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Figure 4. Nuclear import of TNRCG6 proteins is facilitated by Importin-B. (A) HEK 293T cells with stably integrated and inducible myc-GFP-TNRC6A
NES-mut were transfected with Importin siRNAs. Expression of nuclear-trapped myc-GFP-TNRC6A NES-mut was induced 1 day before analysis. Di-
agram on the right shows percentage of cells with cytoplasmic or nuclear GFP foci and cells with foci in both compartments (intermediate). Western
blot shows expression of myc-GFP-TNRC6A wildtype (wt, lane 1 and 2) and NES-mut (lanes 3 and 4) with and without induction by tetracycline (Tet,
lanes 2 and 4) as detected using anti-Myc-Tag antibody. aTubulin was used as loading control. (B) Endogenous TNRC6B was detected in untreated or
Leptomycin B treated HeLa cells upon knockdown of Impp or transfection of a control siRNA. Diagram shows quantification of TNRC6B signal from
untreated or Leptomycin B-treated cells with or without knockdown of Impf. Nucleus-to-cytoplasm ratio was calculated from nuclear and cytoplasmic
TNRCG6B signals. (C) Endogenous Ago2 was detected in HeLa cells and quantified as described in (B). Error bars represent standard error of the mean

(SEM). *P < 0.05. n.s., P > 0.05.

test Impa/B—TNRC6 interactions, we performed in vitro
binding assays (Figure SA-D). Since Impf can also affect
Impa’s binding affinity to cargo proteins (65,66), binding
of both proteins was analyzed. Different isoforms of GST-
Impa (al, o3, a4, a5 and a7) as well as GST-Impf were im-
mobilized and incubated with radiolabeled TNRC6A. Ei-
ther His-Imp was added to the Impa samples (Figure 5A)
or Impa was analyzed alone (Supplementary Figure S6).
Indeed, moderate binding of TNRC6A was observed for

the Impa isoforms in the presence ImpR. In the absence,
however, binding was reduced (Supplementary Figure S6).
In addition, TNRC6A binding to ImpR alone was read-
ily detectable indicating Impa-independent Imp contacts
to TNRC6A (Figure 5A, lane 6). Since our experiments
are not quantitative, conclusions regarding binding affini-
ties are not possible. To elucidate this observation further,
we performed binding experiments with TNRC6A contain-
ing mutations in a recently suggested NLS (49) (Figure 5B).
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Figure 5. Importin-a and Importin-B interact with TNRC6 proteins. (A) In vitro transcribed and translated TNRC6A was incubated with recombinant
GST alone (lane 1), GST-tagged Impa-family members and ImpB-His (lanes 2-5) or ImpB-GST alone (lane 6) followed by GST-pulldown. TNRC6A
was detected by autoradiography, recombinant proteins by Coomassie staining. Lane 7 shows input of TNRC6A. (B) In vitro transcribed and translated
TNRC6A NLS-mut (lanes 1-6) or TNRCO6A (lane 7) was incubated with GST alone or the indicated Importins and pulled down as described in (A). Lanes
8 and 9 show inputs of TNRC6A and TNRC6A NLS-mut. (C, D) In vitro transcribed and translated TNRC6B (C) and TNRC6C (D) were incubated with
GST alone (lane 1) or the indicated Importins (lanes 2-6 in C and 2-7 in D) and pulled down as described in (A). Lane 7 in (C) and 8 in (D) show inputs
of TNRC6B or TNRC6C. All autoradiographs in (A-D) have been exposed simultaneously. (E) FH-Imp has been cotransfected with myc-GFP (lane 1
and 4) or myc-Ago?2 (lanes 2 and 5) in HEK 293T cells or transfected into HEK 293T with stable inducible myc-GFP-TNRCO6A cultivated in the presence
of Tetracycline (lanes 3 and 6). Myc-tagged proteins were immunoprecipitated from cytoplasmic extracts with anti-Myc antibody. Immunoprecipitations
were analyzed with anti-HA and anti-Myc antibodies. (F) Immunoprecipitations have been performed as described in (E), excluding myc-Ago2, in the
absence (lanes 1, 2, 6 and 7) or presence of increasing amounts of recombinant His-tagged RanQ96L, preincubated with GTP (lanes 3-5 and 8-10). (G)
HelLa cells were transfected with myc-GFP-TNRC6A, NLS-mut or NES-mut followed by treatment with Leptomycin B or control treatment. Diagram
shows percentage of cells with cytoplasmic or nuclear GFP foci or foci in both compartments (intermediate) with or without Leptomycin B treatment.
Western Blot shows expression of myc-GFP-TNRCA wildtype (wt, lane 2), NLS-mut (lane 3) and NES-mut (lane 4) as detected using anti-GFP antibody.
Untransfected (untransf.) cells were loaded as control and aTubulin was detected as loading control.
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Figure 6. Reciprocal cytoplasmic retention of TNRC6 and Ago2. (A) HeLa cells were cotransfected with myc-GFP-TNRC6A, NES-mut or AGW-NES-
mut and FH-Ago2, Y529E, PAZ9 or empty plasmid (FH). TNRC6A and its mutants were detected by GFP signal (shown here in red), Ago2 and its
mutants with anti-HA antibody staining (shown in green). Diagrams on the right show percentage of cells with cytoplasmic or nuclear GFP foci or foci
in both compartments (intermediate). Ago2 PAZ9 is shown as diagram only. Western blots on the right show expression of FH-Ago2 and its mutants
(upper Blot) or myc-GFP-TNRC6A and its mutants (lower Blot). aTubulin was detected as loading control. (B) TNRC6A, TNRC6B and TNRC6C were
knocked down each on its own or simultaneously in HeLa cells and endogenous Ago2 was detected by anti-Ago2 antibody staining. A control siPool
served as negative control. Diagram on the right shows nucleus-to-cytoplasmic ratio of Ago2 by quantification of nuclear and cytoplasmic signals. Error
bars represent standard error of the mean (SEM). **P < 0.005.
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Figure 7. Ago2 blocks binding of Importin-a and Importin- to TNRC6A. (A) In vitro transcribed and translated TNRC6A was incubated with recombi-
nant GST (lanes 1 and 2) or ImpB-GST (lanes 3 and 4). Additionally, recombinant HA-Ago2 was added when indicated (even lanes). After GST-pulldown,
TNRC6A was detected by autoradiography, recombinant proteins by Coomassie staining. Lane 5 shows TNRCG6A input. (B) In vitro transcribed and trans-
lated TNRC6A was incubated with recombinant GST (lanes 1 and 2) or GST-tagged Impa-family members and ImpB-His (lanes 3-12). Recombinant
HA-Ago2 was added when indicated (even lanes). Experiments were analyzed as described in (A). Lane 13 shows TNRC6A input. (C) Recombinant GST
(lane 2), GST-tagged TNRC6B 599-683 (lane 3), Impa3 (lane 4), Imp (lane 5) and Impa3 + ImpB-His (lane 4) were incubated with HA-tagged recombi-
nant Ago2. After GST-pulldown, Ago2 was detected in input (lane 1) and pulldowns (lanes 2 to 7) by anti-HA antibody. Proteins in input and pulldowns
were additionally detected by Coomassie staining. (D) Coimmunoprecipitations with anti-Myc antibody were performed from HEK 293T cells coexpress-
ing Flag/HA-tagged ImpB and myc-GFP (lane 1 and 6) or myc-GFP-TNRC6A (lanes 2 and 7). Additionally, GFP (lanes 3 and 8), GFP-Ago2 (lanes 4 and
9) or GFP-Ago2 Y529E (lanes 5 and 10) were coexpressed. Immunoprecipitations were analyzed with anti-HA (FH-Impp), anti-Myc (myc-GFP-TNRC6A
and myc-GFP) and anti-GFP antibodies (GFP-Ago2 or GFP-Ago2 Y529E).

Binding of Impa to this mutant appeared to be weaker.
Binding to Impp, however, remained unaffected. Our data
suggest that the reported NLS contributes to nuclear trans-
port, potentially via Impa, but is not sufficient and addi-
tional TNRC6A elements are required. We next investigated
binding of the import proteins to TNRC6B and C (Figure
5C and D). Similarly to TNRC6A, Impf efficiently bound
TNRC6B and C. In contrast, binding to the Impa isoforms
was not observed (Figure 5C and D) consistent with the
finding that classical Impa-dependent NLS were not found
in TNRC6B and C (49).

To confirm our in vitro binding results, we performed
co-immunoprecipitation experiments (Figure 5SE and F).
FH-ImpR was co-transfected with myc-Ago2 or myc-GFP
as control into HEK 293 cells. For better expression lev-
els, myc-GFP-TNRC6A was stably transfected. Indeed,
FH-ImpR was co-immunoprecipitated with anti-myc-GFP-

TNRC6A but not with myc-Ago2 or the control (Fig-
ure 5E). Furthermore, incubation of the immunoprecipi-
tates with RanQ69L, a Ran mutant that destabilizes Im-
portin — cargo interactions (67), interrupted with TNRC6A
binding to ImpB (Figure 5F). Our binding experiments
therefore suggest that Imp interacts with TNRC6A in a
Ran-dependent manner.

To further validate the reported NLS, we performed
LMB treatment experiments (Figure 5G). While wild type
(wt) TNRCO6A was trapped in the nucleus under these con-
ditions (upper panel), the NLS mutated variant was only
partially nuclear (middle panel). These observations sup-
port our model that the reported NLS is not sufficient
for TNRC6 import and so far unidentified Impp contacts
might exist. Taken together, we found that Imp@ facili-
tates transport of TNRC6 proteins into the nucleus presum-
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Figure 8. A model for nuclear transport of Argonaute and TNRCG6 proteins. In the cytoplasm, Argonaute and TNRC6 proteins interact during miRNA-
guided gene silencing. Free Argonaute and TNRCG6 proteins instead can shuttle between the nucleus and cytoplasm, which may contribute to balancing
cytoplasmic levels. Nuclear import of TNRC6 proteins is mediated by Imp (a). TNRC6A can additionally been imported via classical Impa/B-mediated
import (b). Nuclear import of Ago proteins instead is non-classical, ImpB-independent and probably mediated by several redundant import receptors.
Nuclear export of both Ago and TNRC6 proteins is mediated by Crm1. In the nucleus, Ago2 and TNRC6 can interact and co-localize, however, functions

of these P-body-like nuclear structures are not known.

ably via canonical, Impa-dependent processes or by direct
TNRC6 interactions.

Cytoplasmic Ago and TNNRC6 levels influence nuclear local-
ization

Since TNRC6 and Ago proteins most likely reach the
nucleus via different pathways but form a cytoplasmic
complex, we next investigated whether Ago and TNRC6
proteins affect each other’s nuclear localization. We co-
expressed myc-GFP-TNRC6A NES-mut, which is trapped
in the nucleus, together with FH-Ago2 (Figure 6A). Strik-
ingly, myc-GFP-TNRC6A NES-mut exclusively localized
to the cytoplasm when high levels of Ago2 are present sug-
gesting that the presence of the binding partner retains
TNRC6A in the cytoplasm (Figure 6A, third row of im-
ages). This cytoplasmic retention appears to depend on
small RNA binding of Ago2 since Ago2-Y529E (68) (or
Ago2 PAZ9 (69), images not shown), which cannot bind
small RNAs, does not retain TNRC6A in the cytoplasm
(Figure 6A, fourth row of images). Furthermore, when the
Ago binding motif was mutated together with the NES
(TNRC6A AGW-NES-mut), TNRC6A was not retained
in the cytoplasm indicating that indeed Ago binding is re-
sponsible for cytoplasmic retention (Figure 6A, sixth row
of images). Quantification and protein expression levels are
shown to the right. Vice versa, when endogenous TNRC6A,
B and C are knocked down simultaneously by a potent
siPool (62), nuclear Ago?2 levels increase presumably due to
a lack of the interaction partner for silencing in the cyto-

plasm (Figure 6B, middle part, upper row). Knock down of
individual TNRC6 proteins had no effect on Ago2 localiza-
tion suggesting redundant TNRC6 protein function (Figure
6B, left part). Signal quantification is shown to the right.
Since Ago expression affects nuclear import of TNRC6A,
we asked whether Impa/B and Ago2 binding are mutu-
ally exclusive. To test this hypothesis, GST-Imp3 was im-
mobilized and incubated with radiolabeled TNRC6A (Fig-
ure 7A). Indeed, addition of recombinant Ago2 strongly
reduced binding to TNRC6A suggesting that the binding
partners exclude each other. Similar results were obtained
when Impa isoforms were analyzed (Figure 7B). To exclude
binding of recombinant Ago2 to Impa or B in these assays,
we performed direct Ago2 binding experiments (Figure 7C).
HA-Ago2 bound specifically to a TNRC6B peptide con-
taining the Ago interacting motif (TNRC6B 599-683) (11).
However, binding to Impa or B was not observed indicat-
ing binding to TNRC6 and not the import receptors in our
experiments (Figure 7A and B). Since Impf binding is in-
dependent of the investigated NLS, another NLS that is af-
fected by Ago binding is most likely present on TNRC6A
and the other TNRC6 proteins. To further support our in
vitro findings, we performed co-immunoprecipitation exper-
iments as described above (Figure SE). FH-ImpB was co-
immunoprecipitated with myc-GFP-TNRC6A. However,
co-expression of GFP-Ago?2 inhibited binding of Impf to
TNRCO6A. Consistent with our localization studies (Fig-
ure 6A), co-expression of the miRNA-binding deficient mu-
tant GFP-Ago2 Y529E did not compete with Imp@ bind-
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ing. Taken together, we have shown that both Ago2 and
TNRC6 proteins can influence each other’s nuclear levels
depending on the availability of the respective binding part-
ner in the cytoplasm.

DISCUSSION

Mammalian Ago proteins have been implicated in various
nuclear functions ranging from transcriptional silencing
and activation to DNA double strand break repair and al-
ternative splicing. However, their nuclear import pathways
remain elusive. In addition, nuclear localization of other cy-
toplasmic gene silencing factors has only poorly been inves-
tigated (5). Using several different methods, we show that
human Ago2 is indeed found in the nucleus. This has been
observed in a variety of publications before (46,48,70-71).
However, our analyses also suggest that only a minor por-
tion of Ago2 might be present in the nucleus under steady
state conditions. It is nevertheless possible that larger por-
tions of the Ago2 pool localize to the nucleus under con-
ditions that have not been analyzed here. For example, it
has been reported that Ago2 proteins are found in the nu-
cleus upon senescence induction (70). Using LMB treat-
ment, which blocks Crm1-mediated export, we show that
the nuclear pool of Ago2 increases suggesting that at least
a part of the Ago pool shuttles between the nucleus and the
cytoplasm. It is also conceivable, however, that Ago proteins
use additional export routes, which we have not included in
our analyses (72). Shuttling also requires nuclear import.
The import receptor Imp8 has been implicated in the cy-
toplasmic function of miRNAs and it was reported that
it might also contribute to nuclear localization of mature
miRNAs and Ago proteins (50,51). However, by targeting a
nuclear RNA (7SK) (47), we find that knock down of Imp8
did not change Ago2-mediated cleavage of the nuclear tar-
get. Additionally, none of the other tested import receptors
resulted in a change of nuclear RNAI efficiency and there-
fore we suggest that these proteins might function redun-
dantly and several import receptors are capable of import-
ing Ago proteins into the nucleus. Such redundant transport
pathways have been found for several other nuclear factors
before including mammalian Dicer (60,63).

Similarly to Ago proteins, TNRC6 proteins localize pre-
dominantly to the cytoplasm under steady state condi-
tions. Using LMB treatment, all three TNRC6 proteins
are trapped in the nucleus suggesting shuttling and Crm1-
mediated export. This has been observed for TNRC6A
and B before (17,49). A recent report identified a NES on
TNRC6A and mutation of this signal sequence trapped
TNRCO6A in the nucleus (49). Interestingly, over expressed
TNRC6A NES-mut forms P-body-like structures in the nu-
cleus. We characterized these structures further and found
that they do not resemble known nuclear structures (Sup-
plementary Figure S2). Also cytoplasmic P-body markers
are not recruited to these nuclear TNRC6 bodies. Only,
a minor portion of the nuclear Ago2 pool is occasion-
ally found in these structures. We therefore speculate that
TNRCG6 proteins are capable of forming P-bodies indepen-
dently of any other cytoplasmic P-body component. This
also suggests that TNRC6 proteins might be scaffold pro-
teins within P-bodies probably forming a meshwork by
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stacking interactions of the many GW pairs in their large
unstructured N-termini. A similar concept has been re-
ported for FG repeats in nucleoporins, which form a mesh-
work in the nuclear pore (73). However, this needs to be fur-
ther investigated.

We took advantage of the nuclear localization of the
TNRC6A NES-mut and found that Impf targets TNRC6A
into the nucleus. This import receptor does not affect Ago
nuclear localization indicating that both protein families
reach the nucleus via different pathways and are not co-
imported (Figure 7). During canonical nuclear import,
Impa binds directly to an NLS and is then bound by Impp3,
which facilitates nuclear import (64). We find that Impa
binds to a previously identified NLS on TNRC6A. Addi-
tionally, Impp contacts TNRC6A independently of Impa
suggesting an Impa-dependent and —independent import
route. TNRC6B and C do not bind to Impa and are most
likely imported by Impp alone.

Interestingly, when over expressing Ago2 in the cyto-
plasm, even the TNRC6A NESmut version remains in the
cytoplasm suggesting that TNRC6 proteins travel through
the nucleus in case they are not needed for silencing in the
cytoplasm. Consistently, nuclear Ago pools increase, when
all three TNRC6 proteins are knocked down suggesting that
Ago proteins might be able to shift into the nucleus po-
tentially for storage or turn over. It is tempting to specu-
late that nuclear import contributes to balanced cytoplas-
mic Ago2 and TNRCG6 protein levels (Figure 8). In con-
trast, we also observed that TNRC6 mutants, which cannot
bind Ago proteins, are still cytoplasmic (data not shown)
suggesting that not all unbound TNRC6 proteins are im-
mediately imported into the nucleus. Likewise, so far un-
known regulatory processes might exist that trigger TNRC6
or Ago import. For example, post-translational modifica-
tions might be involved in such regulatory events. This, how-
ever, remains to be investigated.

It is also conceivable that both TNRC6 and Ago proteins
possess gene silencing-independent functions in the nucleus
of human cells. In future work, it will be interesting to an-
alyze which proteins and RNAs associate with the nuclear
TNRC6 protein pool.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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