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Background: The mechanism underlying the re-entering
of mature miRNAs into the nucleus remains unknown.
Results: IPO8 mediates the transport of mature miRNAs
into the nucleus through binding to Ago2.
Conclusion: IPO8 is a candidate carrier for nuclear
import of mature miRNAs.
Significance: This finding extends the gene regulatory
network of miRNAs.

Mature microRNAs (miRNAs), �22-nucleotide noncoding
RNAs regulating target gene expression at the post-transcrip-
tional level, have been recently shown to be transported into the
nucleus where they modulate the biogenesis of other miRNAs or
their own expression. However, the mechanism that governs the
transport of mature miRNAs from cytoplasm to nucleus
remains unknown. Here, we report that importin 8 (IPO8), a
member of the karyopherin � (also named the protein import
receptor importin �) family, plays a critical role in mediating the
cytoplasm-to-nucleus transport of mature miRNAs. Specifically
knocking down IPO8 but not other karyopherin � family pro-
teins via siRNA significantly decreases the nuclear transport of
various known nucleus-enriched miRNAs without affecting
their total cellular levels. IPO8-mediated nuclear transport of
mature miRNAs is also dependent on the association of IPO8
with the Argonaute 2 (Ago2) complex. Cross-immunopre-
cipitation and Western blot analysis show that IPO8 is phys-
ically associated with Ago2. Knocking down IPO8 via siRNA
markedly decreases the nuclear transport of Ago2 but does
not affect the total cellular Ago2 level. Furthermore, dissoci-
ating the binding of miRNAs with Ago2 by trypaflavine
strongly reduces the IPO8-mediated nuclear transport of
miRNAs.

MicroRNAs (miRNAs),5 a class of 19 –24-nucleotide non-
coding RNAs (ncRNAs), are widely involved in post-transcrip-
tional gene regulation (1). According to the canonical model,
miRNAs recognize target mRNAs and exert their roles pre-
dominantly in the cytoplasm. Accumulating evidences, how-
ever, have demonstrated that certain mature miRNAs can re-
enter the nucleus (2– 4). Földes-Papp et al. (5) were the first to
report the expression of miR-122 in liver cells and show
unequivocal proof for the relocation of cytoplasm-assembled
single-stranded miR-122 into the cell nucleus. Hwang et al. (4)
demonstrated that miR-29b could be imported into the cell
nucleus. Interestingly, they demonstrated that, at least for miR-
29b, it is a distinctive hexanucleotide element (AGUGUU) that
distinguishes miR-29b from its family member miR-29a and
guides its nucleus import. Consistently, studies have also
reported the presence of active miRNA effectors, such as Argo-
naute proteins, in the nucleus (6). These findings suggest that
there are mechanisms to guide the cytoplasmic-nuclear trans-
port of miRNAs and Argonaute proteins and that miRNAs,
after re-entering into the nucleus, may also have biological
functions. Indeed, Meister et al. (2) showed that nucleus
miR-21 could guide the cleavage of target RNA, suggesting a
role of nucleus miRNA in RNA processing. Further studies by
us (7) and others (8) demonstrated that mature miRNAs, such
as miR-709 or let-7, were not only transported into the nucleus
but also modulated the biogenesis of other miRNAs or its own
expression in the nucleus. Identification of the relocation and
function of mature miRNAs in the nucleus significantly
extended the gene regulatory network of miRNAs. However,
the mechanism that governs the transport of mature miRNAs
from cytoplasm to nucleus remains completely unknown.

The karyopherin � family receptors are the major transport-
ers that are specific for nucleocytoplasmic cargoes in mamma-
lian cells. A major function of these transporters is to mediate
the transport between the cytoplasm and nucleus of macromol-
ecules that contain nuclear import or export signals (9, 10). As
they constantly shuttle between the nucleus and cytoplasm,
these karyopherin � family receptors can be found in the
nucleus and cytoplasm. All members have the ability to recog-
nize specific cargoes, Ran GTP or nucleoporins. The interac-
tion between the karyopherin � family receptors and nucleo-
porin repeats contributes to the import and export of
karyopherin � family receptor/cargoes through the central
transporter of the nuclear pore complex (11–13). It remains
unknown whether or how the karyopherin � family receptors
mediate the transport of mature miRNAs from the cytoplasm
into the nucleus.

In the present study, we explored the role of karyopherin �
family receptors in regulating the nuclear transport of mature
miRNAs. Our results showed that importin 8 (IPO8), a member
of the protein import receptor importin � (also named
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karyopherin �) family, plays a critical role in mediating the
cytoplasm-to-nucleus transport of mature miRNAs, and IPO8-
mediated transportation requires the help of Argonaute 2
(Ago2) complex.

EXPERIMENTAL PROCEDURES

Reagents, Cells, and Antibodies—The mouse L929 cell line
was purchased from the China Cell Culture Center (Shanghai,
China). Cells were maintained at 37 °C in a humidified 5%
CO2 incubator in Dulbecco’s modified Eagle’s medium
(DMEM) (Life Technologies) that contained 10% fetal bovine
serum, 100 units/ml penicillin, and 100 �g/ml streptomycin.
The anti-Ago2 (ab57113 for immunoprecipitation, ab32381 for
immunoblotting), anti-importin-� (ab2811), anti-importin-4
(ab99271), anti-importin-7 (ab99273), and anti-importin-11
(ab118415) antibodies were purchased from Abcam (Hang-
zhou, China). Trypaflavine (TPF) (14) was purchased from
Sigma-Aldrich. The monoclonal anti-GAPDH and anti-histone
H2A antibodies and protein G-Agarose (sc-2003) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). The
anti-importin-8 (LS-C47292) antibody was purchased from
LifeSpan BioSciences (Seattle, WA). Alexa Fluor 488-conju-
gated anti-mouse and Alexa Fluor 594-conjugated anti-rabbit
antibodies were purchased from Molecular Probes. The miR-
709 mimics and IPO8 siRNA were purchased from RIBOBIO
(Guangzhou, China). After testing the effect of all four IPO8
siRNA oligonucleotides, we selected oligonucleotide (5�-
GUAUACAGCUGCAAAGAAAdTdT-3�) and used this single
siRNA in an IPO8 knockdown experiment.

Preparation of Nuclear Extracts—The nuclear fraction of
cells was extracted using a PARISTM kit (Ambion). Cells were
washed three times with PBS on ice followed by centrifugation
at 300 � g for 5 min. Cell pellets were resuspended in cell frac-
tion buffer from the PARISTM kit, incubated on ice for 10 min,
and then centrifuged at 500 � g for 5 min at 4 °C. Nuclear
pellets were homogenized with the cell disruption buffer from
the PARISTM kit.

RNA Isolation and qRT-PCR of mRNA and Mature miRNAs—
Total cellular RNA was extracted using a miRNeasy mini kit
(Qiagen, Shanghai, China). The qRT-PCR was performed using
TaqMan probes (Applied Biosystems) for mature miRNAs or
SYBR Green (Takara, Mountain View, CA) for mRNA. Briefly,
total RNA was reverse-transcribed to cDNA using AMV
reverse transcriptase (Takara) and a stem-loop RT primer or
reverse primer (Applied Biosystems). Real-time PCR was per-
formed on an Applied Biosystems 7900 sequence detection sys-
tem (Applied Biosystems). All of the reactions, including the
no-template controls, were run in triplicate. After the reactions,
the cycle threshold (CT) values were determined using fixed
threshold settings. The miRNA expression in the cells or nuclei
was normalized to U6 snRNA, and mRNA expression in the
cells was normalized to GAPDH.

Transfection of Cells with miRNA Mimic and siRNA—Cells
were seeded in 6-well plates or 10-mm dishes, and they were
transfected the following day using Lipofectamine 2000 (Invit-
rogen) according to the manufacturer’s instructions. For the
transfection, 20 pmol of RNA per 105 cells was used. Cells were

harvested 48 h after transfection for real-time PCR analysis and
Western blotting.

Immunoprecipitation and immunoblotting—Cells were lysed
with lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 0.5% Nonidet
P-40, 2 mM EDTA, 0.5 mM DTT, 1 mM NaF, 1 mM PMSF, and 1%
protease inhibitor cocktail from Sigma, pH 7.5) for 30 min on
ice. The lysates were cleared by centrifugation (16,000 � g) for
10 min at 4 °C and then immunoprecipitated with anti-Ago2
antibody, anti-importin-8 antibody, or normal IgG followed by
protein G-Agarose beads. After the elution, the RNA was
extracted using a miRNeasy mini kit. The anti-Ago2 or anti-
importin-8 antibody was used for the Western blot analysis.

Immunofluorescence—Immunofluorescence microscopy was
used to identify the subcellular localization of importin-8 and
Ago2 in L929 cells. Cells were cultured on 4-well chamber
slides. At the time of harvest, cells were fixed with 4% parafor-
maldehyde and then permeabilized with 0.01% Triton X-100
for 10 min and subsequently probed with antibodies against
importin-8 and Ago2 followed by incubation with fluorescent-
tagged secondary antibodies (488 and 594 nm). All samples
were treated with DAPI dye for nuclear staining (358 nm). For
confocal microscopy, the Olympus FV1000 confocal micro-
scope was used.

Statistical Analysis—All of the images of the Western blots
and qRT-PCR assays were representative of at least three inde-
pendent experiments. The qRT-PCR was performed in tripli-
cate. The data were presented as the mean � S.D. for at least
three independent experiments. The differences were consid-
ered to be statistically significant at p � 0.05, assessed using
Student’s t test.

RESULTS

To determine which karyopherin � family member is
involved in transporting mature miRNAs into the nucleus, we
screened the proteins in the karyopherin � family for their
effect on the nuclear distribution of miR-709, a mouse miRNA
that is specifically localized to the cell nucleus (7). In this exper-
iment, a nuclear fraction with high purity was isolated from
mouse cell line L929 cells. As shown in Fig. 1, A and B, the
isolated nuclear fraction displayed a high level of nuclear mark-
ers (U6 snRNA and histones) but a low level of cytoplasmic
markers (�-actin and GAPDH). Additional evidence for the
purity of the isolated nuclear fraction came from qRT-PCR
identification of six miRNAs that had previously been detected
in the nucleus, including miR-29b (4, 7), miR-122 (5), miR-148a
(15), miR-221 (7), miR-30a-3p (7), and miR-709 (7) (Fig. 1C). As
a cytoplasmic miRNA (4, 7), miR-29a was not detected in the
isolated nuclear fraction (Fig. 1C). By knocking down the
expression of each karyopherin � family member in L929 cells
via specific siRNAs (Fig. 1D), we found that the nuclear distri-
bution of miR-709 in L929 cells was strongly blocked when cells
were transfected with IPO8 siRNA but not with the siRNAs
against other karyopherin � proteins (Fig. 1E). Interestingly,
IPO8 knockdown did not affect the total cellular level of miR-
709, and down-regulation of nuclear miR-709 led to the accu-
mulation of miR-709 in the cytoplasm. To exclude the possibil-
ity that the reduction of the nuclear level of miR-709 is due to
the off-target effect of IPO8 siRNA, we performed a rescue
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experiment using an siRNA-resistant IPO8-expressing plas-
mid. In this experiment, five bases within the siRNA-binding
sequence (ttg tat(c) aca(g) gct(c) gca(g) aag(a) aaa) of wild-type
IPO8-expressing plasmid (pIPO8 WT) were mutated to gener-
ate an IPO8 mutant-expressing plasmid (pIPO8 Mut). With the
mutation, pIPO8 Mut expresses normal IPO8 but is not tar-
geted by IPO8 siRNA. We next transfected L929 cells with
pIPO8 WT or pIPO8 Mut and then challenged the cells with
IPO8-siRNA or control oligonucleotide. After 48 h, cellular lev-
els of IPO8 and nuclear levels of miR-709 were assayed by
Western blot and qRT-PCR, respectively. As can be seen, the
reduction of both IPO8 (Fig. 1F) and the nuclear transport of
miR-709 (Fig. 1G) by IPO8 siRNA was completely rescued by
transfection with pIPO8 Mut.

Because our previous study showed that nuclear miR-709
could suppress the biogenesis of miR-15a and miR-16 (7), we
speculated that blockade of nuclear transport of miR-709
would elevate the level of miR-15a and miR-16. Indeed, the
IPO8 siRNA treatment significantly increased the cellular levels
of miR-15a and miR-16 (Fig. 1H). These results suggest that
IPO8 may be the receptor that mediates mature miR-709 trans-
port from cytoplasm to nucleus. We next determined whether
IPO8 modulated the nuclear transport of the other five nuclear
miRNAs. As shown in Fig. 1I, IPO8 knockdown also signifi-
cantly reduced the nuclear levels of all five miRNAs, whereas
the total cellular levels of the five miRNAs were not affected. As
a cytoplasmic miRNA, miR-29a was tested as a control in this
experiment. As can be seen, IPO8 knockdown affected neither
the nuclear level nor the total cellular level of miR-29a. The role
of IPO8 in mediating the transport of mature miRNAs into the
nucleus was also observed in human cell line 293T cells (data
not shown).

To serve as a carrier for nuclear transport of mature miRNAs,
IPO8 must be able to selectively associate with miRNAs that
have nuclear import signals. However, such import signals are
largely unknown, and so far, there has been no evidence show-
ing that IPO8 can directly bind to mature miRNAs. Given that
IPO8 can interact with Ago proteins (16), we postulated that
IPO8 might associate with miRNAs through the Ago2 complex.
Immunofluorescence labeling and co-immunoprecipitation
experiments were then performed to test this hypothesis. As
observed in Fig. 2A, co-immunoprecipitation and cross-blot-
ting also clearly demonstrated a binding between IPO8 and
Ago2. Serving as a control, immunoprecipitation of IPO4 via
anti-IPO4 antibody did not result in co-immunoprecipitation
of Ago2. Double-stained L929 cells showed an apparent co-lo-
calization of Ago2 (green) and IPO8 (red) (Fig. 2B, arrows). Fur-
thermore, IPO8 knockdown dramatically reduced the nuclear
level of Ago2 but not the total cellular level of Ago2 (Fig. 2C),

implying that the import of Ago2 into the nucleus is IPO8-de-
pendent. Reduction of the nuclear Ago2 pool by IPO8 knock-
down has also been demonstrated recently by Weinmann et al.
(16). The involvement of the Ago2 complex in IPO8-mediated
cytoplasm-to-nucleus transport of miRNAs is further sup-
ported by the observation that TPF, a small molecule that spe-
cifically disrupts the association of Ago2 with miRNAs (14, 17),
blocked the cytoplasm-to-nuclear transport of all six nuclear
miRNAs. As shown in Fig. 2D, TPF treatment did not affect
Ago2 level in the nuclear fraction or in the whole cell (left panel)
but significantly disrupted the binding of Ago2 with miRNAs
(right panel). As expected, although TPF treatment did not
change the nuclear transport of Ago2, it strongly reduced the
nuclear transport of miR-709 and other nuclear miRNAs (Fig.
2E). Taken together, our results demonstrate for the first time
that IPO8, with the help of the Ago2 complex, plays an essential
role in mediating miRNA nuclear transport.

DISCUSSION

Mammalian miRNAs are matured in the cytoplasm where
Dicer, a required miRNA processing enzyme, is located. It is
generally believed that mature miRNAs in the nucleus are
imported from the cytoplasm. Because the concept of nucleus
miRNA itself was only proposed in recent years, very little
information about the machinery of importing miRNA, as well
as siRNA/RNAi, from cytoplasm into nucleus is available.

Karyopherins are a group of proteins involved in transport-
ing molecules through the pores of the nuclear envelope (18,
19). For Drosha-processed miRNAs to be exported from the
nucleus to the cytoplasm in mammalian cells, Exportin-5, a
member of the karyopherin family, serves as a major carrier
(20). It has been shown that Exportin-5, as well as Exportin-1,
can be co-immunoprecipitated with the Argonaute family pro-
teins including Ago1 and Ago2. Weinmann et al. (16) showed
evidences that IPO8 interacts with human Argonaute proteins
in the cytoplasm and may have additional functions in impor-
tation of nuclear miRNA-RISC. Indeed, localization of RISC
components, especially Ago2, in the nucleus suggests that RISC
itself may play a role in mediating miRNA shuttling between
cytoplasm and nucleus. For instance, human Ago2 (21) and
Caenorhabditis elegans NRDE-3 (22), both members of the
Argonaute family, have been found to be responsible for siRNA
nuclear localization. In a model proposed by Ohrt et al. (21),
cytoplasmic co-factors for RISC are dissociated with human
Ago2 (hAgo2) protein and then form nucleus RISC through
which they translocate into the nucleus, bringing along miRNA
strands. In the present study, we showed that only IPO8 but not
other karyopherin � family members guided the nuclear trans-
port of the complex of nuclear miRNA-RISC. Thus IPO8 is

FIGURE 1. IPO8 transports mature miRNAs into the nucleus. A, quality controls of the preparation of cytoplasmic and nuclear fractions. Levels of �-actin
mRNA and U6 snRNA in purified nuclear fractions were detected by qRT-PCR. B, levels of GAPDH and histone detected by Western blot (WB) in purified nuclear
fractions. C, levels of six known nuclear miRNAs in purified nuclear fractions from L929 cells. D, L929 cells were transfected with the siRNAs against IPO�, IPO4,
IPO7, IPO8, or IPO11, respectively. Protein levels were detected by WB (upper panel). Quantitative analysis of WB results is shown in the lower panel. E, nuclear
and cytoplasmic expression levels of miR-709 in L929 cells transfected with control oligonucleotide (ncRNA), IPO� siRNA, IPO4 siRNA, IPO7 siRNA, IPO8 siRNA,
or IPO11 siRNA. F, L929 cells transfected with wild-type IPO8-expressing plasmid (pIPO8 WT) or mutant IPO8-expressing plasmid (pIPO8 Mut) were treated with
IPO8 siRNA or control oligonucleotide. At 48 h after transfection, cell lysates were blotted for IPO8 or GAPDH. G, the reduction of nuclear miR-709 level induced
by IPO8 siRNA was rescued when cells were transfected with pIPO8 Mut. H, cellular level of miR-15a and miR-16 in L929 cells after transfection with control
miRNA mimics, miR-709 mimics, or IPO8 siRNA 48 h after ncRNA or IPO8 siRNA transfection. I, nuclear and cytoplasmic levels of other five nuclear miRNAs in
L929 cells transfected with IPO8 siRNA. *, p � 0.05; **, p � 0.01.
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likely a candidate as a carrier for nucleus import of mature
miRNAs, as well as their effector protein Ago2. Although the
detailed molecular basis for this complex process is yet to be
elucidated, we postulate that the process starts with the associ-
ation of nuclear miRNAs with Ago2, which is then recognized

by IPO8, and is finally followed by the IPO8-mediated nuclear
transport of miRNAs (Fig. 2F). However, given that the associ-
ation of Ago2 with miRNAs is generally nonspecific, our data
suggest that association of nuclear miRNA with Ago2 is only a
necessary condition for their nuclear transport. The selective

FIGURE 2. IPO8 mediates nuclear transport of mature miRNAs in an Ago2-dependent manner. A, IPO8 and Ago2 were separately immunoprecipitated (IP)
from total cell lysates and then cross-blotted by anti-IPO8 and anti-Ago2 antibodies, respectively. B, partial co-localization of Ago2 (green, arrows) with IPO8
(red, arrows) in L929 cells. Nucleus was counterstained with DAPI (blue). C, significant reduction of Ago2 level in the nucleus but not total cellular Ago2 level by
IPO8 knockdown. Quantitative analysis of WB results is shown on the right. D, TPF treatment reduces the levels of miRNAs bound to Ago2 complex but not total
or nuclear Ago2. E, effect of TPF on nuclear transport of miRNAs. L929 cells were treated with or without 8 �M TPF for 2 days. F, a model for IPO8-mediated
cytoplasmic-nuclear shuttling of mature miRNAs. *, p � 0.05; **, p � 0.01.
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process of nuclear transport of miRNAs must be guided by
additional unknown factors or signals.

The present study presents the first evidence that IPO8 plays
a critical role in mediating the transport of mature miRNAs
from the cytoplasm to the nucleus, and the nuclear transport of
mature miRNAs by IPO8 is dependent on its association with
Ago2 complex.
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