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ABSTRACT

Dicer is a key player in microRNA (miRNA) and RNA interference (RNAi) pathways, processing miRNA precursors and double-
stranded RNA into ∼21-nt-long products ultimately triggering sequence-dependent gene silencing. Although processing of
substrates in vertebrate cells occurs in the cytoplasm, there is growing evidence suggesting Dicer is also present and functional
in the nucleus. To address this possibility, we searched for a nuclear localization signal (NLS) in human Dicer and identified its
C-terminal double-stranded RNA binding domain (dsRBD) as harboring NLS activity. We show that the dsRBD-NLS can
mediate nuclear import of a reporter protein via interaction with importins β, 7, and 8. In the context of full-length Dicer, the
dsRBD-NLS is masked. However, duplication of the dsRBD localizes the full-length protein to the nucleus. Furthermore,
deletion of the N-terminal helicase domain results in partial accumulation of Dicer in the nucleus upon leptomycin B
treatment, indicating that CRM1 contributes to nuclear export of Dicer. Finally, we demonstrate that human Dicer has the
ability to shuttle between the nucleus and the cytoplasm. We conclude that Dicer is a shuttling protein whose steady-state
localization is cytoplasmic.
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INTRODUCTION

Dicer is a large multidomain endoribonuclease that plays a
central role in the microRNA (miRNA) and RNA interfer-
ence (RNAi) pathways. In metazoa, it is required for the bio-
genesis of miRNAs and small interfering RNAs (siRNAs) and
also is involved in an effector step of RNA silencing by
participating in the assembly of the RNA-induced silenc-
ing complex (RISC) (Jinek and Doudna 2009; Doyle et al.
2012). Dicer proteins are found in most eukaryotes, with
copy number and domain structure varying among different
organisms. Four Dicer proteins are present in Arabidopsis
thaliana, two in Drosophila melanogaster, and one in mam-

mals, Caenorhabditis elegans, Schizosaccharomyces pombe,
and some budding yeast species (Doyle et al. 2012). Metazoan
and plant Dicers generally contain ATPase/helicase (hereafter
referred to as helicase), DUF283 (domain of unknown func-
tion), PAZ (Piwi/Argonaute/Zwille), two RNase III domains,
and one or two double-stranded RNA-binding domains
(dsRBDs) (see Fig. 1A), but Dicers of lower eukaryotes fre-
quently have a less complex domain organization (MacRae
et al. 2006;Weinberg et al. 2011; Doyle et al. 2012). Functions
of some individual domains of Dicer are not fully understood.
For human Dicer, the PAZ and RNase III domains have been
most intensively studied and are involved in RNA binding
and/or cleavage together acting as amolecular ruler determin-
ing product size (Zhang et al. 2004; MacRae et al. 2006, 2007;
Park et al. 2011). The helicase distinguishes between perfect
duplex or hairpin RNAs, with a higher affinity for the latter.
Furthermore, it plays a role in catalysis keeping Dicer in a
semi-repressed state (Ma et al. 2008, 2012; Tsutsumi et al.
2011). This domain also mediates interaction between Dicer
and its partner, TRBP, that stimulates full-length Dicer activ-
ity, thus suggesting that protein cofactors may modulate heli-
case inhibition (Haase et al. 2005; Kok et al. 2007; Lau et al.
2009; Chakravarthy et al. 2010). Finally, the roles of the
DUF293 and dsRBD domains are less understood (Jinek and
Doudna 2009; Doyle et al. 2012; Lau et al. 2012).
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The molecular mechanism of how
Dicer processes its substrates has been
studied intensively. In a model based
on mutagenic studies of human Dicer
(Zhang et al. 2004) and crystallographic
structure of the Giardia intestinalis Dicer
(MacRae et al. 2006), the enzyme func-
tions as an intra-molecular pseudodimer
of RNase IIIa and IIIb domains contain-
ing two independent catalytic sites, each
capable of cutting one strand of RNA du-
plex to generate products with 2-nt 3′

overhangs. The end of the dsRNA is rec-
ognized by the PAZ domain, and the sub-
strate is placed in the positively charged
valley on the surface of the RNase III do-
mains. This model has also been extend-
ed to S. pombe (Colmenares et al. 2007).
It was further demonstrated that human
Dicer not only anchors the 3′ end of the
RNA but also the 5′ end, with the posi-
tion of cleavage being determined by
the ∼22-nt distance from the 5′ end (5′

counting rule) (Park et al. 2011). Recent-
ly, several studies described the electron
microscopy (EM) reconstructions of hu-
man Dicer that all reported an L-shaped
molecule with morphologically discrete
regions (Lau et al. 2009, 2012; Wang et
al. 2009). Site-specific tagging positioned
the helicase domain at the very base oc-
cupying the horizontal arm of the L.
Both the RNase III and PAZ domains
occupied the vertical arm of the L, with
the PAZ at the top and the RNase III at
the bottom (Lau et al. 2012). Such an
arrangement supports biochemical ob-
servations that the distance between the
PAZ and RNase III domains acts as a mo-
lecular ruler. Importantly, it also accom-
modates the observed RNA binding by
the helicase domain in human Dicer, as
its position below the catalytic core al-
lows it to bind both dsRNA and loop seg-
ments of its substrates (Ma et al. 2008,
2012; Soifer et al. 2008).

In mammalian cells, the miRNA path-
way starts in the nucleus with the tran-
scription of primary miRNA precursors
(pri-miRNAs), most of which are ini-
tially cleaved by the Drosha/DGCR8
complex to generate precursor-miRNAs
(pre-miRNAs). These are then exported
to the cytoplasm via Exportin 5 (XPO5).
Once in the cytoplasm, processing by
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FIGURE 1. The dsRBD of human Dicer functions as a nuclear localization signal (NLS). (A)
Schematic representation of human Dicer with individual protein domains indicated by different
colors. (B) The pyruvate kinase (PK-myc) fusion constructs used to assess NLS activity. (C) In
transfected HeLa cells, PK-myc localizes to the cytoplasm but can be driven to the nucleus by
an SV40 NLS (SV40-PK-myc). dsRBD-PK-myc and PK-dsRBD-myc show strong nuclear accu-
mulation. Staining with DAPI is shown in the lower panel. (D) dsRBDs from various proteins were
tested for their ability to function as a NLS in the PK reporter assay as indicated. The dsRBDs from
human Drosha (Hs Drosha-PK-myc) andDrosophilaDcr-2 (DmDcr-2-PK-myc) were found not
to function as a NLS, whereas those of Drosophila Dcr-1 (Dm Dcr-1-PK-myc) and C. elegans Dcr
(Ce Dcr-PK-myc) functioned as a NLS. Bar, 20 µm. (E) Sequence of Dicer’s dsRBD (amino acids
1845 to 1912, in red) and its flanking amino acids (in black). The indicated deletions made at ei-
ther the N or C terminus of the dsRBD are shown by dashed lines. The protein fragments of each
dsRBD reporter tested are as follows: N Δ5, 1850 to 1912; N +1, 1844 to 1912; N +6, 1839 to 1912;
CΔ5, 1839 to 1907; C Δ9, 1839 to 1903. N +7/CΔ62, including only residues 1837 to 1849, served
as an additional control to test if residues spanning gaps between other deletion constructs can
function as a NLS. (F) In transfected HeLa cells, Dicer dsRBD N+6 and N +1 (data not shown
for N +1) accumulated in the nucleus. N- or C-terminal deletions (N Δ5, C Δ5, and C Δ9 [data
not shown for C Δ9]) localize to the cytoplasm. The additional control N +7/C Δ62 also localizes
to the cytoplasm. Staining with DAPI is shown in the lower panel. Representative images are
shown from a minimum of three independent experiments. Bar, 20 µm.
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Dicer gives rise to the double-stranded siRNA-like form of
miRNA (Kim et al. 2009). One strand of the duplex, corre-
sponding to mature miRNA, is then incorporated in the
RISC-like miRNP complex, which mediates translational re-
pression of mRNA and/or its deadenylation and degradation
(Fabian et al. 2010; Huntzinger and Izaurralde 2011). How-
ever, there has been growing—albeit mostly indirect—
evidence that Dicer in mammalian cells may also have addi-
tional roles in the nucleus. Loss-of-function studies have
revealed nuclear phenotypes, including heterochromatic de-
fects such as reduced epigenetic silencing of centromeric
repeats and increased telomere recombination and elonga-
tion in Dicer-deficient mouse embryonic stem (ES) cells
(Kanellopoulou et al. 2005; Benetti et al. 2008). Studies of
Dicer-deficient ES cells have also implicated the enzyme as
having a role in X chromosome inactivation, although this re-
mains controversial (Nesterova et al. 2008; Ogawa et al. 2008;
Kanellopoulou et al. 2009). In the chicken-human hybrid
DT40 cells, loss of Dicer leads to premature sister chromatid
separation due to abnormalities in heterochromatin forma-
tion (Fukagawa et al. 2004). Dicer has also been implicated
in regulating intergenic transcription at the human β-globin
locus (Haussecker and Proudfoot 2005). Additionally, in
mouse oocytes where Dicer was conditionally deleted, phe-
notypes including multiple disorganized spindles and severe
chromosome congression defects were observed (Murchison
et al. 2007). More recently, fragments excised in a Dicer-de-
pendent manner from small nucleolar RNAs (snoRNAs) that
have properties of miRNAs were described, raising the possi-
bility that Dicer may be active in the nucleus (Ender et al.
2008; Taft et al. 2009). Although well documented, these
studies do not address the key question of whether the ob-
served phenotypes result from a direct loss of Dicer from
the nucleus or are a consequence of a failure in miRNA bio-
genesis in the cytoplasm.

To date,most studies have shown that Dicer localizes to the
cytoplasm in mammalian cells. However, these studies do
not exclude the possibility that Dicer is present, either at low
or transient levels, also in the nucleus (Billy et al. 2001;
Provost et al. 2002). Supporting this possibility is the obser-
vation that Dicer is associated with ribosomal DNA (rDNA)
chromatin in mammalian cells (Sinkkonen et al. 2010).
Furthermore, use of advanced fluorescence cross correlation
microscopy has also suggested that Dicer may be present in
themammaliannucleus (Ohrt et al. 2012).Recently,mamma-
lian Dicer has been implicated in the transcriptional silencing
of genes expressing convergent transcripts and in processing
of dsRNA in the nucleus (Gullerova and Proudfoot 2012).

In contrast to mammals, Dicer proteins from several lower
organisms have been shown to have well-defined roles in the
nucleus. One of the best examples applies to S. pombe, where
Dicer (Dcr1) is involved in heterochromatin formation at
centromeres by processing, in the nucleus, heterochromatic
siRNAs that are subsequently loaded into the RNA-induced
transcriptional silencing complex (RITS) (Lejeune et al.

2010). Moreover, recent work in S. pombe demonstrated
that the extended C-terminal dsRBD of Dcr1 mediates nucle-
ar accumulation as well as nuclear retention of the protein,
thus providing a mechanistic insight into the localization of
the fission yeast Dicer (Emmerth et al. 2010; Barraud et al.
2011). In Drosophila, Dcr-2 was found associated with tran-
scriptionally active euchromatic regions and shown to inter-
act with core transcription machinery including Pol II. Loss
of Dcr-2 was shown to perturb the positioning of Pol II on
promoters, which affected transcription (Cernilogar et al.
2011).
In this study, we set out to investigate Dicer localization in

mammalian cells. We found that human Dicer dsRBD func-
tions as a nonclassical nuclear localization signal (NLS) that
can mediate the nuclear localization of a reporter construct.
Mutational analysis identified a basic region on the surface
of the dsRBD as essential for its nuclear accumulation. We
further demonstrate that Dicer’s dsRBD binds importins β,
7, and 8. Unlike in S. pombeDicer, the dsRBD-NLS of the hu-
man enzyme appears to be inhibited from driving nuclear lo-
calization of the full-length protein. However, upon deletion
of the helicase domain, Dicer is able to accumulate in the nu-
cleus after CRM1-dependent nuclear export is blocked with
the drug leptomycin B (LMB). These observations, together
with the results of heterokaryon assays, suggest that human
Dicer is a shuttling protein whose steady state localization
is cytoplasmic.

RESULTS

dsRBD of human Dicer functions as an atypical NLS

We investigated whether vertebrate Dicer proteins contain
conserved sequences with a potential to act as NLSs. Using
in silico tools predicting classical mono- and bipartite
NLSs, we identified three putative signals starting at residues
740, 788, and 1349 (see Materials and Methods for sequences
tested). Minimal and extended versions of each predicted
NLS as well as the characterized Simian virus 40 (SV40)
NLS were cloned upstream of a myc-tagged chicken pyruvate
kinase (PK) open reading frame (ORF) (Fig. 1B). PK is a
bona fide cytoplasmic protein that has previously been
used as a cargo to test sequences for NLS activity; as PK is
over 60 kDa in size, it cannot passively diffuse across the nu-
clear envelope. We found that none of the three predicted
NLSs of human Dicer was able to drive nuclear localization
of the PK-myc reporter in HeLa cells (data not shown).
The PK fusion with the SV40 NLS, a positive control, local-
ized to the nucleus, while a control PK-myc protein showed
cytoplasmic localization (Fig. 1C).
Not all experimentally documented NLSs correspond to

classical mono- or bipartite stretches of amino acids, under-
scoring the divergent nature of nuclear import signals. One
example of an atypical NLS is the third dsRBD of the human
RNA-editing enzyme adenosine deaminase that acts on RNA
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1 (ADAR1), as well as the extended dsRBD of the S. pombe
Dicer (Eckmann et al. 2001; Strehblow et al. 2002; Emmerth
et al. 2010). As human Dicer also contains a canonical dsRBD
at the C terminus, we tested its potential to act as a NLS using
the PK-myc reporter. As shown in Figure 1C, the fusion pro-
tein, containing the dsRBD fused to either the N or C termi-
nus of PK, efficiently accumulated in the nucleus, indicating
that the dsRBD of human Dicer can function as a NLS in a
position-independent way.
Given that there are few examples of

dsRBDs acting as NLSs and the fact that
this domain features prominently in
proteins involved in RNA silencing path-
ways, we investigated whether NLS ac-
tivity is a more general feature of the
dsRBD. Using the PK-myc reporter, we
tested dsRBDs from D. melanogaster
and C. elegans Dicers, and human Dro-
sha. The dsRBDs from D. melanogaster
Dcr-1 and C. elegans Dcr functioned as
NLSs, whereas the dsRBDs of D. mela-
nogaster Dcr-2 and human Drosha did
not (Fig. 1D). Hence, not all dsRBDs
act as NLSs, indicating that this is not a
general property of the domain. Multiple
sequence alignments were performed to
look for any conserved residues that
may be shared between those dsRBDs
which function as NLSs (see Supplemen-
tal Fig. S1A). Overall similarity was poor,
with the highest degree of conserva-
tion being at the C-terminal end of the
domain. No obvious residues were iden-
tified that could explain the NLS activity
of certain dsRBDs. We also aligned the
dsRBDs from various vertebrate Dicers
and, strikingly, found 100% conservation
at the amino acid level, indicating that all
have the potential to function as a NLS
(see Supplemental Fig. S1B).

dsRBD integrity, but not RNA-binding
potential, is essential for NLS activity

The dsRBD is a structurally conserved
motif of ∼70 aa in length found in a
wide range of RNA-binding proteins, in-
cluding Dicer, and other proteins in-
volved in RNA silencing pathways. We
investigated whether the integrity of hu-
man Dicer’s dsRBD is required for it to
function as a NLS. We found that dele-
tions of amino acids flanking the domain
had no effect on its ability to target PK-
myc to the nucleus (data not shown).

However, deletions extending into the predicted minimal
dsRBD, either N- or C-terminal, abolished NLS activity
(Fig. 1E,F). Hence, the structural integrity of the dsRBD ap-
pears to be critical for NLS function.
We investigated whether the RNA binding potential of the

dsRBD contributes to its NLS activity. First, we assessed the
RNA binding properties of the minimal dsRBD that func-
tions as a NLS. Using gel mobility shift assays, the ability of
the purified recombinant dsRBD fused to GST (Fig. 2A) to
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FIGURE 2. RNA-binding potential of Dicer dsRBD is not required for NLS activity. (A) Dicer’s
dsRBD (D-dsRBD) and the second dsRBD from the Xenopus laevis RNA-binding protein A
(XlrbpA) (Xl-dsRBD) were expressed as GST-fusion proteins and purified from Escherichia
coli. (B) To analyze the D-dsRBD RNA-binding properties, native gel mobility shift assays were
performed three or more times with increasing amounts of recombinant D-dsRBD and substrates
of differing length as indicated. D-dsRBD bound 30-, 50-, and 130-bp-long dsRNAs, but only lit-
tle binding of the shorter 21- or 19-bp substrates was observed at protein concentrations tested.
Two independent sequences for the 19-bp substrates containing 2-nt 3′-overhangs, 19 + 2 (a) and
19 + 2 (b), were tested. (C) Apparent binding affinities for the different substrates were measured
for D-dsRBD and the Xl-dsRBD using the representative experiments shown in panel B. D-
dsRBD bound longer dsRNAs with an affinity ∼30 times lower compared to the Xl-dsRBD.
(D) Mutational analysis of D-dsRBD was performed (also see Supplemental Fig. S2) to identify
residues important for RNA-binding. Introduction of the double point mutation (R1895A/
I1899A) severely abrogated RNA-binding. (E) The NLS activity of the double point mutant
(R1895A/I1899A) was tested in the PK-myc reporter assay and compared to the wild-type
(WT) domain. Both fusion proteins efficiently accumulated in the nucleus. Staining with
DAPI is shown in the lower panel. Representative images are shown from a minimum of three
independent experiments. Bar, 20 µm.
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bind dsRNAs of 130, 70, 50, 30, 21, and 19 bp in length was
tested (Fig. 2B). The two used 19-bp dsRNAs contained 2-nt
3′ overhangs, thus they mimicked siRNAs. Activity of Dicer’s
dsRBD was compared with that of the dsRBD2 of Xenopus
laevis RNA-binding protein A (XlrbpA), previously shown
to bind dsRNA very robustly (Fig. 2A; St. Johnston et al.
1992; Krovat and Jantsch 1996). Both analyzed dsRBDs
formed complexes with 130-, 70-, 50- and 30-bp dsRNAs, al-
though XlrbpA dsRBD2 bound dsRNAs with an affinity ∼30
times higher than Dicer’s dsRBD (Fig. 2B,C). XlrbpA
dsRBD2 was also able to bind 21- and 19-bp dsRNAs with af-
finity comparable to that of longer substrates. In contrast,
Dicer dsRBD showed much lower affinity for the siRNA-
like molecules, irrespective of them containing 3′ overhangs
or blunt termini (Fig. 2B,C). GST alone did not bind any
of the tested dsRNAs (data not shown). Recently, another
study reported the RNA-binding characteristics of the hu-
man Dicer dsRBD as an isolated domain, comparing it to
the first dsRBD of DGCR8 (Wostenberg et al. 2012). The re-
ported Kd values for Dicer-dsRBD ranged from ∼2 to 10 μM,
with the affinity of binding decreasing with decrease of
the substrate length, which is similar to our findings. How-
ever, the difference between a 33- or 44-bp dsRNA and the
siRNA-like 22-bp substrate was less dramatic than that re-
vealed by our experiments. Additionally, the Dicer-dsRBD
was also shown to be incapable of differentiating between
pre-miRNAs and dsRNA substrates (Wostenberg et al. 2012).

Next, we generated a panel of mutants expected to affect
dsRNA binding by Dicer’s dsRBD (see Supplemental Fig.
S2A). Design of the mutants was originally based on struc-
tural data for the XlrbpA dsRBD2 complexed with dsRNA
(Ryter and Schultz 1998) and an extensive mutational analy-
sis of this dsRBD (Krovat and Jantsch 1996). However, as
the crystal structure of the mouse Dicer dsRBD (sequences
of mouse and human Dicer dsRBDs are identical) became
available (Du et al. 2008), the relevant mutations shown in
Supplemental Figure S2B are placed on a backbone of the
mouse Dicer dsRBD docked to dsRNA. Five single point
mutant proteins were purified as GST fusions and tested
for their ability to bind 50- and 130-bp dsRNAs. Binding
of S1896A was unaffected, while binding activity of mutants
R1895A, Y1897A, R1898A, and I1899A was reduced by ap-
proximately two- to ninefold (see Supplemental Fig. S2C;
data not shown). We also tested activity of proteins contain-
ing multiple mutations and found that the double mutant
R1895A/I1899A severely abrogated RNA-binding (Fig. 2D;
data not shown).

We compared NLS activity of dsRBD containing the dou-
ble mutation R1895A/I1899A with that of the wild-type
(wt) domain. Both efficiently drove nuclear localization of
the PK-myc reporter (Fig. 2E), indicating that RNA-binding
potential of the dsRBD plays no major role in the NLS func-
tion of the domain. We conclude that the human Dicer
dsRBD has two separable functions: dsRNA-binding and
NLS activity.

The dsRBD of human Dicer binds the nuclear transport
receptors Impβ, Imp7, and Imp8

Our demonstration that Dicer’s dsRBD can function as a NLS
led us to test if any of the known nuclear import receptors
(importins) interact with the domain. Importins recognize
their cargo NLS and mediate translocation of the bound pro-
tein to the nucleus through the nuclear pore complex (NPC).
Given that the superfamily of importin β-related proteins
mediates the majority of nuclear transport processes in met-
azoa and yeast, we tested members of this family for their
ability to interact with the dsRBD. The overexpressed re-
combinant Dicer dsRBD fused to GST was immobilized on
glutathione (GSH)-sepharose and incubated with HeLa cell
extract. Bound proteins were eluted and analyzed byWestern
blotting using antibodies specific for human Impβ, Imp7,
Imp8, and Imp5. As shown in Figure 3A, Impβ, Imp7, and
Imp8 associated with the Dicer dsRBD, whereas Imp5 did
not. The observation that Imp5 does not interact with Dicer’s
dsRBD indicated that not all importin β-related importins
bind Dicer’s dsRBD. This was also the case for transportin
1 and transportin 2, which were found not to interact with
the Dicer dsRBD in vitro (data not shown).
To confirm that Impβ, Imp7, and Imp8 play a role in me-

diating the import of Dicer dsRBD in vivo, we generated a
HeLa cell line inducibly expressing a dsRBD-PK-myc report-
er. RNAi was used to deplete each of these importins in this
cell line, and localization of the reporter was assessed by
counting cells and classifying them as having either predom-
inantly nuclear or both nuclear and cytoplasmic localization
of the reporter. As shown in Figure 3B (top panel), depletion
of Impβ, Imp7, or Imp8 individually had no obvious effect
on the nuclear accumulation of the dsRBD-PK-myc reporter.
The specificity of each siRNA targeting individual importins
was confirmed by Western blotting (Fig. 3D). As many
importins work redundantly with each other (Jakel and Gor-
lich 1998), we tested the effect of depleting combinations of
Impβ, Imp7, and Imp8. Simultaneous depletion of Impβ and
Imp7 had no effect on nuclear accumulation of the reporter,
but depletion of Imp7 and Imp8 resulted in a low level of its
cytoplasmic localization (∼10% of cells showing both nucle-
ar and cytoplasmic localization of dsRBD-PK-myc) (Fig. 3B,
lower panel; Fig. 3C). Upon depletion of Impβ together with
Imp8, 40% of cells showed nuclear and cytoplasmic localiza-
tion, and depletion of all three importins had the strongest
effect, with 90% of cells showing nuclear and cytoplasmic lo-
calization of the reporter (Fig. 3B,C). Therefore, it appears
that Impβ, Imp7, and Imp8 all play a role in mediating the
import of Dicer dsRBD to the nucleus.

Dicer dsRBD contains a basic region critical
for NLS activity

We sought biochemical evidence supporting the interac-
tion of the selected importins with Dicer dsRBD. First, we
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analyzed the interaction of wt GST-dsRBD with recombinant
Impβ or Imp7 (Imp8 was not tested, as it was unavailable)
expressed in E. coli. As shown in Figure 4A, GST-dsRBD ef-
ficiently pulled down both Impβ and Imp7 from the bacterial
lysates supplemented with the purified proteins. We also test-
ed if the interaction of GST-dsRBD with either Impβ or Imp7
is sensitive to the presence of RanGTP. In general, importins
have a high affinity for the GTP form of the GTPase Ran, re-
sulting in dissociation of importins from their substrates in
the nucleus. We added a mutant form of Ran locked in the
GTP bound state (RanQ69L) to the pull-down assay. The
presence of RanQ69L(GTP) prevented the interaction of

both Impβ and Imp7 with GST-dsRBD,
indicating that the interaction is disrupt-
ed by RanGTP (Fig. 4A). Notably, Impβ
and Imp7 can either work independently
(Jakel and Gorlich 1998) or heterodimer-
ize to support nuclear import of certain
cargo in a cooperative manner (Jakel
et al. 1999). Binding of either Impβ or
Imp7 alone to histone H1 is inefficient
compared to the interaction of the heter-
odimer (Jakel et al. 1999). In the case of
the dsRBD, binding of Impβ and Imp7
was efficient in the absence of the other
partner, indicating that heterodimeriza-
tion is not a prerequisite for interaction
with the dsRBD (Fig. 4A).

As discussed above, sequence align-
ments of metazoan Dicer dsRBDs having
NLS activity failed to highlight any obvi-
ous consensus that would explain its NLS
function. Classical mono- and bipartite
NLSs contain stretches of structurally
exposed basic residues that are recog-
nized by the import machinery (Fried
and Kutay 2003). To identify residues
or structural elements that could ex-
plain the NLS function of human Dicer
dsRBD, its three-dimensional structure
(Du et al. 2008) was compared with the
structures of XlrbpA dsRBD2 (Ryter
and Schultz 1998) and Trbp dsRBD2
(Yamashita et al. 2011), neither of which
functions as an NLS (M Jantsch, pers.
comm.; M Doyle et al., unpubl.). Inspec-
tion of the non-RNA-binding surfaces of
these dsRBDs revealed that Dicer dsRBD
contains a patch of basic amino acids
which are not present in the other dsRBD
domains (Fig. 4B; see Supplemental Fig.
S3). We mutated three residues in the ba-
sic patch, K1891, R1907, and R1910, to
alanines (NLSmut) and compared the
ability of the wt GST-dsRBD and the

NLSmut GST-dsRBD to interact with either Impβ or Imp7.
Purified GST-dsRBD fusions were incubated with E. coli ly-
sates, either control or expressing the indicated importins.
As shown in Figure 4C, the wt GST-dsRBD fusion could ef-
fectively interact with both Impβ and Imp7, whereas the
NLSmut GST-dsRBD fusion had a reduced ability to interact
with Impβ and did not interact with Imp7.
To further verify the importance of K1891, R1907, and

R1910 residues for NLS function, we mutated them to ala-
nines in the dsRBD-PK reporter protein and tested the effect
on its localization. As shown in Figure 4D, the wt reporter
protein localized to the nucleus (top panel), whereas the
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and separated by SDS-PAGE, followed by immunoblotting using antibodies directed to human
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inducible dsRBD-PK-myc reporter cells were transfected with indicated siRNAs. Sixty hours after
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NLSmut reporter showed cytoplasmic localization. Two oth-
er basic residues found close to but not within the patch
(K1887 and K1889) had no appreciable effect on nuclear lo-
calization of the dsRBD-PK reporter protein when mutated
to alanines (data not shown).

dsRBD is occluded from functioning
as a NLS when present in full-length
Dicer

Although Dicer’s dsRBD can function as
a NLS when placed either N- or C-termi-
nally to pyruvate kinase and can interact
with Impβ, Imp7, and Imp8, a similar
role in the context of a full-length Dicer
protein remains undefined. Previously,
we showed that both the endogenous
and ectopically expressed Dicer appear
to localize to the cytoplasm of different
mammalian cells (Billy et al. 2001). We
considered three different scenarios to
explain this paradox: (1) one of Dicer’s
domains interacts with cytoplasmic com-
ponents, effectively retaining the protein
in the cytoplasm; (2) in the context of a
full-length protein, the dsRBD is masked
either by another Dicer domain and/or
RNA bound to the enzyme, preventing
the Impβ, Imp7, and Imp8 interaction; or
(3) Dicer shuttles between the cytoplasm
and the nucleus, and its cytoplasmic lo-
calization simply reflects the steady-state
status of the protein.
To start to address these different pos-

sibilities, we first fused an SV40 NLS to
the C terminus of the full-length Dicer
protein. In another construct, Dicer’s
dsRBD was duplicated at the end of the
protein (Fig. 5A). Localization of wt
Dicer and the two fusion proteins was
then compared. While wt Dicer localized
to the cytoplasm, both fusion proteins,
Dicer-SV40 and Dicer-dsRBD, accumu-
lated in the nucleus (Fig. 5B). The nucle-
ar localization of Dicer-SV40 and Dicer-
dsRBD argues against a retention signal
or trans-acting factors preventing Dicer
import to the nucleus and, instead, sug-
gests that the dsRBD NLS is masked
or inhibited either by another Dicer
domain or associated RNA. To address
the latter possibility, we first removed
Dicer domains N-terminal to the RNase
IIIa domain. Deletion up to the start of
this domain did not result in nuclear
localization of the remaining C-terminal

fragment of Dicer (Fig. 6A, upper left panel). No further de-
letions were performed since removal of RNase IIIa would
disrupt the integrity of the RNase IIIa/b pseudodimer catalyt-
ic domain as well as create a protein small enough to passively
diffuse into the nucleus.

FIGURE 4. Dicer’s dsRBD contains a basic region critical for NLS activity. (A) Recombinant
GST-dsRBD (wt) was immobilized on GSH-sepharose beads and mixed with the indicated puri-
fied factors (Impβ, Imp7) added to E. coli lysate. Bound proteins were eluted and separated by
SDS-PAGE followed by Coomassie staining. (B) Representation of the basic patch in Dicer’s
dsRBD (blue, with positions of mutated residues indicated). Mutation of its amino acid residues
to alanines destroyed the dsRBD NLS activity. Mutation of two additional basic residues, K1887
and K1889, to alanines had no appreciable effect on nuclear localization of the dsRBD-PK report-
er (data not shown). (C) Binding of Impβ and Imp7 to Dicer’s dsRBD is dependent on the in-
tegrity of the basic patch. The experiment was performed as described in A, comparing Impβ
and Imp7 recruitment to the wt and NLSmut dsRBD. (D) HeLa cells were transiently transfected
with dsRBD-PK-myc or dsRBD-PK-myc NLSmut (K1891A/R1907A/R1910A). Twenty-four
hours post-transfection, cells were fixed and immunofluorescence (IF) was performed with an
α-myc antibody. Representative images are shown from a minimum of three independent exper-
iments. Bar, 20 μm.
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Taken together, the data indicate that the failure of full-
length Dicer to accumulate in the nucleus is not due to the
protein being retained in the cytoplasm and that RNase III
domains have an intrinsic negative effect on the NLS function
of the dsRBD.

RNA binding potential influences localization
of the RNase III/dsRBD Dicer fragment

As described above, the presence of the catalytic RNase III
domain adjacent to the dsRBD is sufficient to prevent its
NLS function. The catalytic domain of Dicer contains an
extended surface, greatly contributing to the substrate inter-
action with the enzyme, and we reasoned that RNA-binding
could influence NLS activity, possibly by making the dsRBD
inaccessible to Impβ, Imp7, and Imp8. Since the dsRBD
showed NLS activity as a separated entity, we reasoned that
binding of RNA to the RNase III domains of Dicer might
possibly interfere with nuclear import in the context of
Dicer. Thus, we generated single point mutations in the
RNase IIIa and RNase IIIb domains, E1564K and E1813K, re-
spectively (Fig. 6C). Both residues are at equivalent positions
within their respective domains and have previously been
shown to be critical for dsRNA processing by Dicer (Zhang
et al. 2004). Importantly, crystallographic study of the bacte-
rial RNase III bearing equivalent E to K substitutions indicat-

ed that these mutations prevent Mg2+ and dsRNA binding to
the catalytic core without compromising overall structural
integrity of the catalytic domain. Instead, the mutated bacte-
rial RNase III adopts an alternative “open” structure with
only its dsRBD capable of interacting with dsRNA (Blaszczyk
et al. 2004). Localization of the Dicer protein fragment en-
compassing RNase III and dsRBD domains, and bearing ei-
ther single point mutations or simultaneous mutations in
both RNase III domains, was tested in transfected HeLa cells.
A single point mutation in RNase IIIa (E1564K; RNase IIIa
mut) was sufficient to allow nuclear accumulation of this
C-terminal fragment; mutation in RNase IIIb (E1813K;
RNase IIIb mut) also resulted in a weak accumulation in
the nucleus. The double RNase III mutation (E1564K/
E1813K; RNase IIIa & b mut) had a similar localization to
the single mutation in RNase IIIa (Fig. 6A). Surprisingly, in
the context of the full-length protein, the E to K mutations
in RNase III domains did not lead to appreciable protein
relocalization to the nucleus (Fig. 6B).

The helicase domain influences Dicer localization

We next investigated if domains other than RNase IIIa and b
that are known to play a role in RNA binding contribute to
masking of the dsRBD-NLS. Therefore, additional mutations
known to affect RNA binding were introduced in the PAZ
(F960A/Y971A/Y972A) (Lingel et al. 2003; Song et al. 2003;
Yan et al. 2003) and dsRBD domains (R1895A/I1899A;
see above), yielding an “RNA-binding-deficient” full-length
Dicer. However, as shown in Figure 7, A and B, introduction
of these point mutations did not alter the cytoplasmic local-
ization of the protein. Since the helicase domain of Dicer also
contributes to substrate RNA binding (Ma et al. 2008; Soifer
et al. 2008; Lau et al. 2012), we also tested the effect of its dele-
tion, in both the context of a wild-type and RNA-binding-de-
ficient mutant Dicer, on localization of the protein. We
found that neither of the helicase-domain-deleted proteins
accumulated in the nucleus (Fig. 7A,B).
The results presented above suggested that domains N-

terminal to the RNase IIIa domain inhibit nuclear local-
ization of Dicer independent of the RNA-binding potential
of the enzyme. However, these observations do not preclude
the scenario that Dicer shuttles between the cytoplasm and
the nucleus (scenario III, as discussed above), and its cytoplas-
mic localization simply reflects the steady-state status of the
protein. To address this possibility, we first tested whether
blocking CRM1-dependent nuclear export with the drug
leptomycin B would result in the nuclear accumulation of
full-length Dicer or some of its mutants. No obvious nuclear
accumulation of full-length Dicer, either the wild-type or
RNA-binding-deficient mutant, was observed upon LMB
treatment, whereas the shuttling protein RIO Kinase 2
(RIOK2)that servedasapositivecontrolefficientlyaccumulat-
ed in the nucleus (Fig. 7A,B). Interestingly, mutants bearing
deletion of the helicase domain, in either wt or RNA-
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FIGURE 5. Dicer dsRBD is occluded in the full-length protein. (A)
Schematic representation of human Dicer and constructs which have
been tested for localization. (B) Transfection of HeLa cells reveals that
nuclear localization of full-length Dicer (Dicer) can be achieved either
by the addition of an SV40 NLS at the C terminus (Dicer-SV40) or by
duplicating the dsRBD (Dicer-dsRBD). Representative images are
shown from a minimum of three independent experiments. Bar, 20 µm.
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binding-deficient context, showed partial nuclear accumula-
tion of the protein (Fig. 7A,B), indicating that the helicase
domain plays an important role in the cytoplasmic accumula-
tionofDicer.Additionally, thisobservationsuggested thepres-
ence of a CRM-1-dependent nuclear export signal (NES) in
Dicer protein.

Dicer has the potential to shuttle between the
nucleus and the cytoplasm

Our observation that deletion of the helicase domain results
in LMB-dependent accumulation of Dicer in the nucleus
raised a possibility that Dicer shuttles between the cytoplasm
and nucleus. To address this possibility, we made use of the
demonstration that Dicer-SV40 and Dicer-dsRBD show nu-
clear localization. We, therefore, assayed for shuttling of the
full-length protein by performing interspecies heterokaryon
assays. A GFP version of Dicer-SV40 was cotransfected
with either a positive (hnRNPA1) (Fritz et al. 2009) or nega-
tive (hnRNPC) (Nakielny and Dreyfuss 1996) protein shut-
tling control into HeLa cells. After overnight incubation to
allow for protein expression, the transfected cells were incu-
bated with cycloheximide to inhibit de novo protein synthe-
sis, then fused with mouse NIH 3T3 cells and incubated for a
further 3 h in the presence of cycloheximide. As shown in

Figure 8, the Dicer-SV40 protein was
able to shuttle between the nucleus and
the cytoplasm as indicated by its nearly
equal distribution between the HeLa
and the NIH 3T3 cell nuclei. A similar
relocalization indicative of shuttling was
observed for hnRNPA1, while hnRNPC,
a nonshuttling protein, was only detect-
able in HeLa nuclei. The observed ability
of Dicer-SV40 to shuttle confirms the
presence of a functional NES in Dicer
protein.

DISCUSSION

In this study, we identified the C-termi-
nal dsRBD of human Dicer as a nonclas-
sical NLS that can efficiently drive the
nuclear localization of a reporter con-
struct. Dicer’s dsRBD functions as a
NLS independent of its RNA binding po-
tential and interacts with importins β, 7,
and 8, which mediate its nuclear import.
A physiological function of the identified
Dicer NLS remains puzzling given the
fact that the endogenous as well as ectop-
ically expressed full-length protein local-
izes to the cytoplasm (Billy et al. 2001;
Provost et al. 2002; this work). However,
we found that upon deletion of the N-

terminal helicase domain combined with inhibition of nucle-
ar export, the truncated Dicer protein does accumulate in the
nucleus. Together with our findings that Dicer fused to the
ectopic NLS can shuttle between the nucleus and cytoplasm
in heterokaryon assays, these data argue that endogenous
Dicer might be a shuttling protein but localizes to the cyto-
plasm under steady-state conditions. We propose that shut-
tling of Dicer may be regulated by the helicase domain and
in part also by the enzyme’s RNA binding status.

The function of Dicer’s dsRBD

dsRBDs are conserved RNA binding domains found in or-
ganisms ranging from yeast to man and feature prominently
in proteins involved in the RNAi pathway. Structural data
demonstrated that dsRBDs have a canonical αβββα topogra-
phy and interact with the sugar-phosphate backbone of
dsRNA without any obvious sequence specificity (Doyle
and Jantsch 2002). Previous analyses of Dicer proteins fo-
cused mainly on their biochemical and structural properties,
with most attention paid to domains other than the dsRBD,
most notably the PAZ and RNase III domains. However,
some studies also provide data for the role of the dsRBDwith-
in human Dicer. For example, it was shown in biochemical
cleavage assays that deletion of the dsRBD lowers enzymatic

FIGURE 6. RNA-binding influences Dicer localization. (A) Transfection of HeLa cells with the
C-terminal fragment of Dicer (RNase III domains plus dsRBD). The wild-type (wt) construct fails
to localize to the nucleus. When E1564K is introduced into RNase IIIa catalytic core (RNase IIIa
mut), nuclear accumulation can be observed. A similar mutation (E1813K) in the catalytic core of
RNase IIIb (RNase IIIb mut) also leads to partial localization in the nucleus, although the effect is
much weaker compared to RNase IIIa mut. The double mutation E1564K/E1813K showed strong
nuclear accumulation. (B) Transfection of HeLa cells with full-length Dicer constructs. Wild-type
(wt) Dicer localizes to the cytoplasm. Introduction of mutations E1564K or E1813K into the
RNase III domains either individually (RNase IIIa mut and RNase IIIb mut) or together
(RNase IIIa & b mut) showed cytoplasmic staining similar to wt protein. Representative images
are shown from a minimum of three independent experiments. Bar, 20 µm. (C) Schematic rep-
resentation of human Dicer with individual protein domains indicated by different colors and the
position of each RNase III mutation shown.
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activity. Given that dsRBDs do not recognize any primary se-
quence, it was proposed that the domain has a nonspecific
role in helping to stabilize the interaction of Dicer with its
substrate RNA (Zhang et al. 2004). In a more recent study,
it was confirmed that deletion of the dsRBD from human
Dicer significantly reduced the ability of the enzyme to cleave
substrate RNAs (Ma et al. 2008). However, this study also
showed that deletion of the dsRBD did not significantly affect

binding of the truncated protein to RNA
(Ma et al. 2008). Our data and those
of Wostenberg et al. (2012) demonstrate
that human Dicer dsRBD binds dsRNA
with low micromolar or sub-micro-
molar affinity for RNA, hence less effi-
ciently when compared to a dsRBD that
has robust RNA-binding potential, e.g.,
dsRBD2 of XlrpA. Therefore, although
Dicer’s dsRBD likely contributes to bind-
ing of substrate RNA, its exact role in
dsRNA processing still remains to be
determined.

In this study, we add a new facet to the
functional repertoire of Dicer’s dsRBD.
We provide evidence that the dsRBD of
human Dicer functions as a NLS as (1)
it can drive the nuclear localization of a
reporter protein, (2) when duplicated at
the end of the full-length protein, it caus-
es it to accumulate in the nucleus, (3)
it directly interacts with nuclear import
receptors (Impβ, Imp7, and Imp8), and
(4) it contains a basic patch of exposed
amino acids that are required for NLS
activity.

Impβ, Imp7, and Imp8 mediate
dsRBD nuclear translocation

We found that Impβ, Imp7, and Imp8, all
members of the karyopherin family of
importins and exportins, are all involved
in mediating import of Dicer’s dsRBD to
the nucleus. Only depletion of all three
importins strongly affected the locali-
zation of the dsRBD reporter protein.
Generally, each importin recognizes a
distinct set of proteins, RNAs, or com-
plexes, thus allowing multiple transport
pathways across the NPC (Xu et al.
2010). However, it is also known that im-
portins can work redundantly with each
other, e.g., in nuclear import of ribosom-
al proteins or core histones (Jakel and
Gorlich 1998; Muhlhausser et al. 2001).
Our data indicate that Dicer’s dsRBD

can enter the nucleus via multiple pathways. It is interesting
to note that Imp8 was recently shown to mediate nuclear
import of the RISC component Ago2 in human cells
(Weinmann et al. 2009). One of the other members of the
karyopherin family we tested, transportin 1, did not interact
with Dicer dsRBD even though it had been demonstrated
to be the import receptor for human ADAR1, whose third
dsRBD acts as a NLS (Fritz et al. 2009). Consequently,

FIGURE 7. The helicase domain plays a central role in the cytoplasmic retention of Dicer. (A)
HeLa cells were transfected with the indicated constructs. Twenty-four hours post transfection,
cells were treated with 20 nM LMB or solvent (ethanol) for 10 h and fixed, followed by IF using
an α-myc antibody. IF against RIOK2 served as a positive control for the LMB treatment. Bar, 20
μm. (B) Quantification of the experiment shown in A. Cells displaying either cytoplasmic local-
ization or nuclear accumulation of the constructs were counted. (N) Number of counted cells.
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dsRBD NLSs do not share common import pathways but in-
stead can utilize different ones to enter the nucleus.

With the availability of a crystal structure for the mamma-
lian Dicer dsRBD (Du et al. 2008), it was possible to investi-
gate the structural basis of its function as a NLS, given that
primary sequence analysis and reporter assays did not iden-
tify an obvious classical NLS. Examination of the surface
of this structure revealed a patch of exposed basic amino
acids whose mutation abolished NLS activity of the dsRBD.
Importantly, these mutations did not affect RNA binding,
indicating that the overall folding of the dsRBD remained
intact in our assays, letting us conclude that the dsRBD per-
forms two separable functions: RNA-binding and NLS activ-
ity. As with other NLS classes, such as the classical NLS and
BIB domain (Jakel and Gorlich 1998), Dicer’s dsRBD shares
the common characteristic of exposed basic amino acids. As
shown by us, these residues are critical for its interaction with
Impβ and 7. Although the residues in the Dicer dsRBD NLS
are separated from each other in the primary sequence, they
are brought into proximity in the three-dimensional struc-
ture of the domain.

The helicase domain influences the ability of human
Dicer to shuttle between the cytoplasm and nucleus

Our observation that the dsRBD of human Dicer, like that of
S. pombe Dcr1 (Emmerth et al. 2010), functions as a NLS led
us to question why either endogenous or overexpressed hu-
man Dicer appears exclusively cytoplasmic. Through dele-
tion analysis, we identified a minimal fragment composed
of RNase III and dsRBD domains that is localized to the
cytoplasm but relocalized to the nucleus when the RNA-
binding potential of the RNase III domains was compro-
mised. These data suggest that associated RNA was masking
the dsRBD NLS. A similar mechanism was proposed for hu-

man ADAR1, where RNA bound to the first dsRBD was
shown to inhibit the NLS activity of the third dsRBD
(Strehblow et al. 2002). However, in the context of full-length
Dicer, neither the RNase III mutations nor additional muta-
tions in other domains, including deletion of the helicase
domain that affects RNA binding, were sufficient to drive
the protein to the nucleus. Interestingly, upon deletion of
the helicase domain, Dicer was able to enter the nucleus
when CRM-1-dependent nuclear export was blocked with
LMB. Of note, deletion or mutation of the helicase domain
was demonstrated previously to activate the enzyme endonu-
cleolytic activity by up to 65-fold in vitro (Ma et al. 2008). Our
data suggest that, in addition to affecting the enzymatic func-
tion of Dicer, the helicase domain may influence the ability of
the protein to shuttle between the cytoplasm and the nucleus,
possibly by modulating activity of its transport signals.
Dicer accumulation in the cytoplasm could have also been

explained by the protein being anchored in this compartment
by an unknown factor. However, given that simply duplicat-
ing the dsRBD at the end of the protein, or adding an SV40
NLS, allowed nuclear accumulation of Dicer argues against
this possibility. Moreover, the observation that duplicating
the dsRBD leads to nuclear import proves a role of the
dsRBD as a NLS in the context of the full-length protein
and supports a model where, under steady-state conditions,
the dsRBD is masked and its NLS rendered nonfunctional.
The results from the heterokaryon assays clearly demonstrat-
ed that a Dicer-SV40 NLS fusion actively shuttles between the
nucleus and the cytoplasm. We, therefore, favor a scenario
that, under certain circumstances, Dicer enters the nucleus
but is rapidly exported back to the cytoplasm and that is
what accounts for its steady-state cytoplasmic localization.
The observation that Dicer-SV40 shuttles between the nucle-
us and the cytoplasm provides an indication that human
Dicer contains a NES. The observed sensitivity to LMB of
Dicer lacking its helicase domain further supports the pres-
ence of a NES, and specifically, one that is recognized by
the CRM1-dependent export pathway. In the future, it will
be interesting to identify sequences in Dicer which carry
out NES function. This might contribute to understanding
why full-length Dicer protein does not accumulate in the nu-
cleus upon LMB treatment.
In S. pombe, Dicer is predominately localized to the nucle-

us, where it colocalizes with NPCs (Emmerth et al. 2010).
Interestingly, human Dicer has also been shown to associate
with a component of the NPC, NUP153, suggesting its role in
Dicer’s nuclear localization (Ando et al. 2011). As for human
Dicer, the dsRBD of S. pombe Dicer acts as a NLS and con-
tributes to shuttling. However, in S. pombe Dicer, the C-ter-
minal 33 aa (C33) adjacent to the dsRBD also contribute to
nuclear localization. It has been suggested that the dsRBD-
C33 interface (Barraud et al. 2011) mediates nuclear reten-
tion of the enzyme through an interaction with an uniden-
tified nuclear protein. Notably, the C33-like extension is
absent in human Dicer. The lack of such a retention signal
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FIGURE 8. Dicer has the potential to shuttle. Heterokaryon analysis of
Dicer-SV40. HeLa cells were cotransfected with plasmids expressing
Dicer-SV40 and either hnRNPA1 (positive shuttling control; top panel)
or hnRNPC (negative shuttling control; bottom panel). The transfected
cells were fused with nontransfected mouse NIH 3T3 cells. Dicer-SV40
was detected in both HeLa and NIH 3T3 nuclei (top and bottom panels)
as was hnRNPA1 (top panel). hnRNPC was only detected in the HeLa
nuclei (bottom panel). Nuclei were distinguished by DAPI staining
and are indicated. (h) Human HeLa cells, (m) mouse NIH 3T3 cells.
Bar, 5 µm.
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in human Dicer supports the assumption that, if endogenous
human Dicer is a shuttling protein, it is not retained in the
nucleus.

The function of nuclear Dicer

As our results suggest that human Dicer is a shuttling protein,
the question arises as to its nuclear function. Many observa-
tions in mammalian cells might be attributed to a function of
Dicer in the nucleus, but direct evidence to support this re-
mains limited (see Introduction). In nonvertebrate organ-
isms such as A. thaliana, S. pombe, D. melanogaster, and C.
elegans, Dicers, in addition to their cytoplasmic roles, have
been shown to both localize and function in the nucleus.
Here, they are involved in epigenetic regulation, including
RNA-directed DNA methylation (RdDM) (Cernilogar et al.
2011; Doyle et al. 2012). It is likely that, also in vertebrate
cells, Dicer functions in the nucleus in epigenetic regulation.
This is supported by recent findings implicating Dicer in si-
lencing of genes expressing convergent transcripts and in
processing of dsRNA in the nucleus of mammalian cells
(Gullerova and Proudfoot 2012). Alternatively, Dicer might
participate in either nuclear processing or nuclear-cytoplas-
mic transport of selected miRNA precursors or other RNAs
bearing extended double-stranded RNA regions. Recently,
mammalian Dicer was shown to localize to ribosomal DNA
repeats (Sinkkonen et al. 2010), possibly maintaining their
integrity, as is the case of Dicers and RNAi machinery in S.
pombe and D. melanogaster (Cam et al. 2005; Peng and
Karpen 2007). Regardless of its potential function in the nu-
cleus, our data suggest that human Dicer has the ability to en-
ter and exit the nucleus and exhibits characteristics of a
shuttling protein.

MATERIALS AND METHODS

Molecular cloning and mutagenesis

A previously described C-terminal myc-tagged pyruvate kinase con-
struct was used as the basis to generate PK fusions (Eckmann et al.
2001). We replaced the original polylinker with adaptor oligonucle-
otides containing 5′ NotI and 3′ HindIII sites and cloned regions to
be tested for NLS activity via these sites. As a positive control, we in-
serted complementary oligonucleotides coding for an SV40 NLS
(PKKKRKV) via these sites. To generate C-terminal PK fusions, a
unique XhoI restriction site immediately downstream from the
PK ORF and before the start of the myc tags was used to insert
sequences of interest, as well as an SV40 NLS. Using the PSORT
II server (http://psort.nibb.ac.jp/form2.html), three NLSs were pre-
dicted starting at (1) amino acid 740, having the sequence
PGSTKRR, (2) amino acid 788, having the sequence RRRK, and
(3) amino acid 1349, having the sequence KKVSNCNLYRLG
KKKGL. N-terminal tagged versions of Dicer in pCI-neo were gen-
erated by replacing the polylinker of pCI-neo with complementary
oligonucleotides containing an AUG with Kozak’s consensus, fol-
lowed by unique restriction sites (5′ XhoI, NheI, SalI, and NotI

3′) absent in Dicer cDNA. Tags were cloned immediately down-
stream from the AUG via NheI/SalI (GFP) or XhoI/SalI (4xmyc)
sites. A previously described full-length Dicer cDNA (Billy et al.
2001) was introduced via SalI and NotI, thus yielding myc-Dicer
and GFP-Dicer. These constructs maintain the native stop codon
of Dicer immediately before the NotI site. We generated a second
version of these constructs that had the stop codon removed, thus
allowing C-terminal insertions at the end of Dicer (myc-Dicer-
Δstop and GFP-Dicer-Δstop). Tagged deletion constructs were
made by amplifying regions of myc-Dicer using 5′ SalI and 3′

NotI primers, and switching the product with that of myc-Dicer.
The ΔHelicase constructs were generated as previously described
(Lau et al. 2012). Myc-Dicer-SV40 and GFP-Dicer-SV40 were gen-
erated by the introduction of complementary oligonucleotides cod-
ing for an SV40 NLS (with stop codon) via NotI overhangs into
myc-Dicer-Δstop and GFP-Dicer-Δstop digested with NotI. To gen-
erate the dsRBD duplication construct, the dsRBD from myc-Dicer
was amplified. The 5′ primer contained a NotI site and started im-
mediately at the end of the RNase IIIb domain and the 3′ primer am-
plified back into Dicer over the NotI site and stop codon. This
fragment was cloned via NotI into myc-Dicer-Δstop, thus generat-
ing Dicer-dsRBD. GST-fusion constructs were generated by cloning
PCR-generated inserts into the previously described pGEX-2 vector
(Krovat and Jantsch 1996). The plasmid expressing GST-tagged
dsRBD2 of XlrbpA was described previously (Krovat and Jantsch
1996). All mutagenesis was carried out according to Zheng et al.
(2004). The integrity of all constructs was verified by sequencing.

Transfections and immunofluorescence

For pyruvate kinase reporter assays, HeLa cells grown on coverslips
were transiently transfected using Nanofectin (PAA) according to
the manufacturer’s instructions. After 24 h, cells were fixed with
2% paraformaldehyde diluted in 1×PBS and 0.05% Triton X-100
(PBS-T) for 10 min and then permeabilized with ice-cold methanol.
Cells were blocked with 10% horse serum diluted in PBS-T and
stained with antibodies diluted with 2.5% horse serum in PBS-T.
Coverslips were mounted with DAPI/Prolong Gold (Molecular
Probes). All images were acquired on an Axiovert 200 (Zeiss) using
MetaMorph. For the analysis of dsRBD basic patch, transient trans-
fections were performed using FuGENE reagent (Roche). After 24 h,
cells were fixed in 4% PFA/PBS for 12 min and permeabilized in
0.5% Triton X-100 for 15 min. Blocking was performed in 10%
goat serum in 2% BSA/PBS for 30 min, and primary antibodies di-
luted in blocking solution were applied for 1 h at room temperature.
Next, cells were washed three times with 2%BSA/PBS and incubated
with secondary antibody diluted in blocking solution for 45 min.
Cells were washed three times with BSA/PBS, followed by one wash-
ing step in H2O, and cover slips were mounted in VectaShield
(Vector Laboratories). In Figure 7, transient transfections were per-
formed by using X-tremeGENE 9 DNA Transfection Reagent ac-
cording to the manufacturer’s protocol.

RNAi

RNAi oligonucleotides were transfected with INTERFERin (Poly-
plus) and incubated for 72 h at 3.3 nM. The following siRNA oli-
gonucleotides, all from Qiagen, were used (sense sequences are
shown):
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si-Importin β (5′-TCGGTTATATTTGCCAAGATA),
si-Importin 7 (5′-CACCTACTACTCAATACCTTA),
si-Importin 8 (5′-CAGGTCTGTGCTACTAGACAA),
AllStars (negative control).

Confocal microscopy

Images from fixed cells were taken at room temperature with a con-
focal scanning system (SP1; Leica) using a HCX Pl APO Ibd.Bl. 63×,
NA 1.32 oil immersion lens.

Antibodies

Antibodies against Impβ, Imp7, and Imp5 were kind gifts of
D. Görlich (MPI Göttingen, Germany). Imp8 antibody was a gift
of G. Meister (University Regensburg, Germany). RIOK2 antibody
was previously described (Zemp et al. 2009). Anti-β-actin was pur-
chased from Sigma-Aldrich and anti-myc (9E10) from Santa Cruz
Biology. Secondary antibodies for immunofluorescence were pur-
chased from Invitrogen and for Western blotting from Sigma-
Aldrich.

Cell lines and reagents

The tet-inducible HeLa K dsRBD-PK-myc cell line was established
as previously described (Zemp et al. 2009). DsRBD-PK-myc (cloned
into the BamHI and NotI sites of pcDNA/FRT/TO; Invitrogen) was
integrated into the FRT site by cotransfection with pOG44 (Inv-
itrogen). Expression of the reporter protein was induced for 12 h
with tet (125 ng/mL). Cells were treated with 20 nM LMB (LC
Laboratories) or solvent (ethanol) for 10 h.

Native gel shifts

GST-fusion proteins were expressed in E. coli BL21-CodonPlus
(DE3)-RIPL cells (Stratagene), purified using GSH-sepharose
(Amersham) according to the manufacturer’s instructions, and dia-
lyzed against buffer containing 20 mM Tris-HCl pH 7.5, 100 mM
NaCl, 1 mM MgCl2, 50% glycerol. The purity of proteins was ana-
lyzed by 15% PAGE. Protein concentration was determined by the
Bradford method with BSA as a standard. The internally 32P-labeled
30-bp, 50-bp, 70-bp, and 130-bp dsRNAs were prepared as de-
scribed before (Zhang et al. 2002). RNAs were synthesized by the
T7 polymerase in vitro transcription, using the Ambion T7
MaxiScript transcription kit and [α-32P]UTP. After transcription,
samples were purified by denaturing 8% PAGE. Complementary
RNA strands were annealed at 95°C for 3min in 20mMNaCl, trans-
ferred to 75°C, and then slowly cooled down to 20°C. The 5′-end-
labeling of siRNA, using T4 polynucleotide kinase (New England
Biolabs) and either [γ-32P]ATP or cold ATP, was carried out accord-
ing to the manufacturer’s protocol.

Ten-μL reactions containing 300 pM labeled dsRNA and varying
protein concentrations were incubated for 30 min at 37°C in buffer
containing a final concentration of 30mMTris-HCl, pH 8.0, 50mM
NaCl, 1 mMMgCl2, and 25% glycerol. Complexes were analyzed on
5% native polyacrylamide gels with acrylamide/bis-acrylamide ratio
of 19:1. Gels were electrophoresed in 1×TBE buffer at 4°C, dried and
quantified by Phosphorimager. The fraction bound was calculated
using Molecular Dynamics Image Quant 5. Radioactivity corre-

sponding to free (nonbound) dsRNA and total dsRNA (total radio-
activity in the entire lane) was quantified. Apparent dissociation
constants (Kd) were calculated by fitting the experimental data by
nonlinear least-squares regression to the single-site binding iso-
therm: % free RNA = Kd[app]/(Kd[app] + [protein]). From this
equation, the apparent Kd corresponds to the protein concentration
at which half of the RNA is bound. Fitting of the data was done using
Prism 5 (GraphPad).

Sequences of RNAs used:

19 + 2(a):
upper strand: 5′-GCAGCACGACUUCUUCAAGUU-3′

lower strand: 5′-CUUGAAGAAGUCGUGCUGCUU-3′

19 + 2(b):
upper strand: 5′-GUCACAUUGCCCAAGUCUCUU-3′

lower strand: 5′-GAGACUUGGGCAAUGUGACUU-3′

21blunt:
upper strand: 5′-AAGUCACAUUGCCCAAGUCUC-3′

lower strand: 5′-GAGACUUGGGCAAUGUGACUU-3′

Pull-down experiments

GST-dsRBD and GST-dsRBD NLSmut used in pull-down experi-
ments were expressed in E. coli BLR (pRep4) cells at 25°C by induc-
tion with 2 mM IPTG for 4 h. Cells were lysed by sonication in
50 mMTris-HCl, pH 7.5, 200 mMNaCl, 2 mMMgCl2, 5% glycerol,
1 mM 2-mercaptoethanol, 0.1 mM PMSF. The lysate was cleared by
ultracentrifugation and supplemented with 250 mM sucrose. The
expression and purification of Impβ (Kutay et al. 1997), RanQ69L
(Izaurralde et al. 1997), and Imp7 (Jakel and Gorlich 1998) have
been described.

For pull-down experiments fromHeLa cell low-salt extracts (LSE,
prepared as described [Kutay et al. 1998]), GST-dsRBD was immo-
bilized on GSH-sepharose beads for 2–4 h at 4°C. Beads were
washed three times in binding buffer (50 mM Tris-HCl, pH 7.5,
200 mM NaCl, 2 mM MgCl2) and incubated with 400 μL LSE at
4°C for 3 h. Beads were washed three times in binding buffer, and
elution was performed in SDS sample buffer to which DTTwas add-
ed after the elution step. For binding experiments using purified im-
port factors, GST-dsRBD constructs were immobilized as described
above. To test the interaction between GST-dsRBD and Impβ or
Imp7 (Fig. 4A), each sample contained 100 μL of E. coli lysate (in
50 mM Tris-HCl, pH 7.5, 100 mM KCl, 2 mMMgCl2) supplement-
ed with 0.5 μMpurified recombinant importin, and, if indicated, 2.5
μMRanQ69L(GTP). To test the influence of the NLSmut (Fig. 4C),
180 μL of E. coli lysate was used per sample and supplemented with
1 μM of the indicated importin. In both cases, binding was per-
formed for 2 h at 4°C with gentle mixing, and elution was completed
as described above.

Heterokaryon fusion assays

HeLa cells were cotransfected with plasmids expressing GFP-Dicer-
SV40 and either myc-tagged hnRNPA1 or hnRNPC. Cells were in-
cubated for 24 h then trypsinized and coplated on coverslips with
an equal number of mouse NIH 3T3 cells. Cells were treated with
75 μg of cycloheximide per ml medium to inhibit translation for 2
h before inducing fusion with polyethylene glycol 6000 (1 g/mL,
in serum-free medium) for 2 min at 37°C. Cells were washed three
times with prewarmed 1×PBS, returned to standard medium, and
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incubated in the presence of cycloheximide for 3 h before being
fixed and stained. Coverslips were mounted with DAPI/Prolong
Gold (Molecular Probes). HeLa and NIH 3T3 nuclei were distin-
guished by DAPI staining. All images were acquired on Axioimager
Z1 (Zeiss) using MetaMorph.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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