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SUMMARY

RNaseIII ribonucleases act at the heart of RNA
silencing pathways by processing precursor RNAs
into mature microRNAs and siRNAs. In the fission
yeast Schizosaccharomyces pombe, siRNAs are
generated by the RNaseIII enzyme Dcr1 and are
required for heterochromatin formation at centromeres. In this study, we have analyzed the subcellular localization of Dcr1 and found that it accumulates in the nucleus and is enriched at the nuclear
periphery. Nuclear accumulation of Dcr1 depends
on a short motif that impedes nuclear export
promoted by the double-stranded RNA binding
domain of Dcr1. Absence of this motif renders Dcr1
mainly cytoplasmic and is accompanied by remarkable changes in gene expression and failure to
assemble heterochromatin. Our findings suggest
that Dicer proteins are shuttling proteins and that
the steady-state subcellular levels can be shifted
toward either compartment.
INTRODUCTION
In eukaryotes, small RNAs (sRNAs) function in RNA interference
(RNAi) and related RNA silencing mechanisms to regulate gene
expression and development, to combat viruses and mobile
genetic elements, and to maintain genomic integrity (Baulcombe, 2004; Grishok et al., 2001; Huisinga and Elgin, 2009;
Mochizuki et al., 2002). At least three classes of sRNAs have
been identified so far: short interfering RNAs (siRNAs), microRNAs (miRNAs), and PIWI-interacting RNAs (piRNAs; Siomi
and Siomi, 2009). These sRNAs associate with members of the
Argonaute family of proteins, which function as the core components of a diverse set of protein-RNA complexes called RNAinduced silencing complexes (RISCs; Carmell et al., 2002; Hutvagner and Simard, 2008; Pratt and Macrae, 2009). The sRNAs
guide RISCs to homologous sequences by base-pairing interactions, which commonly results in inactivation of the target
sequence by various mechanisms.
Whereas sRNAs usually function posttranscriptionally, they
have also been implicated in chromatin-dependent gene
silencing mechanisms (CDGS; Moazed, 2009). The role of

sRNAs in CDGS has been well studied in the fission yeast Schizosaccharomyces pombe (S. pombe), which contains single
genes encoding the RNAi proteins Argonaute, Dicer, and RNAdependent RNA polymerase (ago1+, dcr1+, and rdp1+, respectively). Deletion of any of these genes results in loss of heterochromatic gene silencing, markedly reduced levels of H3K9
methylation (H3K9me) at centromeric repeat regions, and chromosome segregation defects (Provost et al., 2002b; Volpe et al.,
2002). S. pombe expresses endogenous siRNAs, most of which
correspond to heterochromatic regions and are found in an
Argonaute-containing complex, called the RNA-induced transcriptional silencing complex (RITS) (Reinhart and Bartel, 2002;
Verdel et al., 2004). Importantly, both RITS and the Rdp1-containing complex RDRC are physically linked to heterochromatin,
and their interaction as well as siRNA generation depends on the
histone H3K9 methyltransferase Clr4 (Cam et al., 2005; Motamedi et al., 2004; Sugiyama et al., 2005; Volpe et al., 2002).
These and other observations led to a model in which the association of the RITS complex with chromatin involves base-pairing
between siRNAs and chromatin-associated long noncoding
RNAs. The associated RITS complex would then recruit the
histone methyltransferase Clr4 to methylate H3K9. Subsequently, RITS association with chromatin is further stabilized
by binding of its subunit Chp1 to H3K9me and results in high
levels of H3K9me and spreading of heterochromatin (Buhler
et al., 2006; Djupedal et al., 2005; Kato et al., 2005; Motamedi
et al., 2004; Noma et al., 2004; Schalch et al., 2009).
The biogenesis of siRNAs in S. pombe involves endonucleolytic processing of double-stranded RNA (dsRNA) precursors
by Dcr1. This enzyme belongs to the RNaseIII family of enzymes,
which also includes the miRNA-processing enzyme Drosha
(Jinek and Doudna, 2009). RNaseIII orthologs have been divided
into two classes: class I, which comprises enzymes that contain
a single catalytic RNaseIII and a dsRNA-binding domain (dsRBD)
and which function as homodimers, and class II, which encompasses enzymes bearing two catalytic RNaseIII domains active
as monomers (Jaskiewicz and Filipowicz, 2008; Macrae et al.,
2006; Zhang et al., 2004). The simplest RNaseIII enzymes are
found in prokaryotes and fungi and belong to class I. Drosha
and Dicer RNAi proteins belong to class II and are important
for the generation of miRNAs and siRNAs in animals (Bernstein
et al., 2001; Hutvagner et al., 2001; Ketting et al., 2001; Lee
et al., 2003). Both Dicer and Drosha proteins contain two tandemly arranged RNaseIII domains followed, in most cases, by
a single dsRBD in the carboxyl terminus. In addition to these
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domains, Dicer enzymes usually have an amino-terminal helicase domain, followed by a small domain of unknown function
(DUF283) and a Piwi Argonaute Zwilli (PAZ) domain (Jinek and
Doudna, 2009). However, this domain architecture and the
requirement of individual domains for sRNA biosynthesis can
differ among Dicers from different species (Jaskiewicz and Filipowicz, 2008).
Furthermore, the subcellular localization and function of
Dicers can vary from organism to organism. In plants, GFPfusions of DCL1, DCL3, and DCL4 localize to the nucleus,
consistent with the nuclear role of these Dicer proteins (Hiraguri
et al., 2005; Xie et al., 2004). On the other hand, human Dicer has
been localized in the cytoplasm, where it processes pre-miRNAs
into mature miRNAs and exogenous dsRNAs into siRNAs (Billy
et al., 2001; Provost et al., 2002a). The subcellular localization
of S. pombe Dcr1, whose function is clearly nuclear, has been
ambiguous. It has been reported to localize almost exclusively
to the cytoplasm (Carmichael et al., 2006; Matsuyama et al.,
2006), and attempts to crosslink it to heterochromatin have not
been successful (Volpe et al., 2002). On the other hand, experimental evidence has indicated that Dcr1 is a component of
a self-reinforcing loop driving heterochromatin assembly in cis
at centromeric repeats, which would favor nuclear localization
of Dcr1 (Buhler and Moazed, 2007; Cam et al., 2009; Sugiyama
et al., 2005).
In this study, we show that Dcr1 localizes in perinuclear foci
which are associated with nuclear pores. We find that Dcr1
has the ability to shuttle between the nucleus and the cytoplasm,
and we demonstrate that restriction of S. pombe Dcr1 to the
nucleus is obligatory for the assembly of heterochromatin at
centromeric repeats. Nuclear retention of Dcr1 is mediated by
a 33 amino acid motif which also functions to prevent promiscuous activity of Dcr1.

RESULTS
S. pombe Dcr1 Localizes Mainly Perinuclearly
Dcr1 is essential for the biogenesis of endogenous siRNAs and
the assembly of heterochromatin at centromeric repeats in
S. pombe (Volpe et al., 2002). Conflicting data exist about
subcellular localization, despite its nuclear function. Therefore,
we set out to perform live-cell imaging in order to localize Dcr1
in time and space.
We generated strains expressing Dcr1 fused to GFP under the
control of its own or three different versions of the thiaminecontrollable nmt1 (3x, 41x, 81x) promoter. The 3x, 41x, and
81x nmt1 promoters are strong, intermediate, and weak, respectively, and they are all repressed when cells are grown in the
S. pombe medium YES (Forsburg, 1993). Although not detectable when driven by Dcr1’s own or the nmt1(81x) promoter,
weak GFP-Dcr1 signals were obtained by using the nmt1(41x)
promoter under repressive conditions (Figure 1A). These signals
were mainly detected at the nuclear periphery (Figure 1A). Expressing GFP-Dcr1 from the stronger nmt1(3x) promoter (see
Figure S1 available online) did not result in any changes in this
localization pattern when the cells were grown under repressive
conditions (Figure 1A). For easier detection, subsequent experiments were therefore performed with strains driving GFP-Dcr1

expression by the nmt1(3x) promoter, repressed by thiamine
present in YES.
An inherent risk of live-cell imaging is a possible protein mislocalization caused by the fluorescent tag or overexpression of
the fusion protein. For Dcr1, the GFP tag is unlikely to affect
localization, as the same localization pattern was observed
when using other fluorescent proteins (Figure 3D and data not
shown). In addition, all our GFP fusion proteins were fully
functional for heterochromatic gene silencing as assessed by
5-Fluoroorotic Acid (5-FOA) silencing assays and quantitative
real-time RT-PCR (qRT-PCR) (Figures 1B and 1C). Importantly,
we observed that massive overexpression of Dcr1 results in
mainly cytoplasmic localization (Figure S1C). In contrast, mainly
nuclear localization was observed if the GFP-Dcr1 fusion
proteins were expressed at modestly higher levels than endogenous promoter-driven Dcr1-GFP (Figure 1A and Figure S1). From
these results, we conclude that the S. pombe Dcr1 protein is
mainly localized at the nuclear periphery.
Dcr1 Is Associated with Nuclear Pores
Intriguingly, we found GFP-Dcr1 to be enriched in perinuclear
foci throughout the cell cycle (Figure 1A). Since Dcr1 is thought
to act in cis to assemble heterochromatin, we speculated that
the perinuclear foci represent Dcr1 localized at heterochromatic
loci. However, this seems unlikely because we always observed
more Dcr1 than Swi6 foci (Figure 2A). Importantly, Dcr1 foci did
not colocalize with Cnp1, which is consistent with previous
observations that Dcr1 cannot be crosslinked to centromeres
(Volpe et al., 2002; M.B., unpublished data) (Figure 2B). In addition, Dcr1 localization was affected neither by clr4 nor swi6
deletion (Figure 2C), further indicating that Dcr1 localization is
not dependent on heterochromatin. Finally, deleting genes
involved in the S. pombe RNAi pathway, such as Ago1 or
Rdp1, did not affect Dcr1 localization (Figure 2C). Together,
these results show that Dcr1 localizes to the nuclear periphery
irrespective of a functional RNAi or heterochromatin assembly
pathway.
The punctuate rim-like staining around the nucleus observed
for GFP-Dcr1 is reminiscent of the localization pattern of nuclear
pore complexes (NPCs) (Bai et al., 2004). To test a possible
association of Dcr1 with NPCs, we deleted the gene nup120+
in strains expressing GFP-Dcr1. Nup120 is part of the scaffold
‘‘Y complex,’’ and its absence leads to a NPC clustering phenotype in S. pombe (Figure 3A; Bai et al., 2004). We observed
a clear Dcr1 clustering phenotype in nup120D cells, demonstrating that Dcr1 is associated with NPCs (Figure 3B). To
assess whether Dcr1 localizes on the nuclear or cytoplasmic
side of the nuclear membrane, we compared localization of
the nuclear membrane marker Cut11 (West et al., 1998) and
Dcr1 tagged with mCherry and GFP, respectively. This analysis
revealed that Dcr1 localized more proximal to the nucleoplasm
than Cut11 (Figure 3C and data not shown). The same was
observed when we compared localization of Dcr1 with the
NPC component Nup107 (Figures 3A and 3D; Chen et al.,
2004b). This result was not a consequence of the different
diffraction patterns of GFP and mCherry, because exchanging
the two fluorescent tags did not change the localization pattern
(Figure 3D). Thus, Dcr1 is a bona fide nuclear protein that associates with NPCs.
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Figure 1. Dcr1 Localizes at the Nuclear Periphery
(A) Microscopy of living S. pombe cells expressing C-terminally GFP-tagged Dcr1 driven from the endogenous promoter (i) and N-terminally tagged GFP-Dcr1,
driven from (ii) nmt1-81x, (iii) nmt1-41x, or (iiii) nmt1-3x promoters, grown under repressive conditions (i.e., in YES medium) at 30 C. For comparison of different
expression levels, see western blot analysis shown in Figure S1A. Scale bars = 2 mm.
(B) Silencing assay showing that GFP-tagged Dcr1 versions shown in (A) are fully functional for heterochromatic silencing of a centromeric ura4+ reporter
(imr1R::ura4+).
(C) Quantitative real-time RT-PCR showing that centromeric repeat regions are efficiently silenced in the GFP-Dcr1-expressing cells. Cells were grown under the
same conditions as in (A). cendg and cendh RNA levels are shown relative to dcr1+ cells and were normalized relative to act1+ RNA. Error bars represent standard
deviations (STDEV). See also Figure S1.

The C Terminus of Dcr1 Mediates Nuclear Localization
and Is Required for Heterochromatin Assembly
Fission yeast Dcr1 contains an N-terminal helicase/ATPase
domain, followed by a DUF283, two RNaseIII domains, and
a long C-terminal domain that bears a divergent dsRBD (Figure 4A; Colmenares et al., 2007). Importantly, the helicase,
RNaseIII, and C-terminal domains are all critical for centromeric
silencing and RNAi in vivo, whereas the C terminus is not
required for dsRNA processing in vitro (Colmenares et al.,
2007). This finding, together with the fact that nuclear localization
of Dcr1 is RNAi- and heterochromatin independent, led us to
speculate that specific regions of Dcr1 mediated subcellular
localization and that proper localization would be necessary for
centromeric siRNA generation in vivo.
One part of Dcr1 that is required for silencing in vivo but is not
essential for dsRNA processing in vitro is its 103 amino acid long
C terminus (C103; Colmenares et al., 2007). This C terminus

contains the enzyme’s dsRBD and a 33 amino acid extension
(C33, Figure 4A and Figure S2). To test the possibility that
C103 mediates subcellular localization of Dcr1, we generated
a strain expressing GFP-tagged Dcr1 lacking C103 (GFPDcr1DC103). In contrast to full-length GFP-Dcr1, GFPDcr1DC103 localization was mainly cytoplasmic (Figures 4B
and 7C). To determine the contribution of C33, we repeated
this analysis on GFP-tagged Dcr1 lacking C33. Importantly,
deletion of C33 resulted in the same if not even stronger loss
of nuclear localization phenotype as observed for the C103 deletion without affecting protein stability (GFP-Dcr1DC33) (Figures
4B, 6B, and 6E; Figure S2). Loss of heterochromatic gene
silencing has been previously demonstrated for Dcr1DC103
(Colmenares et al., 2007). Similarly, silencing of centromeric
heterochromatin and the generation of centromeric siRNAs
were abolished in cells expressing Dcr1DC33 (Figures 4C–4F
and 5D–5H). The observed loss of silencing was due to a failure
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Figure 2. Dcr1 Foci Form Independently of RNAi and Heterochromatin
(A) Two-color live-cell imaging of GFP-Dcr1 with Swi6-tdTomato.
(B) Two-color live-cell imaging of GFP-Dcr1 with Cnp1-mCherry (Cnp1 is
a centromere-specific histone variant).
(C) Live-cell imaging of GFP-Dcr1 in mutant backgrounds as indicated. Scale
bars = 2 mm.

in assembly of heterochromatin at centromeric repeats because
H3K9 methylation was also affected in dcr1DC33 cells
(Figure 4D). Thus, we have identified a short C-terminal motif
(C33), which mediates nuclear localization of Dcr1 and is
required for the assembly of heterochromatin at centromeric
repeats.
Gene Expression Profiles Change in the Absence
of Nuclear Dcr1
Interestingly, we observed that cells expressing Dcr1DC33 grew
more slowly, are less viable than wild-type (Figure 4C; Figures
S2D and S2E), and show morphological abnormalities (data
not shown). Importantly, these phenotypes could not be
observed in dcr1D cells, suggesting that deletion of C33 created
a gain-of-function allele. To test this, we hybridized total RNA
from wild-type, dcr1D, and dcr1DC33 cells to S. pombe tiling
arrays. Consistent with previous studies (Hansen et al., 2005;
Provost et al., 2002b), we observed that RNA levels, except for

Figure 3. Dcr1 Localizes in NPC-Associated Foci at the Inner Side
of the Nuclear Envelope
(A) Cartoon showing the modular assembly of the NPC (adapted from
Brohawn et al. [2009]). The positions of nucleoporins shown in (C) and (D)
are indicated. Nup107 and Nup120 are part of the scaffold ‘‘Y complex’’ (light
blue). Cut11 is an integral nuclear membrane nucleoporin (West et al., 1998).
Gray, FG-Nups; green, membrane attachment; red, nuclear basket; orange,
nuclear membrane.
(B) GFP-Dcr1 foci cluster in nup120D cells. Nup120 is required for normal
distribution of NPCs, which have been shown to cluster in nup120D cells
(Bai et al., 2004).
(C) Two-color live-cell imaging of GFP-Dcr1 with Cut11-mCherry.
(D) Two-color live-cell imaging of GFP-Dcr1 with Nup107-mCherry (upper
panels) or mCherry-Dcr1 with Nup107-GFP (lower panels). Scale bars = 2 mm.

centromeric repeat transcripts, were not much different from
wild-type in dcr1D cells. In contrast, many more genes were
differentially expressed in dcr1DC33 than in dcr1D cells when
compared to wild-type (Figures 5A and 5B).
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The observation that dcr1DC33 and dcr1D gene expression
profiles differ (Figures 5A–5C and 7E) is consistent with the
idea that dcr1DC33 is a gain-of-function allele and may be
responsible for the slow growth of this mutant. It is possible
that this is a consequence of localizing Dcr1 to the cytoplasm,
where it might promiscuously process a variety of RNA
substrates. If this were the case, one would expect to identify
siRNAs specific to dcr1DC33 cells. Therefore, we generated
small RNA libraries from total RNA isolations of wild-type,
dcr1D, and dcr1DC33 cells and subjected them to highthroughput sequencing. As expected from the northern blot
shown in Figure 4F, only very few reads from either dcr1D or
dcr1DC33 cells mapped to centromeric repeats (Figures 5D
and 5E). Interestingly, almost no reads could be found which
were specific to dcr1DC33 cells, and the small RNA profiles for
dcr1D and dcr1DC33 appeared very similar (Figures 5D and
5F–5H), suggesting that Dcr1DC33 can affect gene expression
independently of its dsRNA processing activity. This was
confirmed by our finding that the dcr1DC33-specific gene
expression profile did not revert to a dcr1D profile upon inactivation of the RNaseIII active sites (dcr1DC33**) (Figure 5C; Colmenares et al., 2007). Thus, we conclude that Dcr1 can influence
gene expression independently of its catalytic activity.
Dcr1DC33 Is a Shuttling Protein
Relocation of C-terminally truncated Dcr1 (GFP-Dcr1DC33) from
the nucleus to the cytoplasm led us to hypothesize that C33
could act as a nuclear localization signal (NLS). To directly test
this, we fused C33 to a GFP-LacZ reporter construct, which
had previously been shown to localize throughout the cell
(Dang and Levin, 2000). In contrast to the SV40 NLS, S. pombe
C33 did not lead to an enhanced nuclear localization of the
GFP-LacZ reporter (Figure 6A). Therefore, C33 is not sufficient
for nuclear localization, and, hence, is unlikely to be an NLS.
Surprisingly, although the SV40 NLS was sufficient for nuclear
accumulation of a GFP-LacZ reporter (Figure 6A), this sequence,
added either C- or N-terminally, was not able to restore nuclear
localization of GFP-Dcr1DC33 (Figures 6B and 6E and data not
shown). Moreover, consistent with our observations above that
note the importance of nuclear Dcr1 localization for silencing,
the addition of a C-terminal NLS to Dcr1DC33 was unable to
restore silencing when expressed from Dcr1’s endogenous
promoter (Figure 6C). However, strong overexpression of
Dcr1DC33 fully rescued loss of silencing of a centromeric
ura4+ reporter (Figure S2B). Furthermore, we observed partial
rescue of heterochromatic gene silencing upon mild overexpression of Dcr1DC33, which was further improved by adding an

Figure 4. The 33 Most C-Terminal Amino Acids Restrict Dcr1 to the
Nucleus and Are Essential for H3K9 Methylation and Silencing
(A) Domain architecture of S. pombe Dcr1 (not drawn to scale). C33 and C103
indicate the last 33 and 103 amino acids of Dcr1, respectively.
(B) Live-cell imaging of full-length and C-terminal truncations of GFP-Dcr1.
Scale bars = 2 mm.
(C) Silencing assay with Dcr1DC33 expressed from its endogenous promoter
showing that the truncated protein cannot silence a heterochromatic ura4+
reporter gene (imr1R::ura4+).
(D) ChIP experiment showing that the C33-truncated version of Dcr1 expressed from its endogenous promoter loses H3K9me2 of a heterochromatic

ura4+ transgene (imr1R::ura4+). Fold-enrichment values from one representative experiment, normalized to act1+, are shown. The value for clr4D cells was
set to 1.
(E) Quantitative real-time RT-PCR with the same strains as in (D) showing that
the C33-truncated version of Dcr1 cannot silence cendh centromeric repeats.
The value for wild-type cells (dcr1+) was set to 1. (D and E) Error bars represent
standard deviations (STDEV).
(F) Northern blot analysis performed with total RNA preparations enriched for
RNAs <200 nt from the same strains as in (D). The membrane was probed with
50 end-labeled DNA oligos specific for centromeric siRNAs, and the loading
control snoR69. See also Figure S2.
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Figure 5. Gene Expression- and siRNA-Profiles in Different Dcr1 Mutants
(A) Venn diagrams showing the number of genes upregulated at least 1.5-fold in dcr1D or dcr1DC33 cells compared to wild-type (p = 0.05) on S. pombe tiling
arrays.
(B) Venn diagrams showing the number of genes downregulated at least 1.5-fold in dcr1D or dcr1DC33 cells compared to wild-type (p = 0.05) on S. pombe tiling
arrays. (A and B) Six biological replicates were analyzed.
(C) Heatmap displaying the genes which were up- or downregulated at least 2-fold (p = 0.05) in dcr1DC33 cells compared to wild-type on S. pombe tiling arrays.
Artificially scaled expression values are shown for the strains indicated (1.5 is set for the gene with the lowest expression, and +1.5 is set for the gene with the
highest expression). Two or more biological replicates were performed.
(D) Classification of the sequence reads obtained from deep-sequencing of small RNA libraries derived from wild-type, dcr1D, and dcr1DC33 cells. The numbers
indicate the weighted number of sequenced reads for every class.
(E) Sequence reads mapping to the centromere of chromosome 3 displayed on a genome browser (Affymetrix) for wild-type, dcr1DC33, and dcr1D cells. The
y axis displays the log(2) of the weighted number of reads. Asterisks indicate tRNA genes.
(F–H) Pie chart illustrating percentages for the individual small RNA classes relative to the total amount of small RNAs sequenced for each condition.

SV40 NLS (Figure 6D). These results strongly suggested that the
SV40 NLS did promote nuclear import of Dcr1DC33, although it
never accumulated to high levels in the nucleus due to faster
export kinetics. To directly test this, we performed fluorescence
loss in photobleaching (FLIP) experiments, where we bleached

the cytoplasm of cells expressing GFP-Dcr1DC33 or NLSGFP-Dcr1DC33 while measuring fluorescence in the nucleus.
Cytoplasmic bleaching resulted in a rapid decrease of nuclear
fluorescence, demonstrating that GFP-Dcr1DC33 and NLSGFP-Dcr1DC33 are shuttling proteins (Figures 6E and 6F).
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Figure 6. Dcr1DC33 Is a Shuttling Protein
(A) Live-cell imaging of wild-type strains transformed with the indicated plasmids.
(B) Live-cell imaging of GFP-Dcr1DC33- and NLS-GFP-Dcr1DC33-expressing cells. Scale bars = 2 mm.
(C) Quantitative real-time RT-PCR showing that Dcr1DC33-NLS fails to silence centromeric repeats when expressed from its endogenous promoter.
(D) Quantitative real-time RT-PCR showing that moderate overexpression of GFP-Dcr1DC33 or NLS-GFP-Dcr1DC33 results in partial rescue of silencing. cendg,
cendh, and imr1R::ura4+ RNA levels are shown relative to dcr1+ cells and were normalized relative to act1+ RNA. (C and D) Error bars represent standard
deviations (STDEV).
(E and F) Nuclear fluorescence loss in (cytoplasmic) photobleaching (FLIP) of different GFP-tagged Dcr1 alleles. (E) Representative images of FLIP. (F) The mean
fluorescence of the nucleus was determined (illustrated by red circle in [E], Ø1 mm) 15 s before, immediately before, and nine times after photobleaching the
cytoplasm in 15 s intervals (rectangle = bleach area; bleach iterations = 50). Each value represents the average of R3 individual recordings. Error bars represent
standard error of the mean (StDev/SQRT(n)). See also Figure S4.

In conclusion, our results demonstrate that fission yeast Dcr1
has the ability to shuttle between the nucleus and the cytoplasm
and is very efficiently exported to the cytoplasm if the 33 most
C-terminal amino acids are missing. Therefore, rather than
acting as an NLS, C33 functions as a nuclear retention signal
by inhibiting nucleocytoplasmic export of Dcr1.

The Dcr1 dsRBD Mediates Nucleocytoplasmic
Trafficking
Our results suggested that Dcr1 contains nuclear import as well
as export signals, although we were not able to predict them.
Interestingly, several proteins harboring dsRBDs exhibit nucleocytoplasmic shuttling, and a dsRBD itself can mediate import
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Figure 7. The Dcr1 dsRBD Mediates Nucleocytoplasmic Trafficking
(A and B) FLIP was performed with cells expressing GFP-lacZ, GFP-lacZ-dsRBD, and GFP-lacZ-dsRBD+C33 as in Figure 6.
(C) Live-cell imaging from cells expressing GFP-Dcr1DC103 or NLS-GFP-Dcr1DC103. Scale bars = 2 mm.
(D) Quantitative real-time RT-PCR to detect heterochromatic RNAs from the strains indicated. cendg, cendh, and imr1R::ura4+ RNA levels are shown relative to
GFP-dcr1+ cells and were normalized to act1+ RNA. Error bars represent standard deviations (STDEV).
(E) Heatmap displaying the genes which were up- or downregulated at least 2-fold (p = 0.05) in the indicated strains compared to wild-type on S. pombe tiling
arrays. Artificially scaled expression values are shown for the strains indicated (1.5 is set for the gene with the lowest expression, and +1.5 is set for the gene with
the highest expression). Two to six biological replicates were performed. See also Figure S3.

and/or export (Chen et al., 2004a; Fritz et al., 2009; Gwizdek
et al., 2004; Macchi et al., 2004; Strehblow et al., 2002). This
led us to test whether the dsRBD of Dcr1 might generally function
in nucleocytoplasmic trafficking. Indeed, adding the dsRBD of
Dcr1 to a GFP-LacZ reporter resulted in strongly reduced nuclear
signal (Figure 7A). This residual nuclear fluorescence was
further decreased upon cytoplasmic photobleaching, whereas
nuclear fluorescence in GFP-LacZ-expressing cells was not
greatly affected (Figures 7A and 7B). This result verified that
the dsRBD can function as an export signal. Importantly, C33
did not greatly affect export of GFP-LacZ-dsRBD (dsRBD+C33,
Figures 7A and 7B). Thus, C33 can only function efficiently as
a nuclear retention signal in the context of full-length Dcr1.
If the dsRBD operates solely as an export signal, GFPDcr1DC103 would be expected to localize in the nucleus.
However, we observed only slightly more nuclear staining for
GFP-Dcr1DC103 compared to GFP-Dcr1DC33 (Figures 4B and
7C and data not shown), and a wild-type Dcr1 localization
phenotype could only be restored after adding an SV40 NLS
(Figure 7C). Furthermore, nuclear fluorescence was not greatly
affected in FLIP experiments performed with cells expressing

GFP-Dcr1DC103 (Figure S3). These results pointed out that the
dsRBD also functions in nuclear import, likely in cooperation
with another putative nuclear import-promoting element on
Dcr1. Therefore, the dsRBD mediates shuttling of Dcr1 which
is under the control of C33.
C33 Prevents Promiscuous Activity of Dcr1
Adding an NLS to GFP-Dcr1DC103 restored the formation of
perinuclear foci (Figure 7C), showing that neither the dsRBD
nor C33 is required for this localization pattern. Expression of
NLS-GFP-Dcr1DC103 also fully restored heterochromatic gene
silencing (Figure 7D), demonstrating that nuclear localization of
Dcr1 lacking a dsRBD is sufficient for RNAi-mediated heterochromatin assembly. In contrast, gene expression profiles for
Dcr1DC103, either with or without an SV40 NLS, were not
much different from Dcr1DC33 (Figure 7E). Thus, lacking C33
per se seems to be responsible for the observed gain-of-function
phenotype, independent of subcellular localization or dsRNA
processing activity. Therefore, we conclude that C33, in addition
to functioning as a nuclear retention signal, also prevents Dcr1
from functioning promiscuously.
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DISCUSSION
In this study, we have analyzed the subcellular localization of the
fission yeast Dcr1 enzyme and found that it accumulates in
perinuclear foci associated with NPCs throughout the cell cycle.
Our findings highlight that proper subcellular localization of Dcr1
is obligatory for RNAi-mediated heterochromatin assembly in
S. pombe and reveal mechanistic insights into how this is
achieved. Below, we discuss the implications of these findings
for the mechanism of RNAi-mediated heterochromatin formation
and the subcellular organization of RNA silencing.
Nuclear RNAi
Unlike in animals, it is not clear whether siRNAs in S. pombe also
function in classical, cytoplasmic posttranscriptional gene
silencing (PTGS) (Buhler et al., 2006; Sigova et al., 2004). Rather,
RNA silencing seems to be functionally restricted to the nucleus
in S. pombe (Moazed, 2009). Therefore, earlier findings that Dcr1
is predominantly cytoplasmic were difficult to reconcile with
current models of RNAi-mediated heterochromatin assembly in
fission yeast (Carmichael et al., 2006; Matsuyama et al., 2006).
We found that massive overexpression of Dcr1 causes growth
defects and strong cytoplasmic staining (Figure S1 and data
not shown), which may explain why cytoplasmic localization
has been previously reported for Dcr1 (Figure S1; Carmichael
et al., 2006; Matsuyama et al., 2006). When Dcr1 was expressed
at more moderate levels, we observed a clear nuclear accumulation. Such localization is required for proper centromeric siRNA
generation and heterochromatin assembly. Thus, we propose
that heterochromatic siRNA biogenesis occurs in the nucleus.
We cannot, at present, rule out additional Dcr1 functions in the
cytoplasm.
Current models for RNAi-mediated heterochromatin assembly
in S. pombe propose that siRNAs are generated in cis, i.e., at
heterochromatic repeats at centromeres. Importantly, we have
not been able to demonstrate a persistent colocalization of
Dcr1 with the centromere-specific histone variant Cnp1, raising
the question of whether siRNA generation might occur elsewhere in the nucleus. Consistent with such a model, neither
Dcr1 nor components of the ARC complex, which receives the
double-stranded siRNAs from Dcr1, can be crosslinked to chromatin (Buker et al., 2007; Volpe et al., 2002). It is possible that
siRNA generation might occur in a specialized nuclear compartment, possibly in the observed peripheral Dcr1 foci. We note that
the formation of these foci depends neither on the dsRBD nor
C33 (Figure 7C). Thus, neither shuttling nor dsRNA binding is
required for targeting Dcr1 to the nuclear periphery.
The Dcr1 foci are reminiscent of subnuclear bodies described
in Arabidopsis thaliana, although these have been found to be
associated with the nucleolus (Fang and Spector, 2007;
Li et al., 2006, 2008; Pontes et al., 2006; Song et al., 2007). Plant
Cajal- and AB-bodies are rich in RNA-directed DNA methylation
(RdDM)-specific proteins and appear to be required to fully
silence genes by RdDM (Li et al., 2008). Furthermore, in contrast
to animals, miRNA biogenesis in plants is carried out solely in the
nucleus in so-called dicing (D-) bodies. It has been proposed that
the formation of D-bodies in Arabidopsis is crucial for the generation of miRNAs (Fang and Spector, 2007; Papp et al., 2003). The
perinuclear Dcr1 foci observed in S. pombe resemble such

D-bodies, as only Dcr1 and none of the other RNAi proteins
exhibited this localization pattern (data not shown). However,
Dcr1 foci are distinct from plant D-bodies in that they are associated with NPCs.
In summary, we speculate that siRNA biogenesis might occur
in discrete nuclear bodies in S. pombe. Such compartmentalization could ensure proper assembly of silencing complexes and
prevent illegitimate events from occurring elsewhere, thereby
increasing the fidelity of RNA silencing. However, the relevance
of Dcr1 foci for a functional RNAi-mediated heterochromatin
assembly pathway and the exact mechanism of their formation
demand further study.
Nucleocytoplasmic Shuttling of Dicer
Our study revealed that Dicer proteins may have the ability to
shuttle between the nucleus and the cytoplasm. This shuttling
is mediated by the dsRBD and can be influenced by additional
sequences. In S. pombe, this additional sequence is contained
in the extended C terminus (C33) of Dcr1 and provides a means
of regulation of its nucleocytoplasmic distribution. It will be interesting to see whether cellular localization of other RNaseIII
enzymes with extended C termini is regulated in a way similar
to what we observe for fission yeast Dcr1.
Intriguingly, nucleocytoplasmic shuttling that is dependent on
the dsRBD can also be observed for human Dicer (M. Doyle and
W. Filipowicz, personal communication). Strikingly, only Dcr1
but not human Dicer has an extended C terminus, which may
explain why human Dicer localizes mainly to the cytoplasm (Billy
et al., 2001; Provost et al., 2002a). Based on these results, we
propose that Dicer proteins in general might have the ability to
shuttle between the nucleus and the cytoplasm and that the
steady-state subcellular levels can be shifted toward either
compartment. This regulation could be achieved by interacting
proteins or cis-motifs that either promote or inhibit nuclear
export/import. For S. pombe Dcr1, we favor the second possibility. We suggest that C33 might influence the structural conformation of Dcr1 such that the export-promoting features of the
dsRBD are masked, resulting in nuclear retention of Dcr1, an
intriguing hypothesis that needs to be directly tested by future
structural work. Future studies will also be required to elucidate
the precise import/export pathways that mediate Dicer shuttling.
We note that this is neither Crm1- nor Exp5 dependent in
S. pombe, as leptomycin B (LMB) treatment and/or deletion of
a putative exportin 5 homolog (SPAC328.01c) did not noticeably
affect the subcellular localization of Dcr1DC33 (Figure S4).
EXPERIMENTAL PROCEDURES
Strains and Plasmids
Fission yeast strains used in this study are described in Supplemental Experimental Procedures and were grown at 30 C in YES. If transformed with plasmids (see Supplemental Experimental Procedures), strains were grown in
EMMc-leu medium containing 5 mg/ml thiamine. All strains were constructed
following a standard PCR-based protocol (Bahler et al., 1998). GFP-LacZ
constructs were cloned by fusion PCR-based assembly of the inserts and
subsequent PacI/NotI ligation into pREPN-3xFLAG (Buker et al., 2007).
pREP1-3xFLAG-Dcr1DC33 was constructed by exchanging Dcr1 with
Dcr1DC33 by BglII/NotI cloning into pREP1-3xFLAG-Dcr1 (Colmenares
et al., 2007). Primer sequences used for cloning are available upon request.
Constructs on plasmids and in yeast strains were confirmed by sequencing.
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Yeast Live-Cell Fluorescence Microscopy
If not specified differently, S. pombe precultures were grown in YES (sterile
filtered components only) for 8 hr at 30 C, diluted to 105 cells/ml, and grown
for 1416 hr at 30 C to a concentration of about 53106 cells/ml. Microscopy
was performed on cells spread on agarose patches containing YES medium
with 3% glucose. Images were captured on a Delta Vision built of an Olympus
IX70 widefield microscope equipped with a CoolSNAP HQ2/ICX285 camera.
Image stacks of 12–15 mm Z-distance were acquired with a Z-step size of
0.2 mm and deconvolved using the softworks (Delta Vision) software.

Confocal Microscopy and FLIP
Cells expressing the plasmid-encoded fusion proteins GFP-lacZ, GFPlacZ+dsRBD, and GFP-lacZ+dsRBD+C33 were grown in PMGc-Leu supplemented with 1 mg/ml thiamine for 6–8 hr. From this preculture, cells were
diluted into fresh medium to a concentration of 73105 cells/ml and grown
for 14 hr. Strains with genomic modifications of the dcr1+ locus were grown
in YES for 6–8 hr. This preculture was diluted to 0.5–13105 cells/ml into fresh
medium and grown for 14 hr. G2 cells were imaged in liquid media using a ludin
chamber and Bandeiraea simplicifolia (Sigma L7508, 1 mg/ml solution) coated
coverslips. Bleaching was performed on a Zeiss LSM510 microscope. The
pinhole was set to 1 airy unit corresponding to 0.7 mm optical thickness. The
mean fluorescence of nuclei was determined using the ImageJ software.
The values were normalized to control neighboring nuclei and to the first
time point.

RNA Isolation and cDNA Synthesis for qRT-PCR
Cells were harvested at OD600 = 0.5, washed once in water, and flash frozen in
liquid nitrogen. RNA was isolated using the Absolutely RNA Miniprep Kit from
Stratagene (#400805) with the following modification: 600 ml lysis buffer, 4.2 ml
Mercaptoethanol, and 500 ml glass beads were added to the pellet, and cells
were bead-beaten for 1 min. The cleared lysate was collected, and RNA isolation was continued according to the supplier’s manual. cDNA was synthesized
using random hexamers with the AffinityScript MultipleTemperature cDNA
Synthesis Kit from Stratagene (#200436).

Quantitative RT-PCR/PCR
Quantitative PCR was performed on a 7500 Fast Real-Time PCR System
(Applied Biosystems #4351106) using the Fast SYBR Green Master Mix
(Applied Biosystems #4385612). Relative RNA levels were calculated from
CT values according to the DCT method and normalized to act1+ mRNA levels.
Primer pairs used for PCR reactions can be found in the Supplemental Experimental Procedures.

Generation of Small RNA Libraries for High-Throughput Sequencing
Total RNA was isolated from cells harvested at OD600 = 0.5 using the hot
phenol method (Leeds et al., 1991) and subjected to size fractionation using
RNeasy Midi columns (QIAGEN) as previously described (Buhler et al., 2006).
17–30 nt small RNAs were PAGE purified and were cloned based upon the
preactivated, adenylated linkering method described previously (Lau et al.,
2001) using a mutant T4 RNA ligase (Rnl21-249) (Ho et al., 2004). All samples
were barcoded at the 30 end of the 50 adaptor using a hamming distance
two code with a 30 cytosine (AAAC, ACCC, AGGC, ATTC, CACC, CCGC,
CGTC, CTAC, GAGC, GCTC, GGAC, GTCC, TATC, TCAC, TGCC, TTGC)
and sequenced in one lane of an Illumina GA2 instrument.
In Silico Analysis of Sequencing Data
Individual reads were assigned to their sample based on the first four nucleotides containing the barcode. The 30 adaptor was removed by aligning it to the
read allowing one or two mismatches in prefix alignments of at least seven or
ten bases, respectively. Low-complexity reads were filtered out based on their
dinucleotide entropy (removing <1% of the reads). All the reads that were
shorter than 14 nucleotides were removed. Alignments to the S. pombe
genome (May 8, 2009, http://www.sanger.ac.uk/Projects/S_pombe/) were
performed by the software bowtie (version 0.9.9.1) (Langmead et al., 2009)
with parameters -v 2 -a -m 100, tracking up to 100 best alignment positions
per query and allowing at most two mismatches. To track genomically untemplated hits (e.g., exon-exon junctions or missing parts in the current assembly),
the reads were also mapped to an annotation database containing known
sequences (http://www.sanger.ac.uk/Projects/S_pombe/). In that case, all
best hits with at most two mismatches were tracked. Each alignment was
weighted by the inverse of the number of hits. In the cases where a read had
more hits to an individual sequence from the annotation database than to
the whole genome, the former number of hits was selected to ensure that
the total weight of a read does not exceed one. Genomic read coverage plots
were based on weighted alignments.
ACCESSION NUMBERS
Tiling array and deep sequencing data are deposited at GEO (http://www.ncbi.
nlm.nih.gov/geo, accession numbers GSE18440 and GSE18582, respectively).
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