]. Thus, structure and sequence of small 
RNA are important determinants for their biological ac-
tivity.

The amplification model, suggested by Yigit et al. [47, 

48], makes a distinction between rare primary siRNA 
“triggers”, products of Dicer processing of double strand-
ed precursors, and abundant secondary siRNAs, synthe-
sized by RNA dependent polymerases (RDPs). Second-
ary siRNAs promote the major effects on silencing of 
mRNAs but also, likely, on transcriptional silencing and 
heterochromatin formation [48]. Primary and secondary 
siRNAs have been demonstrated in C. elegans, having 
different modifications at the 5′ends [49, 50]. Primary 
siRNAs, which are the products of Dicer activity, have 
5′-monophosphates and 3′-hydroxy groups whereas sec-
ondary RNAs are de novo synthesized by RDPs and have 
triphosphates at their 5′ end [49, 50]. In plants, as well 
as the single-cell algae Chlamydomonas reinhardtii, the 
3′-end of miRNA/siRNA is methylated and thereby pro-
tected from degradation [43, 50, 51]. This feature is not 
conserved in C. elegans or D. melanogaster where the 
3′-ends investigated were unmodified and homologues 
of the responsible methyl-transferase do not seem to be 
conserved outside the kingdom of plants [52]. 

In addition to miRNA acting on the post-transcription-
al level and siRNA acting on chromatin, there is a third 
major class of small RNA – the Piwi-interacting RNA 
(piRNA). piRNAs are typically longer than miRNA and 
siRNA (25-29 nucleotides in D. melanogaster, 25-31 
nucleotides in rat [53]), preferentially have a uridine at 
their 5′-terminus, originate from transposable elements or 
heterochromatic repeats and do not depend on Dicer for 
their synthesis [54, 55]. Instead, piRNAs are proposed 
to be generated via sequential cleavage by distinct Piwi-
family proteins [56]. The piRNA pathway is required in 
the germline of animals for silencing of transposable ele-
ments. A parallel mechanism in the seedlings of plants, 
which do not have Piwi homologues, is the apparent use 
of transcriptional silencing via siRNA and Argonautes to 
control transposons. In plants, deep sequencing of small 
RNAs has revealed greater complexity in the ranks of 
siRNA in the germline and inflorescence tissue [41].

Argonautes, Dicers and RNA dependent polymerases

The major constituents of RNAi are, aside from the 
small RNA species, Argonaute and Dicer proteins (Table 
1). Common features of Dicer proteins are the two 
RNAse III domains, which specifically cleave double 
stranded RNA, an N-terminal helicase domain and a PAZ 
domain [57]. The PAZ domain was first found among 
proteins of the Argonaute family [58] and is not present 
in Dicer proteins from fungi and protozoa [59]. The func-
tion of the PAZ domain is to bind the double stranded 5′-
end of the siRNA precursor. The distance between the 
PAZ domain and the two RNAse III domains of Dicer 
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determines the length of the siRNAs [60]. Each RNAse 
III domain will mediate the endonucleolytic cleavage 
of one strand of the RNA and thus generate a new 3′-
end. The 2-nucleotide 3′-end overhang typical of Dicer 
products are a consequence of the alignment of the two 
RNAse III domains on the double stranded RNA [61]. 
The cleavage reaction thus produces a new 5′-end to 
which the PAZ domain may bind and Dicer may proces-
sively generate new double stranded siRNA from the 
same siRNA precursor. 

Multicellular organisms commonly have several 
isoforms of Dicer proteins which function in different 
RNAi pathways. Another class of enzyme containing 
an RNAse III motif is represented by Drosha, which is 
involved in the miRNA biogenesis of animals. There are 
no homologues to Drosha in plants, in which DCL1, one 
of the four Dicer proteins mediates pri-miRNA cleavage 
[62]. The cellular localization of Dicer has, in S. pombe, 
been demonstrated to be mainly cytoplasmic [63]. Oth-
ers have, in the same organism, demonstrated a physical 
coupling between Dcr1 and RDP complexes at the cen-
tromeric heterochromatin within the nucleus [59] and the 
coupling of siRNA synthesis and transcriptional silenc-
ing has important implications for restriction of silencing 
in cis. In A. thaliana, Dicer-like 1-3 (DCL1, DCL2 and 
DCL3) are primarily localized in the nucleus [62].

The following step in the RNAi pathway is loading 
of the double stranded siRNA into protein complexes of 
which members of the Argonaute family are constitutive 
parts. Examples are RISC (RNA Induced Silencing Com-
plex) or RITS (RNA-induced Initiation of Transcription-
al Gene Silencing) [59, 64, 65]. The first member of the 
Argonaute family was identified in A. thaliana as a pro-
tein required for stem cell maintenance and development 
[66]. The protein family consists of three groups; the Ar-
gonaute group represented in all three kingdoms of life, 
the Piwi group with representatives in metazoans, and a 
third group exclusive to C. elegans which has as many as 
27 different Argonaute encoding genes. The Argonaute 
proteins of this small worm have different patterns of 
expression in time and tissue, as well as distinct func-
tions in chromosome segregation, development, embryo 
viability and fertility [47]. 

Argonaute proteins contain a PAZ domain that binds 
the 3′-end of the siRNA duplex, a MID domain, which 
binds the 5′-phosphate, and an RNAse H domain, which 
may direct endonucleolytic cleavage, or slicing, of RNA, 
like Dicer generating a 5′-phosphate and a 3′-hydroxy 
group [38, 61]. Once the double stranded siRNA is 
bound, Argonaute unwinds it and selectively retains the 
strand with the weakest base pair at the 5′-end [67]. The 
siRNA is then used as a guide for targeting homologous 

RNA (or DNA) that may or may not be cleaved. The 
outcome varies depending on the type of Argonaute and 
protein complex involved. The RNAse H motif of many 
Argonautes appears to lack catalytic activity [47].

A third major type of RNAi protein is the RNA de-
pendent RNA polymerases (RDPs). They are present and 
required for RNAi in fungi, nematodes and plants, but 
have not been identified in insects or vertebrates. It can-
not be excluded, however, that some other, yet unidenti-
fied, enzyme fulfills the same function. For example, 
labeled siRNAs in extracts from D. melanogaster are, 
together with complementary mRNAs, incorporated into 
double stranded RNAs, which is subsequently processed 
into new small RNAs [68]. In mouse oocytes, siRNAs 
are generated from naturally occurring double-stranded 
RNAs, such as inverted repeats and antisense transcripts 
and have been shown to affect the expression of both 
mRNA and retrotransposons [69]. 

Biochemical investigation of an RDP from the fun-
gus Neurospora crassa has demonstrated this enzyme 
to be capable of both primer-dependent and primer-
independent synthesis of RNA from a single stranded 
RNA template, with primer-independent activity being 
more efficient. The enzyme could not support synthesis 
from a double stranded RNA template. Full-length copies 
complementary to the template were recovered, but the 
enzyme seemed to be most effective in generating 9-21 
nucleotide long siRNA along the length of the template 
[70]. Full-length double-stranded RNA would be sub-
strates for Dicer whereas the short RDP products propos-
edly would be directly incorporated into Argonaute com-
plexes, guiding them towards complementary transcripts. 
Indeed, secondary siRNAs that are RDP products repre-
sent the most abundant class of small RNAs in C. elegans 
[49, 50].

The single RDP of S. pombe has been reported to 
mainly localize to the nucleus, at the centromeric het-
erochromatin, where it is proposed to use nascent cen-
tromeric transcripts as templates [30]. A small pool of 
the enzyme can also be detected in the cytoplasm where 
it seems to be associated with Argonaute and Dicer pro-
teins [63]. Other organisms have several genes for RDP 
enzymes which function in different RNAi pathways, 
such as viral defense, PTGS and heterochromatin forma-
tion, with some isoforms localized to the cytoplasm and 
others within the nucleus [71]. 

In summary, representatives of the Dicer and Argo-
naute families are present in all organisms displaying 
RNAi whereas the RNA dependent polymerases are not 
required for RNAi in insects and vertebrates. The large 
number of Dicer and Argonaute isoforms in more com-
plex organisms illustrates the many different pathways 
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and molecular mechanisms in which they are involved. 
Several Argonaute isoforms appear to lack endonu-
cleolytic activity but are reported to increase the levels 
of small RNA, proposedly via binding and thereby sta-
bilization of the small RNA. Transfection of constructs 
expressing the four human argonaute proteins (AGO1-4) 
has been reported to increase levels of mature miRNA, 
although only AGO2 has a complete RNAse H domain 
[72]. Likewise, in C. elegans, overexpression of Argo-
naute proteins predicted to be catalytically inactive are 
reported to enhance silencing [47]. The four Dicer iso-
forms of A. thaliana have been, when exposed to high 
doses of siRNA, reported to partially substitute for each 
other [73]. Hence, there is some functional redundancy 
between members of the same protein family.

S. pombe as a model for RNAi directed heterochro-
matin formation

The yeast S. pombe has one copy each of Dicer (Dcr1), 
Argonaute (Ago1) and an RDP (Rdp1) and the role of 
RNAi in heterochromatin formation was first discov-
ered when knockout strains of Dcr1, Ago1 and Rdp1 

displayed phenotypes typical for mutations in proteins 
involved in heterochromatin formation such as the KMT 
Clr4KMT1, responsible for H3K9me, and the HP1 homo-
logue Swi6. The RNAi knockout strains had decreased 
levels at the centromeres of H3K9me as well as Swi6 
binding [30]. In addition, these strains had chromosome 
segregation defects [74]. The mutants also showed accu-
mulation of transcripts derived from centromeres.

The current model for the role of RNAi in hetero-
chromatin formation in S. pombe states that centromeric 
repeats are transcribed by pol II at the S-phase of the 
cell cycle [75-78] (Figure 1). Double-stranded RNAs 
are generated either via bidirectional transcription of the 
repeated sequences of the centromeres, the RNA mol-
ecule folding back on itself or by the activity of RNA 
dependent RNA polymerase on centromere-derived RNA 
templates (as shown in Figure 1). The double stranded 
precursor RNA is recognized and processed into small, 
~25 nucleotide long [79], RNAs which are incorporated 
into protein complexes containing Argonaute proteins 
[65, 80]. The double stranded RNA is then sliced into 
an siRNA and a passenger strand that is degraded [67]. 
The Argonaute complex loaded with siRNA then targets 

Figure 1 Simplified model of the RNAi and heterochromatin feedback loop of S. pombe. Pol II transcription of the centromeric 
repeats leads to RITS recruitment via complementary siRNA and recognition of H3K9me. Ago1 cleaves the nascent RNA and 
recruits ClrC and RDRC. Clr4 of ClrC both binds and produces H3K9me (blue circles of histones), Rik1 interacts with Chp1 
and potentially with nascent RNA. RDRC synthesizes dsRNA templated by the nascent RNA, producing either full-length 
transcripts which are Dcr1 substrates, or secondary siRNA that is potentially loaded directly into RITS. Primary, Dcr1-gener-
ated duplex siRNAs are incorporated in the Arc complex and subsequently, Ago exits Arc, slices the siRNA and together with 
Chp1 and Tas3 forms another RITS complex, ready for targeting homologous RNA.
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KMTs and HP1 to homologous DNA sequences [30].
Genome-wide protein binding maps have demonstrat-

ed that Ago1 and Rdp1 preferentially bind to the same 
DNA regions that carry the H3K9me mark, i.e., the cen-
tromeres, telomeres and silent mating type loci [11]. In 
the same study Ago1 was chromatin-immunoprecipitated 
at rDNA loci where RNAi components also are involved 
in heterochromatin silencing. The investigation of RNAi 
in S. pombe has mainly focused on the molecular mecha-
nisms of heterochromatin formation at the centromeres. 
Maintenance of heterochromatin at telomeres and the 
silent mating type loci is achieved by redundant, RNAi-
independent mechanisms whereas disruption of RNAi 
affects both establishment and maintenance of the het-
erochromatin at centromeres [81]. 

The single copy RNAi genes of S. pombe function 
not only in setting up heterochromatin, but also in post-
transcriptional gene silencing. Introduction of an siRNA 
hairpin construct directed to a GFP reporter gene caused 
a reduction in mRNA levels but not in the rate of tran-
scription and the effect did not depend on Swi6 [82]. 
However, gene expression profiling experiments with 
RNAi knockout strains have revealed that relatively few 
genes depend on the RNAi pathway for their expression 
or repression, as compared to mutants or knock-outs of 
the classical heterochromatin proteins such as Clr4KMT1 
[83]. The levels of eight proteins have been shown to be 
controlled by Dcr1 in S. pombe [84]. A novel function of 
RNAi has recently been discovered by its requirement 
for de novo establishment of CENP-A chromatin at the 
centromere [85]. CENP-A is a specialized Histone H3 
variant, found at active centromeres and functioning as 
a platform for kinetochore assembly, and is highly con-
served in eukaryotes [86]. Interestingly, RNAi and het-
erochromatin are not required for maintaining CENP-A 
chromatin once it has been established.

The combination of being an established model organ-
ism for formation of heterochromatin with a small and 
easily manipulated genome, centromeres akin to those of 
multicellular eukaryotes and single copies of the RNAi 
components has made S. pombe one of today's most 
well-known systems for studying how RNAi directs het-
erochromatin formation. Several components of the sys-
tem have been identified and the molecular mechanisms 
are being dissected. 

Silencing requires transcription

In S. pombe, there is an absolute requirement for 
H3K9me and the responsible KMT Clr4KMT1 in silencing 
[87, 88]. Transcription by pol II at centromeric repeats 
has been demonstrated to lead to recruitment of factors 

that modify chromatin, resulting in generation of the 
H3K9me mark [77]. It has recently been demonstrated 
that Clr4KMT1 not only creates the H3K9me mark but also 
recognizes and binds H3K9me via its chromodomain [89]. 
The ClrC complex, of which Clr4KMT1 is a part, is recruit-
ed to nascent transcripts in an RNAi-dependent manner 
via its putative RNA-binding component Rik1. The same 
protein also mediates a direct interaction with RITS. 
Hence, there is extensive interdependency between the 
generation of H3K9me marks and the RNAi system, 
making it difficult to distinguish what comes first. 

The requirement for transcription has been elegantly 
demonstrated by tethering of the RITS subunit Tas3 to a 
reporter gene transcript. This was sufficient for hetero-
chromatin formation and silencing in cis [90]. A homolo-
gous gene copy at another locus was not silenced, how-
ever. In order for this to occur, Eri1, a ribonuclease ho-
mologous to a protein originally identified as a negative 
regulator of RNAi in C. elegans [91], had to be knocked 
out. Only 1 of 10 000 eri1Δ cells achieved silencing of 
the reporter gene in trans but the silencing was stably 
propagated once initiated [90]. 

Ago1 of S. pombe has been identified in two com-
plexes, the Argonaute siRNA Chaperone Complex (Arc) 
[92] and the RITS complex [64]. Arc consists of Ago1 
together with Ago1-binding proteins 1 and 2 (Arb1 and 
Arb2) and incorporates only double stranded siRNA, 
presumably direct products of Dcr1. The RITS complex 
consists of Ago1 and single stranded centromeric siRNA 
together with the chromodomain protein Chp1, which 
recognizes and binds H3K9me, and Tas3 which in turn 
recognizes and binds Ago1 [93]. Chp1 interacts with 
Tas3 independently of Ago1 or siRNA [94]. Mutations 
in Tas3 have different consequences depending on which 
protein-binding domain they affect. A Tas3 mutation that 
abolishes binding of Ago1 can support maintenance but 
not re-establishement of centromeric heterochromatin. 
The protein will remain localized to heterochromatin 
due to the Chp1 interaction with H3K9me and Ago1 can 
independently localize to cognate loci guided by siRNA 
[95]. A Tas3 mutation that interferes with Chp1 binding, 
however, has a more severe phenotype. No Tas3 or Ago1 
is recruited to the centromeres with loss of all subsequent 
steps in the RNAi pathway, resulting in failure to form 
heterochromatin and chromosome missegregation [88]. 
The recruitment of RITS complex therefore depends, 
primarily, on the H3K9me mark as well as guidance by 
siRNA. This co-dependency on siRNA and H3K9me has 
been suggested to stringently control heterochromatin 
formation at proper locations, as both criteria have to be 
fulfilled in order for heterochromatin to spread and si-
lencing to be achieved. 
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The RITS complex recruits the Rdp1-containing com-
plex RDRC (RNA-Directed RNA polymerase Complex) 
[87]. RDRC consists of Rdp1, Hrr1, a helicase that inter-
acts with Ago1 in a Clr4-dependent manner, and Cid12 
which is a polyA polymerase. The RDRC is capable 
of primer independent in vitro synthesis of full-length 
transcripts from a single stranded RNA template. RDRC 
recruited by RITS to loci with ongoing transcription 
may then use the nascent RNA as template for generat-
ing double stranded RNA and/or new siRNA. Although 
Dcr1 has not been chromatin-immunoprecipitated at the 
centromeres, it has been co-immunoprecipitated with 
RDRC. Furthermore, Dcr1 activity stimulated dsRNA 
synthesis by RDRC in a reconstituted system [59], im-
plying that generation of siRNA might occur in cis. 

The entire RNAi pathway thus seems to be assembled 
at the sites of heterochromatin formation in S. pombe. It 
may seem contradictory that the bulk mass of Ago1 and 
Dcr1 is localized to the cytoplasm considering the rela-
tively limited role of PTGS in this organism [63]. How-
ever, the cytoplasmic distribution of these proteins may 
have a regulatory function in limiting the levels of RNAi 
enzymes in the nucleus and thus restricting the formation 
of heterochromatin to the proper sites of the genome.

RNAi and chromatin in plants 

Like in S. pombe, there is transcription of heterochro-
matic, centromeric retrotransposons in rice combined 
with generation of corresponding small RNAs [96]. In 
addition, methylation of H3K9 and DNA methylation at 
centromeres and transposons are affected by mutations in 
RNAi components [97]. 

Plants have an extensive array of RNAi pathways, in-
cluding Virus-Induced Gene Silencing (VIGS) and a vast 
number of endogenous miRNA genes crucial for control 
of plant physiology and development. Silencing can also 
spread in between cells. The genome of A. thaliana has 
four Dicer genes, ten genes encoding Argonaute proteins 
and six paralogues for RNA-dependent RNA polymeras-
es (Table 1) [47, 98]. The various RNAi pathways in 
plants are interrelated and partially overlapping ([62] and 
references therein), and accumulation of double stranded 
precursor RNA above a threshold value can result in 
Dicer enzymes from parallel pathways substituting for 
each other [73]. Although plants were among the earli-
est systems investigated for RNA-mediated silencing of 
transcription, the large number of RNAi enzymes com-
bined with the high level of interconnection between dif-
ferent RNAi pathways have made it difficult to produce a 
comprehensive picture of the phenomenon. 

Still a large number of enzymes involved in RNAi 

in plants have been identified and the complexity of the 
system is beginning to be dissected [73]. A common con-
sequence of all plant RNAi pathways is RNA-dependent 
DNA methylation of cytosines and thereby silencing of 
genes at the transcriptional level [99]. The methylation is 
confined along the length of the transcribed regions. In-
troduction of inverted repeat sequences that fold back on 
themselves produces double stranded RNAs, which are 
processed into siRNAs and cause DNA methylation of 
homologous promoters resulting in epigenetic silencing 
of the downstream gene [100, 101]. In two recent stud-
ies genome-wide DNA methylation maps of A. thaliana 
were compared to the occurrence of small RNAs [102, 
103]. siRNA clusters showed an 80% overlap with CG 
methylation and there was good correlation between 
siRNA abundance and CG methylation at the transcribed 
regions of inverted and tandem repeats [102]. Analysis of 
DNA methyl transferase mutants revealed that decreases 
of DNA methylation generally were accompanied by a 
reduction in the associated small RNA and vice versa 
[103]. Yet, only one third of the genomic DNA methyla-
tion was correlated with the incidence of small RNA, 
indicating that other mechanisms are of great importance 
in targeting DNA for methylation [103]. The reported re-
quirement for a putative HDAC suggests that heterochro-
matic marks may help propagate some forms of DNA 
methylation [104]. 

The chromatin modifying RNAi pathway in plants 
depends on a fourth “silencing” RNA polymerase – only 
conserved among plant species – for its integrity [105-
107]. Duplicate gene copies with homology to the two 
largest subunits of the canonical RNA polymerases I, 
II and III, have been identified. Both copies of the larg-
est subunit, NRPD1a and NRPD1b, are expressed but 
non-essential for viability. The level of conservation as 
compared to RNA polymerases I, II and III, is rather low 
including the active site [105]. Only one of the genes 
encoding the second largest subunit, named NRPD2a, is 
expressed and it has better resemblance to the other poly-
merases [105]. NRPD2 probably associates with both 
NRPD1a and NRPD1b. All three expressed pol IV sub-
units are involved in the synthesis of siRNA. The pheno-
types of mutations in NRPD1a and NRPD1b differ, with 
that of NRPD1a being more severe and affecting a larger 
number of siRNA clusters [106]. Therefore NRPD1b, 
which only affects siRNA from a subset of the NRPD1a-
dependent clusters, has been supposed to act downstream 
[40, 106]. NRPD1a and b differ mainly in their C-termi-
nal domains. The cognate domain of pol II functions in 
coordinating protein interactions with various forms of 
RNA processing and it was therefore suggested that the 
different functions of NRPD1a and NRPD1b may be due 
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to interactions with different protein factors [107]. 
Deep sequencing of small RNAs from NRPD1a and 

NRPD1b mutants revealed transposons and centromeres 
as key sources of NRPD1a-dependent siRNAs [40]. Sur-
prisingly, the effect of mutant NRPD1b on DNA methy-
lation is separable from its effect on siRNA accumula-
tion, indicating more complex mechanisms of pol IV 
action than previously anticipated. Another unexpected 
finding was an activating role for NRPD1a and b, where 
siRNA directs demethylation and thus increased expres-
sion of the genes in question [40]. The functions of RNAi 
in epigenetic changes of chromatin in plants therefore 
seem to be even more divergent than what is recognized 
today with potentially opposite outcomes, i.e. repression 
or activation, depending on as yet unknown factors in the 
local context. 

RNAi and chromatin in mammals

There are several known forms of RNA-mediated 
regulation of animal genomes. For example, long non-
coding RNAs are part of the mechanisms that set up 
imprinting of genes, thus creating epigenetic asymmetry 
between parental genomes, and regulate X-chromosome 
inactivation (reviewed in [23, 108]). 

The large genomes of multicellular organisms have a 
low percentage of coding genes in combination with long 
arrays of non-coding nucleotides and repeat elements. 
The emergence of powerful sequencing techniques has 
revealed an unanticipated complexity in the transcrip-
tome of animals. Extensive analysis of 1% of the human 
genome has demonstrated that the majority of base pairs 
are transcribed [109]. Transcripts are derived from non-
coding and silent regions and may overlap with protein-
coding transcripts. In addition, most transcription units 
seem to have several transcription start sites. Transcrip-
tion of both strands of the DNA is widespread, with 72% 
of transcription units having sense-antisense pairs with 
effects on each other’s regulation [110]. This regulatory 
effect may be achieved either via collision of RNA poly-
merase II complexes at the DNA template or by siRNA 
production from the antisense strand. 

A role for RNA molecules together with histone modi-
fications in generating a higher-order heterochromatin 
structure at centromeres in mammalian cells has been 
demonstrated [111]. Knockout of Dicer in mice causes 
early embryonic death due to failure to maintain stem 
cells [112, 113]. Dicer has also been reported to be es-
sential for heterochromatin formation. Dicer depletion 
causes accumulation of centromere-derived transcripts, 
and a reduction in the levels of siRNA as well as di- and 
trimethylation of H3K9, with chromatid segregation 

defects as a consequence [35]. Thus, centromeres are 
transcribed with concomitant siRNA production and sub-
sequent heterochromatin formation via methylation of 
histones and DNA. Like in S. pombe, there are also ad-
ditional RNAi-independent mechanisms participating in 
the establishment of heterochromatin in mammals [114].

Elucidation of the mechanism of RNAi-mediated 
heterochromatin targeting by introduction of siRNAs ho-
mologous to promoters of reporter genes has demonstrat-
ed that two of the four human Argonaute proteins, AGO1 
and AGO2, mediate transcriptional gene silencing via 
interactions with pol II and KMTs specific for H3K9me 
and H3K27me [113, 115]. There is a requirement for ac-
tive transcription by pol II as evidenced by the fact that 
addition of alpha-amanitin inhibits silencing [116]. A 
number of human genes have been shown to give rise to 
low amounts of transcripts from the upstream promoter 
region and these low-abundance transcripts are necessary 
for siRNA-induced transcriptional silencing, thus provid-
ing evidence that siRNA acts via base pairing to nascent 
RNA [117]. 

Unexpectedly, in some cases introduction of certain 
exogenous siRNA species causes activation of tran-
scription rather than repression [118, 119]. Similarly to 
gene silencing, gene activation is achieved with duplex 
siRNAs homologous to the promoter regions but is as-
sociated with loss of heterochromatin marks. The exact 
mechanism for activation rather than repression is poorly 
understood. A requirement for AGO2 has been reported 
[118] whereas others claim that gene activation is not 
associated with increased AGO1 or AGO2 recruitment 
[119]. Exogenous siRNAs are thus capable of stable and 
specific epigenetic regulation of target genes, raising the 
possibility that similar mechanism may be employed by 
endogenous siRNAs. 

Indeed, the previously mentioned sense-antisense 
pairs provide an example of endogenous RNA-directed 
epigenetic silencing. Investigation of a naturally occur-
ring sense/antisense pair of a tumor suppressor gene fre-
quently deregulated in several types of cancers revealed 
that an antisense construct could silence corresponding 
sense transcription in cis and trans [120]. Expression of 
antisense RNA induced silencing via heterochromatin 
formation, but not DNA methylation, independently of 
Dicer function [120].

Other examples of endogenous RNAs regulating gene 
expression include naturally occurring RNA species de-
rived from introns and spacer regions between the rDNA 
genes, and transcripts containing mutations generating 
premature translation termination signals. Short DNA 
repeats within introns are capable of transcriptional sup-
pression of their gene of origin, thus generating a nega-
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tive feed-back loop [121]. High levels of transcription 
will lead to an abundance of siRNA that prevents ac-
cumulation of the cognate mRNA. Likewise, transcripts 
derived from the intergenic spacer that separates rDNA 
genes have been shown to promote heterochromatin 
marks, for example H3K9me and HP1 association at the 
rDNA locus [122]. Finally, RNAi has interconnections 
to the nonsense-mediated decay pathway; premature 
translation-termination codons can induce changes in 
chromatin and transcriptional gene silencing which ap-
parently can be inhibited by the mammalian homologue 
of the siRNAse Eri1 [123]. However, the underlying 
mechanisms behind these phenomena have not been elu-
cidated in detail and it is not known whether they share 
all the features of typical RNAi-mediated transcriptional 
gene silencing as described above.

Perspective

Epigenetic modulation of transcription via the RNAi 
machinery can result in either repression or activation of 
gene expression in both plants and animals. Further in-
vestigations are needed to reveal the mechanisms under-
lying the different outcomes. Adding more complexity, 
expression and processing of miRNAs in mice have been 
demonstrated to affect DNA methylation via control of 
genes that repress DNA methyltransferase expression 
[124, 125]. Hence, regulation of genes and gene products 
is intertwined in complex patterns with different layers of 
regulatory components affecting each other. We are only 
beginning to realize the impact that these mechanisms 
may have on gene regulation in general and on propaga-
tion of epigenetic states. 

Small RNAs are, as we have described here, integral 
parts of a great variety of cellular processes. The role of 
RNA as a regulator is not restricted to eukaryotes. Non-
coding RNA regulating gene expression seems to be a 
universal theme. Various classes of non-coding or small 
RNA species with regulatory functions have been de-
scribed in bacteria [126] and Archaea [127]. A study 
in S. cerevisiae, which lacks the classical RNAi compo-
nents, has demonstrated antisense transcription as being 
responsible for promoting specific histone deacetylation 
that lead to repression of homologous genes, indicat-
ing that even though there are no homologues of either 
Dicer or Argonaute, RNA may still govern epigenetic 
inheritance of chromatin states [128]. This alternative 
RNA-based regulatory mechanism has a requirement for 
components of the exosome, a protein complex involved 
in degradation of aberrant RNAs. Components of the 
exosome have also been reported to be involved in het-
erochromatin formation in S. pombe where they work in 

parallel with the RNAi pathway [129]. Considering that 
the exosome functions in heterochromatin formation in 
these distantly related yeast species, it seems probable 
that similar mechanisms are present in other eukaryotes. 

Why then, is RNA universally employed as a gene 
regulatory agent? As proposed by Susan Gottesman [126], 
RNA has the advantages of rapid synthesis and degrada-
tion – no intermediate protein regulator needs to be pro-
duced. A single small RNA can potentially modulate the 
expression of several genes/mRNAs as long as they share 
common regulatory motifs. It is likely that additional, 
novel RNA regulatory pathways will be discovered. An-
notation of the newly discovered plethora of non-coding 
transcripts in organisms ranging from yeasts to human 
will help identify new classes of regulatory RNAs as 
well as implicate their mechanisms of actions. The next 
few years of research in this field holds great promise for 
new, exciting discoveries.
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