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The discovery of RNA interference has revealed complex
roles for small RNAs in regulating gene expression and cellular
physiology. Small RNAs have been demonstrated to be involved
in post-transcriptional suppression of translation, targeted deg-
radation of messenger RNAs, and transcriptional suppression
via epigenetic modifications of histones and DNA. In fission
yeast, RNAi mediates suppression of centromeric transcripts,
whereas in plants, transcriptional gene silencing appears to be
primarily an antiviral mechanism. In mammals, the well anno-
tated functional role of RNAi is primarily post-transcriptional,
but there is increasing evidence that this mechanism can also
work to suppress or modulate gene transcription, although it is
not clear what primary function this serves. We overview, com-
pare, and contrast the transcriptional silencing pathways in
yeast, plants, and mammals in this article. This minireview is
intended to provide the reader with a framework of how the
RNAi machinery appears to be universally involved in various
aspects of transcriptional regulationwith discussions of similar-
ities and differences in the components and mechanisms of
achieving transcriptional silencing.

The phenomenon of siRNA-triggered transcriptional gene
silencing (TGS)2 is conserved across different phyla. In the fis-
sion yeast Schizosaccharomyces pombe, siRNA TGS is associ-
ated closely with heterochromatin-related gene silencing (1). In
the plant Arabidopsis thaliana, siRNA-mediated TGS is asso-
ciated with the establishment and maintenance of DNA meth-
ylation (RNA-directed DNA methylation) (2). In mammalian
cells, studies of siRNA-triggered TGS have thus far focused
only on the transcriptional silencing of protein-encoding genes
via the application of promoter-targeted siRNAs (3). Although
different organisms have developed diversified protein players
in this process, some commonly shared features exist, espe-
cially the argonaute proteins. In general, the mechanism of
siRNA TGS is composed of three mutually related parts: 1) the

biogenesis and amplification of siRNA triggers, 2) molecular
interactions involving an Argonaute Protein and a noncoding
or coding RNA, and 3) the accompanied epigenetic changes
such as histone modifications and DNA methylation.

Biogenesis and Amplification of siRNA Triggers

Genetic studies have contributed to establishing a correla-
tion between RNAi and TGS (1, 2). Post-TGS (PTGS) and TGS
share some of the same machinery to produce the siRNA trig-
gers (4). In S. pombe, the major RNAi proteins for siRNA pro-
duction during PTGS and TGS are identical, including the
argonaute protein Ago1, the RNase III enzyme Dicer (Dcr1),
and an RNA-dependent RNA polymerase (Rdp1), all of
which are derived from single-copy genes (5). In contrast,
the plant A. thaliana has developed a more complex system
in which the argonaute proteins Ago4 and Ago6, the nuclear
Dicer enzyme DCL2-4, and the RNA-dependent RNA
polymerase Rdr2 are all required for TGS (6–9). The siRNA
triggers for TGS in plants are mainly 24 nucleotides in
length, which distinguishes them from the 22-nucleotide-
long microRNAs (miRNAs) and other small RNAs (10). In
mammalian cells, the first demonstrations of TGS were arti-
ficially induced using chemically synthesized siRNAs or
siRNAs generated from polymerase (Pol) III-expressed short
hairpin RNA transcripts (11–15). To date, the only mamma-
lian endogenous small RNAs that have been demonstrated to
trigger TGS are miRNAs (16, 17). For convenience, we will
refer to all of the small RNA-triggered chromatin modifica-
tions, including heterochromatin-associated gene silencing
in S. pombe, DNA methylation-mediated inhibition of gene
repression, and miRNA/siRNA-triggered heterochromatin
formation, as TGS.
Several studies have revealed that the biogenesis of TGS

siRNAs in S. pombe is coupled with a sophisticated siRNA
amplification process. The centromeric repeat-originated
siRNAs are used here as an example to illustrate this process
(Fig. 1). In the centromeric region, bidirectional transcripts are
continually generated, which anneal to form dsRNAs (18, 19).
Although in low abundance, these dsRNAs are processed by
dcr1 to generate the initial siRNAs. Once these are loaded into
Ago1, these siRNAs direct the RITS (RNA-induced initiation of
TGS) complex, containing Ago1, Chp1, and Tas3, to the cen-
tromeric region by base pairing with the local nascent tran-
scripts. Simultaneously, RITS recruits the RNA-directed RNA
polymerase complex (RDRC), which generates more dsRNAs
using the nascent transcripts as the templates. These newly
generated dsRNAs are then processed into the secondary
siRNAs by Dcr1, increasing the local concentration of siRNAs.
This model is supported by both genetic and biochemical evi-
dence that shows that RDRC and RITS are mutually required
for localizing to the centromeric region and for the biogenesis
of centromeric siRNAs (19–21). Importantly but somewhat
surprisingly, the production of centromeric siRNAs is also
dependent on Clr4, which catalyzes the methylation of histone
H3K9. RITS recognizes the H3K9me mark through one of its
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components, Chp1, which has a chromodomain (19). In turn,
localization of RITS to the heterochromatin promotes the pro-
duction and amplification of additional siRNAs.
The centromeric siRNAs are 22–25nucleotides in length and

are the products of Dicer (19, 22, 23). A study in which the
Ago1-associated siRNAs were sequenced proved that most of
these siRNAs map to the centromeric region in S. pombe (24,
25). Additionally, these centromeric siRNAs originate from
both strands, without bias. Alternatively, some of these centro-
meric siRNAsmight be the products of the structured unidirec-
tional RNAs generated from the centromeric repeats (26). A
parallel scheme for siRNA generation and amplification in
plants has not been reported.However, several lines of evidence
indicate that plants might exploit a similar strategy. First, the
plant Rdr2 enzyme is homologous to Rdp1 in S. pombe and has
been shown to be indispensible for TGS in plants (6). An
A. thalianamutant strain, drm1/2-cmt3 (DRM (domains rear-
ranged methylase), CMT3 (chromomethylase 3)), in which
DNAmethylation activity is absent, has a greatly reduced abun-
dance of chromatin-targeting siRNAs (27–29). Thus, there is a
requirement for the generation of siRNAs for the establishment
of DNA methylation. The secondary siRNAs, which are the

amplification products of Rdr2, are also detected in a silencing
trigger system (30). A striking and unique feature of siRNA
production in plants is the involvement of two atypical poly-
merases, Pol IV and Pol V (31, 32). These two atypical poly-
merases, together with many other RNAi-associated proteins,
are found to co-localize in the nucleolar siRNA-processing cen-
ter termed the cajal body (33, 34). Of note, these
siRNA-processing centers do not overlap with the DNAmeth-
ylation sites.
To date, in mammals, promoter-targeting siRNA triggers

have either been delivered with cationic lipids and the siRNAs
have been chemically synthesized siRNAs, or they have been
produced from plasmids using promoter-expressed shRNAs.
Two features of siRNA-mediated TGS in mammalian cells
should be noted. First, not all the synthesized promoter-tar-
geted siRNAs or shRNAs induce TGS. In fact, two closely
related siRNAs can have dramatically different efficiencies.
Second, except for a single report (35), it is uncertain how long
the TGS effect can last because siRNAs in particular will be
diluted as cell division continues. To this point, in plant cells, it
was found thatDNAmethylation is reduced, and gene silencing
is released as the siRNA triggers are removed (36). Thus, in

FIGURE 1. siRNA-directed TGS in S. pombe. Step a, low-abundance bidirectional transcripts are generated from the centromeric repeats, and these pair with
the complementary strand derived from the processed siRNAs (primary siRNAs) that are produced by Dcr1. Step b1, the siRNAs are incorporated into Ago1 in
the RITS complex, which is recruited to the centromeric region, where it targets local noncoding transcripts (blue lines). Step b2, alternatively, siRNAs can be
loaded into Ago1 in ARC. In this complex, the siRNAs are maintained as double-stranded structures. Step c1, Ago1 in ARC is transferred to the RITS complex and
recruited to the centromeric region. Step c2, the Ago1-siRNA complex can potentially shuttle to the cytoplasm for PTGS. Step d, RITS and RDRC are mutually
dependent on each other for enrichment in the centromeric region, where RITS and RDRC physically interact. RDRC generates double-stranded RNAs, which
are processed to secondary siRNAs by Dcr1. Step e, secondary siRNAs are more abundant than primary siRNAs and can efficiently direct more RITS complex to
the centromeric region.
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mammals, TGS triggered by exogenous siRNAs differs in dura-
tion and potency comparedwith TGSmediated by endogenous
siRNAs in plants and yeast.

Molecular Interaction Networks Centered on Argonaute
Proteins and Noncoding RNAs

In S. pombe, the central role of Ago1 in TGS is well under-
stood, as it is central in connecting siRNA biogenesis with his-
tone modifications. For instance, in Ago1 mutants, the siRNA
abundance is greatly reduced with a concomitant loss of H3K9
methylation (22). In addition, Ago1 slicing activity is required
for TGS (37). A recent study showed the presence of another
Ago1 complex, named the argonaute siRNA chaperone (ARC),
in S. pombe (38). Interestingly, the slicing activity of Ago1 in
this complex is inhibited by a protein partner, Arb1. When in
this complex, the Ago1 siRNAs are trapped in a precursor state
and are unable to trigger TGS.
The importance of RNA Pol II in S. pombe TGS was first

demonstrated in a study showing that the heterochromatin
remodeling via TGS is compromised in a Pol II mutant (39).
Follow-up research highlighted the interaction between RITS
and the nascent centromeric repeat transcripts, which act as a
platform for the assembly of the TGS machinery (40). In this
study, RITS was tethered to a reporter gene locus via an
�N-peptide, which tethered it to Tas3, which binds to its cog-
nate RNA-binding site BoxB. Strikingly, tethering RITS to the
nascent transcripts resulted in the generation of siRNAs from
the reporter gene and resulted in the generation of siRNAs,
histone H3 Lys-9 methylation, and Swi6 (a kind of chromodo-
main protein in yeast) binding.
In the plant A. thaliana, a different argonaute family mem-

ber, Ago4, was found to interact or co-localize with various
important components in TGS, including RNA Pol IV, RNA
Pol V, and RNA Pol II. As mentioned above, Pol IV and Pol V
are two atypical RNA polymerases uniquely conserved in the
plant kingdom (41). It has been demonstrated that Pol IV acts in
concert with Ago4 upstream of the generation of siRNAs,
whereas Pol V and Ago4 function together downstream of
siRNA production (42–44). Ago4 binds to Pol V tomediate the
production of noncoding transcripts in the intergenic region
required for silencing of overlapping or adjacent genes (33, 45).
However, further studies showed that Pol II and not Pol V is
responsible for transcribing the noncoding RNA scaffold
required for assembling the TGS complex (46). This alternative
model is supported by a recent report showing that Pol II is
associated with Ago4 at the TGS target sites in the nucleus (47).
The same study also identified a new protein, RDM1, which
binds single strands ofmethylated DNA that are unwound dur-
ing Pol V- or Pol II-mediated transcription. The role of RDM1
may be to direct the TGS effector complex to the siRNA com-
plementary target sites.
To date, in mammals, both Ago1 and Ago2, along with RNA

Pol II, have been shown to be involved in siRNA-directed TGS
(13, 14). A direct interaction between the Pol II C-terminal
domain and Ago1 was also detected (14, 15). This interaction
may be conserved in yeast, plants, and animals. However, it is
not clearly understood how Ago1 or Ago2 associates with the

Pol II-generated noncoding transcripts to form the TGS effec-
tor complex.

Histone Modification and DNA Methylation

In S. pombe, Clr4 (a H3K9 methyltransferase) is directly
involved in the initialH3K9methylation aswell as its spreading.
The major components of this process include Clr4, Swi6,
RITS, RDRC, and a CenHDNA element. The CenH region acts
as the nucleation site, which contains repeat sequences that are
homologous to the centromeric region. RITS and RDRC work
in concert withClr4 to establish the initial H3K9memark in the
CenH region (48). However, the spreading of this mark to out-
side the nucleation site requires Swi6 and Clr4. Clr4 can cata-
lyze the methylation of H3K9 and concomitantly bind to this
marker via its chromodomain (49). Swi6 is involved via recruit-
ment of the histone deacetylase complex to promote the
spreading of H3K9 methylation. The RITS component Tas3
promotes H3K9me spreading via interaction with Chp1 (50).
In plants, DNA methylation occurs in three different

sequence contexts: CpG, CpNpG, and CpNpN (where N repre-
sents A, T, or C) (2). CpNpN is an asymmetrical methylation
site. During RNA-directed DNA methylation (TGS in plants),
de novo methylation is mediated by three methyltransferases:
methyltransferases 1 and 2 (DRM1/2) and chromomethyltrans-
ferase 3 (27, 28, 51). The maintenance of DNA CpG methyla-
tion requires another methyltransferase, Met1 (52). In addition
to methyltransferases, chromatin-remodeling proteins such as
DDM1 (decreased in DNA methylation 1), DRD1 (defective in
RNA-directed DNA methylation 1) (53), and CLSY1 (CLASSY
1; also known as CHR38, a putative chromatin-remodeling fac-
tor) have also been shown to be involved in plant TGS.
Histone modification has been shown to function coopera-

tively with DNAmethylation for gene silencing, as indicated by
the silencing of the SUP locus inA. thaliana (54). In this model,
the maintenance of CpNpG methylation is dependent on the
H3K9methyltransferase Kryptonite, which catalyzes H3K9me,
which then allows LHP1 (like heterochromatin protein 1;
homologous to metazoan HP1) to bind. In turn, LHP1 recruits
CMT3 to maintain the methylation state of CpNpG sites (55).
In mammalian cells, there is not yet a good paradigm for
siRNA-induced chromatin modifications. For instance, a
siRNA targeting the EF1A promoter was shown to induceDNA
methylation (11), whereas in a different study, siRNAs did not
trigger DNA methylation of the CDH promoter (12). These
contradictory results are most likely due to the different cell
models and experimental condition used in these studies. Addi-
tionally, the local chromatin structure in which the promoter
residesmight play amajor role in this process, as do the number
and density of CpG motifs.

siRNA-triggered Transcriptional Gene Activation and
Promoter-associated Noncoding Transcripts

Up to now, siRNA-triggered transcriptional gene activation
(TGA) has been described only in human cell lines (56–58). Li
et al. (56) first reported that some promoter-targeting siRNAs
can trigger the activation of the downstream gene. This phe-
nomenon was shown to be sequence-specific, and it involved
Ago2. The transcriptional activation was shown to be accom-
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panied by an increase in the levels of the positive histone
marker H3K4me and was not related to an IFN response. In
another study, siRNA-triggeredTGAwas proposed to bemedi-
ated through targeting of a promoter-associated antisense tran-
script that is the target for the Ago2-siRNA complex (58). The
mechanism by which Ago2 is involved in TGA is currently
unknown. One study suggested that TGA is induced by Ago2-
mediated cleavage of the promoter-associated antisense tran-
scripts, which releases repression of the promoter (59). Accord-
ing to this model, siRNA-triggered TGA is more likely to be a
post-transcriptional process that takes place in either the
nucleus or cytoplasm. However, both TGA and TGS were trig-
gered by siRNAs targeting the progesterone receptor promoter,
suggesting that both TGA and TGS are closely related pro-
cesses (57).
Another striking finding related to siRNA-mediated TGS or

TGA is the complexity of the transcriptome in eukaryotic cells
(29, 60, 61). In human cells, several RNA species were found to
be associated with known gene loci in a genome-wide analysis,
which include promoter-associated RNAs, terminus-associ-
ated small RNAs, and promoter upstream transcripts (62–64).
It will be important to determine whether or not these newly

described RNA species are associated with TGA or TGS in
human cells, perhaps acting as scaffolds for argonaute binding.
Two studies have demonstrated that miRNAs trigger TGS of

nuclear genes via targeting promoter regions (16, 17). These
findings suggest that miRNAs and perhaps siRNAs and Ago
proteins traffic between the cytoplasm and nucleus. Recent
findings from our laboratory demonstrate that such trafficking
indeed occurs via the CRM1 transport carrier, and Ago1, Ago2,
EzH2, Topo2�, and Mta are in a complex that traffics between
the cytoplasm and nucleus (Fig. 2) (65). Thus, cytoplasmically
processed miRNAs or siRNAs (from shRNA precursors) can
enter the nucleus via this mechanism to trigger TGS (Fig. 2).

Future Directions

In comparison with plants and yeast, studies of the mecha-
nismofTGS inmammalian cells are still at an early stage. Three
directions may assist in expanding our knowledge of the mech-
anistic aspects of TGS inmammalian cells. The first is to profile
the genome-wide association of Ago1/2 by using ChIP-on-chip
and DNA sequencing. However, such experiments have to be
designed with caution to differentiate authentic signals from
background noise. The use of an Ago1 or Ago2 knock-out cell
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FIGURE 2. CRM1-mediated trafficking on Ago proteins and chromatin-remodeling proteins in mammalian cells. The small RNAs associated with the Ago
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line would serve as an excellent negative control. In addition,
such experiments require specific anti-Ago1 versus anti-Ago2
antibodies. Establishment of a genome-wide map of Ago1 and
Ago2 chromatin association patterns would be invaluable for
better understanding of TGS and TGA in mammalian cells.
Furthermore, it should be possible to identify the relationship
between Ago-binding sites and other epigenetic markers such
as methylated histones and/or DNA methylation patterns and
methyl DNA-binding proteins.
The second suggested direction is to focus on the gene loci

whose promoter regions overlap with or are included in non-
coding RNA transcripts. As discussed above, noncoding RNAs
seem to act as sources of siRNAs as well as scaffolds for TGS in
both plants and yeast.
The third direction is to learn from studies of TGS in the

other systems. For example, the HxK model, widely used in
plant TGS studies, can be helpful in addressing TGS mecha-
nisms in mammalian cells (66). H constructs express the target
promoter sequences as the TGS triggers, whereas in the K con-
struct, the target promoter controls the expression of a reporter
gene. TGS can be studied in plant progeny after two parent
transgenic plants, carrying the H vector and the K vector,
respectively, are crossed. Such a model has the advantage of
freely manipulating both the target and TGS trigger. Finally, as
newTGS-associated proteins are identified in other organisms,
it will be important to determine whether homologs exist in
mammalian cells and, if so, whether or not these are associated
with TGS or TGA.
It is safe to state that small RNA-triggered TGS and now

TGA are excitingmechanisms formodulating gene expression.
Understanding the details of these processes will add to our
knowledge of the consequences of these phenomena in devel-
opment and ultimately in diseases such as cancer.
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