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Recognizing the enemy within:
licensing RNA-guided genome defense
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How do cells distinguish normal genes from transposons? Although much has been learned about RNAirelated RNA silencing pathways responsible for genome
defense, this fundamental question remains. The literature points to several classes of mechanisms. In some
cases, double-stranded RNA (dsRNA) structures produced by transposon inverted repeats or antisense integration trigger endogenous small interfering RNA
(siRNA) biogenesis. In other instances, DNA features
associated with transposons – such as their unusual
copy number, chromosomal arrangement, and/or chromatin environment – license RNA silencing. Finally, recent studies have identified improper transcript
processing events, such as stalled pre-mRNA splicing,
as signals for siRNA production. Thus, the suboptimal
gene expression properties of selfish elements can enable their identification by RNA silencing pathways.
RNA silencing pathways suppress transposons to
protect genome integrity
Transposons have parasitized nearly all eukaryotic genomes, including the human genome, over half of which is
derived from transposon sequences. In so doing, transposons have shaped eukaryotic evolution, in part by contributing regulatory and coding information to nearby host
genes [1]. In fact, 4% of human protein-coding open reading frames contain transposon-derived sequences [2], as do
25% of promoter regions [3]. Remarkably, host organisms
have even co-opted the protein activities encoded by transposon genes, as in the case of Recombination activating
gene 1 (RAG1), a transposon-derived endonuclease that
now serves to catalyze V(D)J recombination in humans
[4]. Despite these positive contributions to host biology,
transposons are primarily selfish elements that threaten
the integrity of host genomes. Transposon mobilization can
disrupt host genes and promote deleterious chromosomal
rearrangements [5,6], and these perturbations contribute to
Mendelian disease and cancer in humans [5,7]. To combat
this threat, host organisms have evolved multiple genome
defense mechanisms to suppress transposon mobility.
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RNAi-related RNA silencing pathways are deeply conserved genome defense mechanisms that act in organisms
from protist to human to recognize and suppress transposons [8]. In all of these pathways, 20–30 nucleotide small
RNAs act in complex with Argonaute family proteins to
silence complementary transcripts. Depending on the
pathway and context, silencing proceeds by a variety of
mechanisms, which include RNA degradation, translational repression, and the establishment of repressive histone
modifications [9,10]. The pathways also differ in the means
by which they generate small RNAs. In the canonical RNAi
pathway, RNase-III-type Dicer enzymes convert long
dsRNA into small interfering RNA (siRNA). In contrast,
PIWI-interacting RNA (piRNA) pathways do not require
Dicer, and instead generate small RNA from single-stranded precursors. Still other pathways, such as the endogenous siRNA pathways of worm and plant, require RNAdependent RNA polymerases (RdRPs) for small RNA biogenesis; these enzymes are thought to produce small RNAs
directly or to generate long dsRNA substrates for Dicer.
The diversity of small RNA biogenesis mechanisms permits a wide variety of RNA sequences to template the
production of small RNAs for genome defense.
The adaptability of RNA silencing pathways, whose
targeting depends primarily on the sequences of their
small RNA guides, makes them well suited to defend
against transposons, which differ extensively in sequence
and distribution among eukaryotic species. Indeed, orthologous Argonaute proteins silence different transposon
families in different host organisms, suggesting that
RNA silencing pathways can adapt to recognize novel
transposons that a host has not previously encountered
[11,12]. This adaptability raises a central question in the
study of these pathways: how does RNA silencing specifically distinguish transposons from host genes? Here, we
review our current understanding of principles by which
transposons can be recognized as non-self by RNA silencing pathways of fungi, plants, and metazoans.
The challenges of transposon recognition
RNA silencing pathways must overcome several properties
of transposons in order to target them specifically. First, like
host genes, transposons reside in the nuclear genome and
utilize host gene expression machinery. Thus, transposons
are not broadly distinguished by the use of alternative gene
expression mechanisms. Second, transposons themselves
differ widely in sequence, with many families exhibiting
no homology to each other, which hinders sequence-specific
transposon recognition mechanisms (Box 1). Finally, even
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Box 1. Common types of eukaryotic transposable elements
Transposons are nucleic acid elements that can mobilize to new
chromosomal locations. They co-opt the host gene expression
machinery to produce their own protein products, which facilitate
mobilization. Although common in these respects, transposons are
remarkably diverse in sequence and transposition mechanism, which
hinders their identification by cellular genome defense pathways.
Transposons can be broadly divided into retrotransposons (Class
I) and DNA transposons (Class II) Figure I [85,86]. Retrotransposons
mobilize through an RNA intermediate, which is reverse transcribed
to allow its integration into the genome. This ‘copy and paste’
mechanism does not alter the original transposon locus and
therefore acts to increase transposon copy number. Some retrotransposons encode long terminal repeats (LTRs), which act as
promoters and polyadenylation signals. Like their retrovirus relatives, these transposons undergo reverse transcription in virus-like
particles in the cytoplasm. Other retrotransposons, such as LINEs,
also encode their own promoters and 30 end formation signals, but
lack LTRs. These elements undergo reverse transcription in the
nucleus using nicked genomic DNA as a primer. By contrast, short
interspersed nuclear elements (SINEs) mobilize in a manner similar
to that of LINEs, but do not themselves encode the proteins required
for mobilization. They are therefore nonautonomous, and depend
on LINE-encoded factors.
DNA transposons do not utilize an RNA intermediate, but instead
generally mobilize through a ‘cut and paste’ mechanism in which
the original transposon locus is excised and reinserted in a new
location. These transposons generally encode terminal inverted
repeat (TIR) sequences, which recruit transposase to the transposon
DNA locus in order to initiate its excision.
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Figure I. Examples of common eukaryotic transposons. Common Class I
transposons include LTR retrotransposons, which generally encode a capsid
protein (GAG), protease (PRO), reverse transcriptase (RT), RNaseH (RH), and
integrase (INT). By contrast, LINEs typically contain two open reading frames:
one of unknown function and one that encodes endonuclease and reverse
transcriptase activities. SINEs are nonautonomous elements whose sequence
features are recognized by transposon-derived proteins acting in trans. Most
Class II elements are TIR transposons, which can mobilize either autonomously
or nonautonomously. Blue rectangles indicate protein-coding regions.

for a single transposon type, individual loci differ extensively, from fully intact, active transposons to degenerated,
inactive loci. This means that transposon sequences are
not always distinguished from host genes simply by their
ability to mobilize. Furthermore, both active and inactive
transposon loci might be deleterious to their hosts, because
the expression of these abundant sequences, which constitute >80% of some eukaryotic genomes, confers a metabolic
cost and may induce RNA toxicity [13].
2

Studies of RNA silencing pathways have begun to reveal
strategies by which these pathways recognize transposons
while avoiding inappropriate silencing of host sequences.
These strategies are not mutually exclusive, and an individual RNA silencing pathway sometimes utilizes multiple
strategies. One general strategy recognizes transposons by
virtue of their tendency to generate dsRNA. A second
strategy distinguishes transposons by their unique ability
to mobilize, which makes them more likely to exist in
unusual chromosomal arrangements or in high copy number. A third class of mechanism exploits the suboptimal
gene expression properties of transposons, which might
arise due to their distinct evolutionary histories, to distinguish them from host genes. A fourth class of mechanism
licenses small RNA production against transposons based
on the prior capture of transposon sequences by specialized
chromatin niches. These four transposon recognition strategies are discussed in turn in this review.
Transposons are identified by their production of
dsRNA
Early studies of Caenorhabditis elegans RNAi have indicated that some mutants defective in gene silencing
triggered by exogenous dsRNA are also defective in suppressing transposons, raising the possibility that endogenous dsRNA initiates transposon silencing [14,15]. In such
a model, transposon-derived dsRNA is processed by Dicer
enzymes to yield siRNA, which then acts to repress homologous transposon sequences throughout the genome. An
attractive feature of this model is that transposons exhibit
several properties that might increase their likelihood of
generating dsRNA, thereby enabling them to be distinguished from host genes [16]. For instance, some transposon families encode repeats and antisense promoters that
can produce dsRNA. Furthermore, the mobilization of
transposons into existing host transcriptional units may
lead to the production of antisense transposon transcripts.
Finally, the repetitiveness of transposon sequences in the
genome, together with their tendency to undergo rearrangements, may promote the formation of structured loci in
which duplicated transposon sequences give rise to transcripts that fold to form dsRNA (Figure 1A).
Several of the above mechanisms of transposon dsRNA
production have been validated experimentally. For instance, the inverted repeats of Tc1 DNA transposons in
C. elegans have been shown to form dsRNA in vivo; likely
due to intramolecular folding of precursor transcripts that
originate from host promoters and read through an entire
transposon locus [17]. By contrast, an internal antisense
promoter in the human long interspersed element (LINE)1 is required for the production of small RNA targeting this
transposon, suggesting that intermolecular dsRNA triggers LINE-1 siRNA production, although the Dicer dependence of these small RNAs remains to be demonstrated
[18]. Finally, unusual tandem arrangements of transposon-derived sequences, such as inverted duplications, have
been found in mouse, nematode, plant, and yeast to be
hotspots of siRNA production, typically owing to formation
of intramolecular dsRNA [12,17,19,20]. Remarkably, a
single locus of this type in maize, the Mu killer locus, is
sufficient to trigger silencing of Mutator DNA transposons
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Figure 1. Transposon features recognized by RNA silencing pathways. (A) Transposon-derived double-stranded RNA (dsRNA) provides a substrate for Dicer activity and
thereby triggers endogenous small interfering RNA (siRNA) pathways. dsRNA can be generated intermolecularly by the action of convergent promoters encoded either by
the transposon (blue bar) or by the host. Intramolecular dsRNA is generated from a single transposon when a transcript contains both of its inverted repeat sequences.
Inverted duplications of transposons can also cause intramolecular dsRNA formation. (B) Unusual chromosomal arrangements of transposons allow their identification by
genome defense pathways. In Neurospora crassa, the quelling pathway (left) silences repetitive sequences. The mechanism by which these sequences are detected and
used to template siRNA production is unclear, but may involve the formation of unusual DNA repair intermediates, because quelling requires proteins, such as RAD-51, that
mediate homologous DNA recombination. Subsequent siRNA production requires QDE-1 – a DNA- and RNA-dependent RNA polymerase – and its binding partners
replication protein (RP)A and QDE-3. The meiotic silencing of unpaired DNA pathway (right) detects loci that lack a partner during homologous chromosome pairing in
meiosis I. siRNA production from these loci requires SAD-1, an RNA-dependent RNA polymerase (RdRP) that is paralogous to QDE-1.

genome-wide [19]. Thus, the capacity of RNA silencing to
act in trans enables an entire family of transposons to be
recognized, even if only a subset of these loci generates
dsRNA.
The above examples suggest that the transposon-derived dsRNA can, in at least some cases, trigger the
production of small RNAs for the purpose of genome defense. Nevertheless, the general rules that dictate the in
vivo formation of dsRNA, and its subsequent processing
into siRNA, remain unclear. For instance, although the
intramolecular dsRNA produced by the Mu killer locus can
induce RNA silencing of homologous Mutator transposons,
this effect cannot be achieved by expression of sense and
antisense Mutator transcripts from distinct loci [21], suggesting that intermolecular dsRNA comprising these transcripts is either inefficiently formed or poorly processed by
Dicer. Similarly, the 31 genomic copies of Tc1 in C. elegans
generate both sense and antisense transcripts, but these

transcripts do not appear to form intermolecular dsRNA,
as assessed by analysis of in vivo dsRNA editing by adenosine deaminase [17]. These findings suggest that the initiation of RNA silencing by dsRNA may require a licensing
step, in which only a subset of potential dsRNA substrates
gains the capacity to trigger RNA silencing. Such a licensing step may also explain why endogenous non-transposon
loci that produce complementary transcripts are often poor
triggers of siRNA biogenesis, as in Drosophila [22].
Future experiments that systematically address the
relations between cellular single-stranded RNA (ssRNA),
dsRNA, and siRNA will help elucidate the rules by which
dsRNA triggers small RNA production in vivo. These rules
may involve the ability of given RNAs to form dsRNA,
which could be influenced by their expression levels, subcellular localizations, or associated proteins. Alternatively,
specific features of the dsRNA itself, such as whether the
chemistry of its ends allows efficient Dicer processing,
3
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could determine the efficiency of siRNA production. A more
complete understanding of the rules for dsRNA and siRNA
production could explain why only some transposon families are targeted by endogenous siRNA, and why different
targeted families exhibit siRNAs corresponding to distinct
regions of their sequence [23].
Unusual DNA arrangements distinguish transposons
from host genes
Transposons are often found in unusual chromosomal
arrangements. The repetitive sequences they encode can
cause replication fork slippage, leading to the formation of
tandem arrays [24,25]. Furthermore, their ability to mobilize can lead to the asymmetric distribution of transposon
sequences on homologous chromosomes. These unusual
arrangements, which represent targets of the two RNA
silencing pathways in the filamentous fungus Neurospora
crassa, may thus distinguish transposons for detection by
host genome defense pathways (Figure 1B). The quelling
pathway operates in vegetative cells, where it targets
tandem array sequences for silencing. By contrast, the
meiotic silencing of unpaired DNA (MSUD) pathway acts
in mating cells, where it silences loci that lack a partner
during homologous chromosome pairing in meiosis I. Each
pathway requires its own RdRP, suggesting that silencing
is triggered not by a naturally occurring dsRNA, but rather
by the directed action of RdRP activity at particular
targets. These targets, however, do not include active
transposons, which are not found in the modern-day
genome of N. crassa. Instead, RNA silencing pathways
in this organism are studied primarily in their capacity
to silence transgenes. Nevertheless, N. crassa produces
small RNAs corresponding to ancient, degenerated transposon sequences in its genome, pointing to genome defense
as a biological role for these pathways [26].
The quelling pathway targets repetitive DNA
arrangements
Quelling, one of the first known RNA silencing pathways,
was discovered >20 years ago [27,28]. In this pathway,
repetitive transgenes, which are often oriented in tandem
arrays, are used as templates for the production of siRNA,
which post-transcriptionally silences homologous loci
throughout the genome. Like other endogenous siRNA
pathways, quelling requires Dicer enzymes, an Argonaute
protein (QDE-2), and an RdRP (QDE-1) [27]. Interestingly,
QDE-1 can act not only as an RdRP, but also as a DNAdependent RNA polymerase, and recombinant QDE-1 is
sufficient to generate dsRNA from a DNA template [29].
These findings, together with the observation that quelling
can be triggered by transgenes lacking Pol II promoters
[30], suggest that quelling may be initiated by QDE-1mediated production of ssRNA and dsRNA from transgene
sequences. In such a model, the recruitment of QDE-1 to
particular loci would underlie the specificity of quelling for
transgenes and other foreign genetic elements.
Recent findings outline a model in which QDE-1 recruitment to transgenic loci is triggered by the repetitiveness of
the DNA itself. An initial clue came from the finding that
QDE-1 physically interacts with replication protein (RP)A
in a manner that requires QDE-3, a quelling factor related
4
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to RecQ helicases [29,31]. Because RPA binds ssDNA to
facilitate DNA replication and repair, and RecQ helicases
play roles in DNA repair, these findings suggest a functional link between DNA metabolism and quelling. Further studies have indicated that factors involved in
homologous DNA recombination bind to transgenic loci
and are required for quelling, supporting a model in which
homologous recombination generates recombination intermediates that recruit QDE-3, and subsequently, QDE-1 for
the purpose of small RNA production [32]. These events
may take place more often at repetitive loci because these
loci are more likely to undergo homologous recombination,
or because their repetitiveness leads to the production of
aberrant recombination structures that are resolved by
QDE-3. Consistent with such a model, treatment of cells
with hydroxyurea, an agent that induces double-stranded
DNA breaks, enhances quelling [32]. Although the detailed
mechanism of QDE-3 recruitment to and QDE-1 action at
repetitive loci remain areas of active investigation, these
findings point to homologous recombination as a mechanism to sense the repetitiveness of particular genomic
sequences, thereby identifying them as targets for a genome defense pathway.
Meiotic silencing of unpaired DNA
In contrast to quelling, which targets foreign sequences
present in multiple genomic copies, the MSUD pathway
can recognize even a single-copy sequence as foreign based
on its inability to pair with a homologous chromosome
during meiosis [33]. This pathway requires a Dicer protein,
an Argonaute, and an RdRP (SAD-1), which generate small
RNA corresponding specifically to the unpaired region [34].
All of these proteins exhibit perinuclear localization, suggesting a specialized site for small RNA biogenesis [27]. In
fact, only a single known MSUD factor localizes to the
nucleus: SAD-5, a fungal-specific protein with no predicted
domains [35]. This has hindered progress on a central
question in the study of meiotic silencing: how precisely
are unpaired regions detected in the nucleus and engaged
for small RNA production?
Studies to date suggest that the detection of unpaired
regions is not restricted to particular DNA sequences or
chromosomal regions [33]. Rather, detection efficiency correlates with the size of the unpaired region as well as the
degree of nonidentity it shares with its homolog [36].
MSUD can detect even subtle amounts of sequence nonidentity (5% across 2–4 kb), and its sensitivity is further
increased if the unpaired region carries DNA methylation
marks, suggesting that not only DNA sequence but also
chromatin context may contribute to detection of unpaired
regions [37]. Detection proceeds even if the unpaired region
lacks a Pol II promoter, further suggesting that the initial
detection event involves recognition of some aspect of DNA
structure [36]. Presumably, noncanonical transcription
produces the RNA transcripts that template dsRNA and
siRNA production. An attractive, but so far untested,
model is that SAD-1 acts successively as a DNA-dependent
and RNA-dependent RNA polymerase – like its paralog,
QDE-1, in the quelling pathway – in order to synthesize
dsRNA from unpaired loci. Future studies will therefore
benefit from characterization of the precursor transcripts

TIBS-1023; No. of Pages 10

Review

Trends in Biochemical Sciences xxx xxxx, Vol. xxx, No. x

that give rise to small RNAs from unpaired regions. Another area of investigation will be to determine whether
chromatin states influence the MSUD pathway, either in
its detection or small RNA production steps. In this regard,
it is interesting to note that a meiotic silencing pathway in
C. elegans also requires an RdRP (Ego-1), and is coupled to
histone H3 lysine 9 (H3K9) methylation of unpaired loci
[38,39].
Sensing of transposons via the gene expression
machinery
Although the quelling and MSUD pathways recognize
properties of the DNA copy number or chromosomal arrangement of a foreign element, other RNA silencing pathways appear instead to target features of transposonencoded RNAs. What features could distinguish transposon transcripts from host transcripts, because both are
produced and undergo processing by the same host cellular
machineries? As discussed further below, recent findings
in the yeast Cryptococcus neoformans suggest that transposon-derived transcripts encode suboptimal splicing signals and tend to stall on spliceosomes, which directs their
use as templates for dsRNA and siRNA production [40].
Although transposon gene expression signal strength has
not been systematically examined in other organisms,
plant genome defense pathways mediated by endogenous
siRNA may also detect features of transcript maturation,
as evidenced by the finding that 50 and 30 end formation
features can dictate RNA silencing specificity in these
systems. Together, these results raise the possibility that
gene expression signal strength generally distinguishes
transposons from host genes, perhaps because the evolutionary history of transposons differs from that of their
host organisms.
The spliceosome is a transposon sensor in a
basidiomycetous yeast
In C. neoformans, endo-siRNA mediates post-transcriptional gene silencing and is produced primarily from transposon-derived sequences [40,41]. Strikingly, these small
RNAs correspond to both exons and introns of their targets,
suggesting that incompletely spliced mRNA precursors are
preferred templates for siRNA production. Furthermore,
several C. neoformans siRNA biogenesis factors, including
an Argonaute and an RdRP, form a spliceosome-coupled
and nuclear RNAi (SCANR) complex that physically interacts with the spliceosome. These findings point to a kinetic
competition model for RNA silencing specificity, in which
efficiently spliced host transcripts are not targeted for
siRNA production, whereas transposon transcripts, by
virtue of their poor splicing kinetics, become susceptible
to SCANR-mediated siRNA production (Figure 2). Consistent with this model, the transcripts targeted for siRNA
production exhibit intron sequence features predictive of
poor splicing and tend to accumulate abnormally on spliceosomes in vivo [40].
Experimental manipulations of siRNA target transcripts in C. neoformans further indicate that splicing
signals dictate RNA silencing specificity. For instance,
elimination of the introns of a transcript suppresses
its ability to template siRNA biogenesis. Conversely,
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Figure 2. Stalled spliceosomes license RNA silencing in an endogenous small
interfering RNA (siRNA) pathway. In the yeast Cryptococcus neoformans,
transcripts targeted by RNA silencing, which primarily include transposons,
exhibit sequence features predictive of poor splicing and tend to stall in
spliceosomes. The stalled splicing of transposon mRNA precursors is required
for siRNA biogenesis mediated by a spliceosome-coupled and nuclear RNAi
(SCANR) complex that contains an RNA-dependent RNA polymerase and
physically associates with the spliceosome. Lariat debranching enzyme (Dbr1) is
also required for siRNA production, suggesting that transposon mRNA precursors
in the lariat intermediate stage are linearized to enable double-stranded RNA
(dsRNA) formation by SCANR. In this hypothetical example, splicing of the first
intron of a transcript stalls at the lariat intermediate stage, whereas downstream
introns remain partially spliced.

introduction of a 30 splice site mutation, which stalls
splicing at the stage of lariat intermediate formation,
dramatically increases siRNA production from the mutated transcript. Importantly, the effect of a 30 splice site
mutation is suppressed by introduction of a 50 splice site
mutation, which prevents intron engagement with the
spliceosome. The effect of a 30 splice site mutation is also
suppressed in the absence of lariat debranching enzyme,
further supporting a model in which the processing of
stalled splicing intermediates is required for the production of dsRNA and subsequent siRNA. Together, these
findings establish stalled spliceosomes as a necessary signal by which transposon-derived transcripts can be distinguished for the purpose of genome defense [40].
Although the reason why siRNA targets in C. neoformans, which are primarily transposon-derived, possess
weaker splicing signals than those of host genes is not
yet understood, this property may have been shaped by the
distinct features of transposon propagation. First, introncontaining retrotransposons must produce both spliced
and unspliced transcripts, with the latter used selectively
as transposition substrates [42], in order to maintain
intron sequences in new genomic copies. Weak splicing
signals may thus be favored as a mechanism for producing
both transcript types. Second, the capacity of transposons
to be horizontally transferred between different organisms
may predispose them to possess suboptimal splicing signals. For instance, because gene expression signals, such
as splicing signals, differ substantially among species
[43,44], the horizontal transfer of a transposon may insert
it into a host, like C. neoformans, with incompatible signal
preferences. The limited coevolution of transposons with
their hosts would thus make transposons in general more
5
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poorly equipped than host genes to undergo the many steps
of eukaryotic gene expression. This potential disparity
provides opportunities for the evolution of genome defense
pathways, and may even contribute to the evolutionary
emergence of host gene expression steps themselves [45].
RNA processing signals affect RNA silencing in plants
Several findings raise the possibility that RNA silencing
specificity in plants is influenced, as in C. neoformans, by
the RNA processing signals encoded in foreign elements. In
plants, two endo-siRNA pathways – each with distinct
Dicer, Argonaute, and RdRP proteins – act to generate
siRNA against transposons. In the post-transcriptional
gene silencing (PTGS) pathway, transposon transcripts
produced by RNA Pol II are used as substrates for siRNA
production in a manner thought to be initiated by RNAdependent RNA polymerase 6 (RDR6) [46]. In the RNAdirected DNA methylation (RdDM) pathway, transcription
of transposon loci by the specialized RNA polymerases Pol
IV and Pol V enables siRNA production and DNA methylation, respectively, at these loci [47]. DNA methylation not
only represses transcription but also recruits additional
Pol IV activity. Therefore, this pathway leads to lasting,
heritable silencing, such that most transposons in plant
genomes are not normally expressed [48]. Newly encountered transposons can be targeted for methylation if they
exhibit sequence similarity to existing RdDM targets,
presumably because of the in trans action of RdDM pathway siRNA [48]. How can a transposon of novel sequence be
identified? Recent studies suggest that the initial recognition of transposon transcripts by the PTGS pathway can
subsequently engage the RdDM pathway to effect lasting
DNA methylation [48,49]. These findings highlight RDR6
activity as a key factor in transposon recognition and RNA
silencing specificity in plants.
Promoter sequences are required for the detection of
foreign elements by PTGS, suggesting that RNA signals
guide the specificity of this pathway [50]. However, these
signals remain largely unknown, in part due to the challenges of manipulating and analyzing repetitive, endogenous transposons. Nevertheless, studies of transgene
silencing have provided several clues. First, PTGS can
recognize even single-copy transgenes that are not predicted to form dsRNA, supporting the model that RDR6
action on single-stranded, non-self transcripts is an initiating event in this silencing pathway [51,52]. Second,
screens for Aribidopsis thaliana mutants that enhance
PTGS yielded mutations affecting the 50 -30 RNA exonucleases XRN2/3/4 as well as 30 end formation factors that
mediate transcript cleavage and polyadenylation [53–55].
These mutants accumulate uncapped or nonpolyadenylated transgene transcripts, suggesting a model in which
aberrant transcripts with one or more incompletely processed ends may be particularly good substrates for RDR6.
Consistent with this model, siRNA production from a
transgene transcript is promoted by the absence of transgene termination signals, and is suppressed by the addition of strong terminators [52]. Interestingly, an XRN4
mutation does not simply increase silencing of appropriate
PTGS targets, but also stimulates the production of siRNA
from host transcripts not normally targeted by PTGS,
6
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further suggesting that 50 end formation acts to generally
suppress RDR6 activity [56].
Several questions regarding the initiation of PTGS by
foreign elements remain to be answered. First, it will be
important to determine the precise substrate of RDR6
activity in vivo. The results described above highlight
transcripts with bare 50 or 30 ends as an attractive possibility, and are further supported by the observation that
host transcripts, if separated from their 50 and 30 end
modifications by miRNA-mediated cleavage events, become RDR6 substrates [57]. However, it is unclear whether
this model is sufficient to explain the observation that
perturbations of several other RNA processing steps– including splicing [53,58], nonsense mediated decay [59], and
exosome-mediated decay [59]– also affect PTGS targeting.
It is possible that all of these perturbations act by indirectly influencing a single preferred RDR6 substrate, whose
identity remains hidden. Second, it will be important to
understand how RDR6 substrate preferences enable PTGS
to distinguish self from non-self. Anecdotal evidence suggests that repetitive sequences tend to produce poorly
polyadenylated transcripts [52], but whether transposons
in plant genomes generally exhibit poor polyadenylation or
cap formation has not yet been systematically tested.
Genomic memory of foreign sequences enables
transposon detection
RNA silencing pathways of the piRNA class silence transposons and other foreign elements in animal germlines,
where they are required for fertility [60]. In these pathways, small RNAs are produced in a Dicer-independent
manner, then act with Argonaute proteins of the PIWI
clade to effect transcriptional and post-transcriptional
silencing of complementary target transcripts [61]. Although the molecular mechanisms of piRNA biosynthesis
and target silencing vary among species, piRNA pathways
share a common ‘adaptive immune system’ strategy for
foreign element recognition. Specifically, these pathways
generate a large diversity of piRNA sequences, which
survey the transcriptome for complementary targets. Upon
target recognition, an amplification step generates additional target-specific small RNAs, which enforce long-term
silencing, often in a heritable manner [61]. Thus, piRNA
pathway specificity for transposons is determined in large
part by the initial selection of piRNA sequences, a process
that in Drosophila involves the restriction of piRNA production to specialized genomic loci called piRNA clusters
(Figure 3A). Regulation of secondary piRNA amplification
provides an additional opportunity to impose silencing
specificity, and recent studies suggest that this is a significant source of piRNA specificity in C. elegans (Figure 3B).
piRNA in D. melanogaster
In Drosophila, germline piRNAs are produced from specialized loci that contain clusters of transposon fragments
[62,63]. Clusters thus represent a genomically encoded
memory of prior transposon insertions. Single-stranded
transcripts from these clusters undergo processing to
generate primary piRNA, which act with PIWI family proteins (Piwi, Aub) to guide cleavage of complementary transposon transcripts originating throughout the genome. This
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Figure 3. PIWI-interacting RNA (piRNA) production occurs at specialized genomic loci. (A) In Drosophila melanogaster, the chromatin environment at dual-strand piRNA
clusters enables piRNA production from these loci. This chromatin is associated with H3K9 methylation and the specialized heterochromatin protein (HP)1 homolog Rhino
(Rhi). Primary transcripts produced from piRNA clusters are bound by UAP56, a DEAD box protein required for piRNA processing specificity [87]. The ping–pong
amplification cycle subsequently promotes the generation of piRNAs complementary to active transposons. Mobilization of transposons into piRNA clusters contributes to
the enrichment of foreign sequences at these loci. (B) In Caenorhabditis elegans, 21U-RNAs are encoded in genomic clusters, but each is expressed by its own promoter.
21U-RNA sequences are diverse, and not strongly enriched in transposon sequences, suggesting that transposon mobilization into 21U-RNA clusters is not a major
mechanism by which 21U-RNA specificity is achieved. 21U-RNAs loaded in the PIWI protein PRG-1 are potentially complementary to both non-self and self transcripts. In
the former case, PRG-1 triggers the production of repressive 22G-RNAs to silence the non-self transcript. In the latter case, PRG-1-mediated silencing appears to be less
efficient, potentially due to a protective mechanism. This protective mechanism is hypothesized to involve targeting of self transcripts by 22G-RNAs loaded in the
Argonaute protein CSR-1.

cleavage defines the 50 end of a secondary piRNA, which is
then loaded into a distinct PIWI protein (Ago3) and undergoes 30 trimming to proper length. Subsequently, mature
Ago3 complexes act to bind and cleave complementary
piRNA cluster transcripts repeatedly, thereby promoting
precursor conversion into mature piRNAs [62,64,65]. This
amplification step, termed the ping–pong cycle, biases
piRNA production towards transcriptionally active transposons, and ensures that most piRNAs are antisense to their
targets, and therefore active [65,66]. These abundant antisense piRNAs then promote both post-transcriptional and
transcriptional transposon silencing, with the latter being
mediated by H3K9 methylation of target loci [61].
A central question in Drosophila piRNA specificity is to
understand how particular genomic regions are marked as
sources of piRNA production in such a way that ensures
their enrichment for transposon sequences. In one model,
piRNA clusters act as passive transposon traps. In this
model, the repetitiveness and mobility of transposons
make them more likely than host genes to integrate at a
defined genomic locus, such as a piRNA cluster [67]. Each
integration event would enable piRNA-mediated silencing
of the integrated transposon and its relatives, and tend to
be fixed in the population. This model is supported by the
finding that piRNA clusters can produce piRNAs from a
wide variety of experimentally inserted sequences [68],

and by the observation that, among Drosophila species,
the genomic location of a piRNA cluster is often conserved
even when the constituent transposon fragments differ
[69]. Furthermore, the initiation of silencing of a transposon by its mobilization into piRNA clusters has been
observed experimentally [70].
Other observations raise the possibility that the selection of sequences for piRNA biogenesis involves additional
licensing steps. For instance, transgenes inserted into
piRNA clusters template the production of piRNAs in a
nonuniform manner [68,71], suggesting that piRNA precursor processing preferences may dictate selection of
particular sequences that are best suited for genome defense. Furthermore, some transposon families appear to
mobilize to piRNA cluster loci more often than would be
expected by chance [70,72], suggesting that an active
mechanism promotes insertion into a cluster. One possibility is that the specialized chromatin landscape at piRNA
clusters, which includes H3K9 methylation and a heterochromatin protein (HP)1 homolog (Rhino), promotes local
transposon insertions [73,74]. Another intriguing possibility, suggested by recent work [75,76], is that the silencing
of piRNA target loci leads to the birth of new piRNA
clusters at these loci, potentially in a mechanism involving
the H3K9 methyl marks deposited during Piwi-mediated
silencing [61]. Such a mechanism would enrich transposon
7
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Table 1. Proposed mechanisms for licensing of RNA silencing pathways
RNA silencing pathway
Endogenous siRNA

Quelling
Meiotic silencing of unpaired DNA
Endogenous siRNA
Post-transcriptional gene silencing
piRNA

Organism
H. sapiens
M. musculus
D. melanogaster
C. elegans
Z. mays
S. castellii
N. crassa
N. crassa
C. elegans
C. neoformans
A. thaliana
D. melanogaster
C. elegans

Proposed licensing mechanism
Formation of dsRNA substrates for Dicer

Refs.
[12,17–20,23]

Unusual DNA repair structure at tandem repeat locus
Unpaired DNA in meiosis I

[32]
[33,38]

Stalled splicing of target transcript
Improper target transcript 50 or 30 end formation
Privileged chromosomal loci for piRNA production
(e.g., specialized chromatin)
Absence of self-protective signals in target
(e.g., CSR-1 targeting?)

[40]
[52–56]
[62,74]

and other piRNA target sequences within piRNA clusters.
Further testing of these hypotheses awaits a more complete understanding of the specialized chromatin at piRNA
clusters, and how its constituent proteins, such as Rhino,
enable piRNA production from these loci.
21U-RNA in C. elegans
In C. elegans, the PIWI protein PRG-1 associates with
small RNAs of the 21U class [60]. Like Drosophila piRNAs,
21U-RNAs are encoded largely in genomic clusters [77],
but they differ in that 21U-RNAs are expressed as autonomous units instead of from long precursor transcripts
[78,79]. Recent findings indicate that 21U-RNAs can trigger repression of transposon and transgene sequences
[11,80–83]. Recognition of a target transcript by a 21URNA leads to RdRP-dependent production of 22G siRNA of
the worm-specific Argonaute (WAGO) class, which are
antisense to the target. Production of 22G siRNA not only
serves to amplify the RNA silencing response, but also
engages transcriptional silencing mechanisms, which depend on H3K9 methylation and can be stably inherited.
However, the pool of 21U-RNAs is vast (>16 000 distinct
species) and complex in sequence, raising the question of
how genome surveillance by these RNAs can specifically
distinguish self from non-self.
The sequences of 21U-RNAs do not appear sufficient to
establish specificity for foreign elements. For instance,
although 21U-RNAs are depleted in sequences that would
target host genes, they do not show a strong enrichment for
transposon sequences [11]. Furthermore, 21U-RNAs appear to direct PRG-1 to complementary targets even when
the targets contain as many as four mismatches with the
21U-RNA sequence [11,82]. Given such relaxed sequence
specificity, the 21U-RNA population would be expected to
target most host genes [11,82]. To explain the lack of selfreactivity in 21U-RNA pathways, it has been proposed that
an additional mechanism protects self transcripts from
21U-mediated silencing by antagonizing the amplification
of repressive 22G siRNA. This mechanism is proposed to
involve CSR-1, an Argonaute protein involved not in gene
silencing, but rather in facilitating chromosome segregation via a class of 22G siRNA that targets host genes
expressed in the germline [84]. Consistent with such a
8
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model, 21U-RNAs are less efficient in silencing a target
transcript that is also targeted by 22G siRNAs in CSR-1
[82]. Furthermore, C. elegans transgenes that escape 21Umediated silencing can establish a stably active state that
dominantly activates silenced, homologous loci in trans,
consistent with the idea that diffusible factors, such as
CSR-1-bound small RNAs, act to license host gene expression [83]. Together, these findings suggest that piRNA
pathway specificity in worms relies not only on a comparison of transcript and 21U-RNA sequences, but also on
features of transcript expression history, as potentially
indicated by CSR-1 22G RNAs.
Concluding remarks
We have summarized evidence that RNA silencing pathways recognize several distinguishing features of transposons, including their tendency to produce dsRNA, exist in
unusual chromosomal arrangements, exhibit suboptimal
gene expression properties, and occupy specialized chromatin contexts (Table 1). The extent to which these features are sufficient to distinguish transposons from host
genes is unknown. In this regard, it is interesting to note
that distinct RNA silencing pathways may act combinatorially to identify non-self elements, as has been suggested
for the MSUD and piRNA pathways in C. elegans [81].
Recent observations further suggest that the specificity of
RNA silencing pathways for transposons may involve not
only distinguishing signals in the transposons themselves,
but also protective signals possessed by host genes. Efforts
to understand the nature of these signals should reveal
fundamental principles by which organisms detect and
silence genomic parasites while avoiding inappropriate
targeting of beneficial genomic sequences.
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