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T

he ability to distinguish self from
non-self nucleic acids enables
eukaryotes to suppress mobile elements
and maintain genome integrity. In
organisms from protist to human, this
function is performed by RNA silencing pathways. There have been major
advances in our understanding of the
RNA silencing machinery, but the mechanisms by which these pathways distinguish self from non-self remain unclear.
Recent studies in the yeast C. neoformans indicate that transposon-derived
transcripts encode suboptimal introns
and tend to stall in spliceosomes, which
promotes the biogenesis of siRNA that
targets these transcripts. These findings
identify gene expression signal strength
as a metric by which a foreign element
can be distinguished from a host gene,
and reveal a new function for introns
and the spliceosome in genome defense.
Anticipating that these principles may
apply to RNA silencing in other systems, we discuss strong hints in the literature suggesting that the spliceosome
may guide small RNA biogenesis in the
siRNA and piRNA pathways of plants
and animals.
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Eukaryotes are generally colonized by
transposons and other parasitic nucleic
acids.1 If not suppressed, transposons
hijack host expression machinery to mobilize throughout the genome, which can
disrupt host genes,2 promote chromosomal rearrangements,3 and cause disease.4,5 The human genome carries scars
of such events: over half of its sequence
is derived from transposons.6 Genome
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defense against transposons, however,
is confounded by transposon diversity.
Transposons exist in multiple families that
bear little homology to each other, hindering sequence-based recognition strategies.
Furthermore, they use diverse mobilization mechanisms, impeding identification based on a distinctive enzymology or
intermediate.7 Thus, genome defense systems must be adaptable enough to recognize myriad transposon types, yet specific
enough to silence foreign elements without perturbing host genes.
RNAi-related RNA silencing pathways represent deeply conserved mechanisms by which eukaryotes from protist
to human recognize and silence transposons.8 In these pathways, small RNAs
of ~20–30 nt are loaded into Argonaute
family proteins, then bind complementary target RNAs to trigger one or more
silencing mechanisms. In some contexts,
mechanisms such as RNA endonucleolysis or translational repression act directly
on the target transcript to silence protein
expression.9 In other contexts, repressive
histone modification and DNA methylation silence the target transcript’s corresponding DNA locus.10
Presumably, the specificity with which
RNA silencing pathways target foreign
genetic elements is achieved in large part by
the appropriate selection of substrates from
which small RNAs are produced. One
major substrate is long double-stranded
RNA (dsRNA), which is processed by
RNaseIII-type Dicer enzymes to generate
small interfering RNA (siRNA). Because
Dicer acts in a sequence-independent
manner,11 its ability to target foreign elements depends on their ability to produce
dsRNA. Cellular dsRNA in A. thaliana, C.
elegans, and Drosophila is indeed enriched
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Figure 1. Kinetic competition model for siRNA biogenesis in C. neoformans. A kinetic competition
between splicing and dsRNA synthesis contributes to the targeting of inefficiently spliced transcripts by siRNA. In this hypothetical example, splicing of a transcript’s first intron stalls at the lariat
intermediate stage. The intermediate is processed by the lariat debranching enzyme (Dbr1) and
SCANR in order to generate dsRNA, which is converted to siRNA by Dcr1/2. The tendency of transposon-derived transcripts to encode suboptimal splicing features and accumulate in spliceosomes
targets them for RNA silencing.

in transposon sequences,12,13 perhaps due to
the inverted repeats and internal antisense
promoters encoded by some transposon
families, which promote the formation of
intra- and intermolecular dsRNA, respectively.14-16 In addition, the tendency of transposons to mobilize can place them adjacent
to a host-encoded promoter, resulting in
antisense transposon transcripts that may
promote intermolecular dsRNA formation.15,17 Thus, Dicer supports RNA silencing of many transposon types,14,16-19 even
potentially those of novel sequence, based
simply on their tendency to form dsRNA.
However, some triggers of RNA silencing do not naturally produce dsRNA,
raising the possibility that single-stranded
transcripts can trigger small RNA production. How are such triggers identified, given their structural similarity to
host transcripts? In some cases, RNAdependent RNA polymerases (RdRPs) are
required for the silencing of transposons
and transgenes,20-22 suggesting a model in
which the targeted activity of RdRP produces substrates for Dicer.
PIWI-interacting RNA (piRNA)
pathways, including those in mouse and
Drosophila, represent another example in
which single-stranded transcripts initiate
RNA silencing. In these systems, piRNA
precursor transcripts are processed in a
Dicer-independent manner to generate
small RNAs that function with Argonaute
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proteins of the PIWI clade to silence complementary sequences.23 The specificity
with which piRNAs target foreign elements
is thought to be achieved by restricting
piRNA biogenesis to precursors transcribed
from particular genomic loci. These loci,
termed piRNA clusters, are composed of
transposons and transposon remnants,
and thus appear to be a memory of foreign
elements encountered by an organism.24,25
The signals that identify piRNA precursor
transcripts are unknown.
As described above, the specificity of
RNA silencing depends on the selection of
appropriate substrates for small RNA biogenesis. Elucidation of the signals that guide
small RNA biogenesis is thus an important
goal in the study of RNA silencing, and
should illustrate the principles by which
eukaryotes distinguish self from non-self
nucleic acids. Here, we highlight the recent
finding that transposon transcripts can be
targeted as substrates for small RNA production owing to their tendency to stall
in spliceosomes. Furthermore, we discuss
hints in the literature that point to a general relevance of spliceosome-coupled small
RNA biogenesis to other systems.
Stalled Spliceosomes are a Signal for
RNAi-Mediated Genome Defense
The human pathogenic yeast Cryptococcus neoformans is a genetically tractable
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model system for the study of endogenous
siRNA pathways. RNA silencing in this
organism is performed by one Argonaute
protein (Ago1), two Dicers (Dcr1/2), and
an RdRP (Rdp1).21 Null mutations in
their corresponding genes cause no defect
in vegetative growth, but elicit increased
transposon expression and mobilization,
pointing to genome defense as a key function for this pathway.21,26 As S. cerevisiae
lacks RNA silencing and S. pombe synthesizes small RNAs against repeats but not
against transposons, C. neoformans offers
a well-developed yeast model to study
RNA silencing of transposable elements.
Deep sequencing of C. neoformans
siRNAs revealed that they map predominantly to repetitive sequences derived
from transposons, consistent with their
known role in transposon suppression.21,27
Surprisingly, however, siRNAs map not
only to the exons but also to the introns of
their corresponding transcripts, implicating incompletely spliced mRNA precursors as substrates for siRNA biogenesis.
These initial observations suggested that
transposon-derived transcripts may be recognized as triggers of RNA silencing while
still undergoing splicing in the nucleus.
The next clue came from biochemical studies revealing that several C. neoformans RNA silencing factors, including
Ago1 and Rdp1, are members of a spliceosome-coupled and nuclear RNAi complex
(SCANR), which physically interacts with
the spliceosome and is required for siRNA
biogenesis.27 These observations raised
the possibility that a kinetic competition
determines transcripts from which small
RNAs are produced. In this model, rapidly spliced transcripts are not targeted
for dsRNA synthesis, whereas transposon
transcripts, by virtue of their poor splicing kinetics, accumulate in spliceosomes
and are targeted for dsRNA synthesis by
SCANR (Fig. 1).
Consistent with this model, transcripts
targeted by siRNA in C. neoformans
exhibit intron sequence features predictive of poor splicing. Furthermore, we
observed that these transcripts accumulate
abnormally on spliceosomes in vivo, indicating that they stall in the spliceosome
during the splicing cycle. Importantly,
we demonstrated a number of predictions of the kinetic competition model
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by experimentally manipulating introns
within transcripts that template siRNA
biogenesis. First, intron elimination
reduced a transcript’s ability to template
siRNA production. Second, introduction
of a 3′ splice site mutation, which stalls
splicing upon lariat intermediate formation, dramatically increased the accumulation of siRNA targeting the transcript.
Third, a 5′ splice site mutation, which
prevents intron engagement with the spliceosome, suppressed the ability of a 3′
splice site mutation in the same intron to
promote siRNA biogenesis. Fourth, loss
of the lariat debranching enzyme (Dbr1)
also blocked siRNA production, further
implicating stalled splicing intermediates
(which require Dbr1 for their processing and degradation)28,29 as substrates
for siRNA production. Together, these
findings establish stalled spliceosomes
as a necessary signal for the specification
of RNA silencing targets. As such, they
reveal a new function for introns and the
spliceosome in genome defense (Fig. 1).27
The findings described above support
a kinetic competition model for siRNA
template selection in C. neoformans and
demonstrate that gene expression signal
strength can influence RNA silencing
specificity. In this example, the suboptimal splicing properties of transposons,
relative to host genes, provide an opportunity for the evolution of genome defense.
Given the universality of spliceosomal
introns in eukaryotes, the capacity for
splicing features to guide RNA silencing
is not necessarily unique to Cryptococcus.
Below we consider potential roles for the
spliceosome in small RNA pathways that
mediate genome defense in other organisms. We also suggest potential advantages
of spliceosome-coupled genome defense,
and speculate on evolutionary forces that
may encourage suboptimal splicing of
transposon transcripts.
Connections Between RNA Splicing
and Plant siRNA Biogenesis
From the discovery of transposons30
to the suggestion that small RNAs mediate RNA silencing,31 plant systems have
provided insights into the biology of
transposons and the RNA silencing pathways that suppress them. In plants, two
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Figure 2. Speculative model for the utilization of incompletely spliced transcripts in Drosophila
piRNA biosynthesis. The stalled splicing of transcripts originating from piRNA cluster loci may target them for piRNA biogenesis. Transgenes inserted into dual-strand piRNA clusters are spliced
less efficiently than when expressed from euchromatic loci, and they give rise to piRNAs that correspond to both intronic and exonic regions.58 We speculate that this effect may be caused by
sequence features of piRNA clusters, or by their heterochromatin context, as indicated by the presence of Rhino (Rhi), an HP1 variant. The splicing and nuclear export factor UAP56 is required for
piRNA production from dual-strand piRNA clusters.59 UAP56 binds piRNA precursor transcripts and
colocalizes with Rhi foci in the nucleus, suggesting that UAP56 targets piRNA precursors to Vasa
(Vas), a protein that coordinates piRNA processing in the perinuclear nuage.59 There are several
potential mechanisms by which UAP56, a DEAD box protein, might act in the context of this model.
First, it could promote heterochromatinization of piRNA cluster loci by Rhi, as suggested by the fact
that nuclear Rhi foci require UAP56.59 Second, UAP56 could bind to piRNA precursor transcripts in
order to cause stalled splicing or to disassemble stalled spliceosomes for downstream processing of the precursors. Finally, UAP56 could mediate the nuclear export of precursor transcripts to
Vas. Vas subsequently promotes primary piRNA processing as well as the ping pong amplification
cycle, in which primary piRNA acts with the PIWI protein Aub to cleave complementary transcripts
(indicated in red) that originate either from the dual-strand piRNA cluster itself or from transposons
located elsewhere in the genome. Cleavage defines the 5′ end of a secondary piRNA, whose 3′ end
is subsequently trimmed to proper length. Secondary piRNA acts with the distinct PIWI protein
Ago3 to cleave piRNA cluster-derived precursor transcripts, thereby amplifying their conversion
to mature piRNA.

siRNA pathways contribute to genome
defense, each of which requires distinct
RdRP, Dicer, and Argonaute proteins.
In the RNA-directed DNA methylation (RdDM) pathway, the specialized
RNA polymerases Pol IV and Pol V act
to trigger siRNA production and DNA
methylation, respectively, at the loci they
transcribe.10,32 In the post-transcriptional
gene silencing (PTGS) pathway, siRNA
production results in target transcript
destabilization. The ability of these pathways to broadly silence transposons and
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transgenes, including some that do not
naturally generate dsRNA,22,33 suggests
that they recognize distinguishing features of foreign elements. That splicing
signals could represent one of these features is suggested by two observations.
First, mutations in splicing factors affect
the production of siRNA for the RdDM
pathway. Second, efficient splicing
reduces the accumulation of transgenespecific siRNA for the PTGS pathway.
The details of these observations are
described below.
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Functional studies have implicated
the spliceosome in RdDM pathway targeting. Specifically, mutations of the A.
thaliana splicing factors ZOP1, MAC3A,
MOS4, MOS12, MOS14, and SR45
reduce accumulation of Pol IV/V-dependent siRNA.34,35 MAC3A (yeast Prp19)
and MOS4 associate with the evolutionarily conserved, spliceosomal Nineteen
complex.36 We note that Prp19 accumulates on transcripts in C. neoformans
whose stalled splicing targets them for
RNA silencing.27 SR45 contains arginine/
serine-rich domains, which are found in
splicing factors of the SR protein family, whereas MOS14 is a nuclear import
receptor for SR proteins.37 A potential
direct role for SR proteins in RdDM is
intriguing given the observation that
Srr1, a spliceosome-associated protein that
contains an arginine/serine-rich domain,
physically interacts with siRNA biogenesis
factors of the SCANR complex in C. neoformans.27 Important questions for future
work include determining whether these
proteins mediate splicing events at RdDM
loci, whether they promote transcription
by Pol IV/V, and whether they physically interact with known components of
the RdDM pathway. The possibility of a
role in transcription is made more likely
by recent work in mammalian cells showing that SR proteins can license transcription by promoting RNA polymerase pause
release.38 Nevertheless, further mechanistic studies will be required to rule out the
possibility that splicing factor mutants
affect RNA silencing indirectly, via their
global effects on splicing.
Other experiments have assessed connections between splicing and RNA silencing by manipulating intron features in
transcripts that template siRNA production. In contrast to C. neoformans, where
experiments of this type demonstrated
that poorly spliced introns promote siRNA
production, plant experiments described
to date have highlighted a potentially distinct mechanism by which introns can
influence RNA silencing, in which efficiently spliced introns protect transcripts
from RNA silencing. For instance, a comparison of intron-containing and intronless GFP transgenes demonstrated that
introns impede PTGS-mediated transgene
silencing in A. thaliana.39 Furthermore,
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better-spliced introns conferred greater
protection against RNA silencing. It was
suggested that this phenomenon explains
why endogenous intronless genes template more siRNA production than do
intron-containing genes, as assessed by
genome-wide siRNA sequencing.39 These
findings echo the earlier observation that
introns retard the RdRP-dependent phenomenon of secondary siRNA, in which a
single-stranded target of siRNA becomes
gradually itself a template for siRNA
synthesis.40 Although the mechanisms
by which efficient splicing opposes RNA
silencing are unclear, the requirement for
RdRP in plant siRNA pathways raises the
possibility that efficient splicing acts to
prevent transcripts from exhibiting triggers for RdRP activity, which are thought
to include absence of a 5′ cap or poly-A
tail.41,42
To summarize, the data to date suggest that efficient splicing impedes RNA
silencing in plants. In C. neoformans,
stalled splicing promotes RNA silencing.
Both systems may thus utilize a similar
logic for transposon recognition, in which
efficiently spliced transcripts avoid RNA
silencing. Future studies will be required
to determine whether efficiently spliced
introns can actively protect against RNA
silencing in C. neoformans, and whether
stalled spliceosomes promote siRNA production in plants. In this regard, it is interesting to note that the insertion of ectopic
5′ splice sites into a plant transgene, which
might mimic the effects of a spliceosome
stalled at the first step of splicing, has been
shown to cause improper transcript maturation and lead to siRNA production.43
Splicing Factors are Required for
siRNA Production in C. elegans
Early studies of nematode RNAi triggered by exogenous dsRNA demonstrated
that many of the factors required for this
process are also required to silence endogenous transposons via siRNA production.14,44,45 Since then, forward genetic
screens have helped disentangle the myriad
RNA silencing factors in C. elegans, whose
genome encodes one Dicer, 27 Argonaute,
and four RdRP proteins. Remarkably,
dozens of splicing factors were found in
these screens to be required for transgene
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or transposon suppression.46-48 These
splicing factors are not restricted to any
particular spliceosome subunit, nor do
they act at a common step in the splicing
cycle. Thus, confirmation that these factors affect RNA silencing in a direct manner, and not simply by globally perturbing
splicing, awaits determination of whether
they associate with transposon transcripts,
whether their mutant phenotypes can
be recapitulated by intronic mutations
in transposon transcripts, and whether
they specifically affect particular siRNA
types. One potential clue is the recent
observation that a specific subset of 26G
siRNA maps to both introns and exons
of its target transcripts, suggesting that
siRNA of this class can be triggered by
incompletely spliced mRNA precursors.49
A further motivation is the recent finding
that nematode spliceosome components
are enriched among proteins whose phylogenetic conservation correlates with that
of RNA silencing factors.48 Since proteins
with similar conservation tend to act in
the same pathways,50 this finding suggests
a conserved connection between splicing
and small RNA function.
A Potential Function for Stalled
Spliceosomes in piRNA Biogenesis
In animals such as Drosophila and
mice, piRNAs act to suppress transposons
in the germline, where their function is
required for fertility.51 The biogenesis of
piRNAs appears to be restricted to the
particular sequences in defined genomic
loci. These loci typically comprise clusters
of transposon remnants, consistent with
their function as historical databases of
transposon encounters.25 Some piRNAs
are also produced from protein-coding
genes, but their functions are less clear.
piRNA biogenesis begins with primary
processing, a poorly characterized conversion of single-stranded precursor transcripts into mature piRNAs, which act in
Argonaute proteins of the PIWI clade to
carry out transcriptional and post-transcriptional gene silencing.23,52,53 For some
piRNA loci, the piRNA pool is amplified by a ping-pong cleavage cycle, which
is best understood in Drosophila. In this
cycle, a primary piRNA directs cleavage
of a complementary transposon transcript,
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thereby defining the 5′ end of a secondary piRNA, whose 3′ end is subsequently
trimmed to proper length. These secondary piRNAs, acting in a distinct PIWI
protein, then bind and cleave piRNA
precursor transcripts, thereby amplifying
precursor conversion into mature piRNA
(Fig. 2).25 Effective piRNA pathway function depends on the production of piRNAs specifically from piRNA precursor
transcripts, but the signals that enforce
this specificity are unknown.
Recent observations hint at a potential
functional coupling between splicing and
piRNA biogenesis. First, piRNAs in Drosophila and mouse derive from both exons
and introns of their precursors,24,54-57
suggesting that precursor transcripts are
specified while still undergoing splicing.
Second, when transgenes are inserted
into Drosophila piRNA clusters, they are
spliced less efficiently than when they are
inserted into euchromatic regions.58 Third,
the Drosophila splicing and nuclear export
factor UAP56 binds to piRNA precursor
transcripts and is required for precursor
processing specificity.59 In a viable UAP56
allele, piRNA production from genomic
clusters is reduced, whereas piRNA production from protein-coding genes is
increased.59 The subnuclear localization
of UAP56 suggests a model in which
UAP56 identifies precursors transcribed
from heterochromatic piRNA clusters,
then shuttles them to Vasa, a protein that
coordinates piRNA processing in the perinuclear nuage.59
The above observations suggest a
speculative model in which the inefficient
splicing of piRNA precursors—caused
either by their intrinsic sequence features
or by the influence of local heterochromatin at piRNA clusters—contributes
to their selection by UAP56 (Fig. 2).
Intriguingly, the C. elegans UAP56
ortholog acts in cooperation with exon
junction complex components, some of
which are deposited on transcripts prior
to the completion of splicing,60 in order
to divert unspliced transcripts away from
the canonical nuclear export pathway.61
This finding demonstrates the potential for splicing efficiency to dictate a
transcript’s fate in a UAP56-dependent
manner, and may inform studies of the
piRNA processing mechanism, which
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itself requires exon junction complex
components.62
Whether piRNA loci that do not
require UAP56 for their processing are
also marked by the suppression of splicing
signals has not yet been examined. These
loci, which include protein-coding genes
such as traffic jam,59,63,64 do not universally
contain annotated introns. Nevertheless,
as cryptic splicing signals are found in
many intronless transcripts, the spliceosome might still bind and influence the
fate of these transcripts. Therefore, an
assessment of spliceosome occupancy on
these and other piRNA precursors will
be critical to test the hypothesis that inefficient splicing identifies substrates for
piRNA processing.
Disparities in the Strength
of RNA Processing Signals
May Generally Distinguish
Transposons from Host Genes
While direct evidence that stalled spliceosomes signal for small RNA-mediated
genome defense exists thus far only in
the yeast C. neoformans, there are emerging hints that the spliceosome’s role in
RNA silencing may be conserved. This
is in addition to roles for splicing factors
in the biogenesis of small RNAs that do
not defend the genome, such as S. pombe
siRNA65-67 and human miRNA.68-70 What
advantages might be gained by using splicing signal strength to determine templates
for small RNA biogenesis?
In the context of genome defense,
directing RNA silencing against inefficiently spliced transcripts might be
advantageous for transposon targeting because the evolutionary history of
transposons is distinct from that of host
genes. Specifically, transposons that enter
a host genome by horizontal transfer have
limited time to adapt to the new host’s
splicing preferences, which include particular splice site sequences, intron size, and
exonic splicing enhancer sequences.71-73
Therefore, horizontal transfer from organisms with distinct optimal cis-acting
splicing signals might contribute to the
inefficient splicing of transposon-derived
transcripts, as observed in Cryptococcus,
and may mark these transcripts as targets for spliceosome-coupled small RNA
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biogenesis.27 Although the spliceosome
could potentially be evaded by intronless
transposons, such a resistance mechanism
would be hindered by the fact that introns
are required for robust gene expression
in many systems,74 including C. neoformans,75 which has a particularly intronrich genome.76
Another advantage to the use of inefficient splicing as a guide for genome
defense is that transposons may broadly
utilize suboptimal splice sites in order to
mitigate the negative fitness consequences
of their mobilization. Multiple transposon
families encode cryptic splicing signals at
their termini that are only utilized upon
insertion into active host genes.77-81 These
are thought to limit the negative impact
of transposons on host gene expression
by removing transposon sequences at the
RNA level.80,82 Importantly, for cases in
which these splicing events are incompatible with transposon protein expression,
inefficient splicing may be favored as a
compromise between host gene expression and transposon mobility.83 The
unusual purpose of transposon splice sites
may thus betray them to genome defense
mechanisms that target stalled splicing.
Splicing signals are one of many gene
expression signals that might exhibit disparity between transposons and host genes
because of their distinct evolutionary histories and gene expression strategies. For
instance, kinetic competitions could be
applied not only to pre-mRNA splicing,
but also to a nascent transcript’s efficiency
of transcription, 5′ capping, termination, polyadenylation, nuclear export,
or translation. Hints that such mechanisms may exist are seen in plant systems
where defects in transcript termination,
polyadenylation, and capping have been
associated with enhanced RNA silencing
activity.41,42 Anecdotal observations indicate that at least some transposon families
tend to be capped and polyadenylated less
efficiently than host genes, supporting
the use of these gene expression signals
to identify foreign elements.84-86 Since
many of the aforementioned steps in RNA
processing are functionally coupled,87 a
kinetic competition, even if applied only
to splicing, might remain sensitive to
transposon-specific defects in other steps
of gene expression.
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Conclusions
The maintenance of eukaryotic
genome stability necessitates the recognition and suppression of transposable
elements. In organisms from protist to
human, this function is performed by
RNA silencing pathways. Our recent
work has identified stalled splicing as a
signal for small RNA biogenesis, thereby
defining RNA processing efficiency as a
metric by which transposons can be distinguished from host genes.27 Transposons may be identified by a similar logic in
other systems, as splicing factors have been
found to broadly influence the function of
RNA silencing pathways that carry out
genome defense, including the plant and
worm siRNA pathways and the Drosophila
piRNA pathway. Although the mechanisms underlying these effects remain to
be elucidated, recent studies suggest that
efficient splicing protects host transcripts
from RNA silencing in plants, whereas
inefficient splicing is associated with the
chromosomal clusters that encode piRNA
sequences in Drosophila. We speculate
that disparities in RNA processing signal
strength between transposons and host
genes has driven the evolution of genome
defense strategies, including some that are
coupled to the spliceosome.
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