A C-terminal silencing domain in GW182 is essential
for miRNA function
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ABSTRACT

Proteins of the GW182 family are essential for miRNA-mediated gene silencing in animal cells; they interact with Argonaute
proteins (AGOs) and are required for both the translational repression and mRNA degradation mediated by miRNAs. To gain
insight into the role of the GW182-AGO1 interaction in silencing, we generated protein mutants that do not interact and tested
them in complementation assays. We show that silencing of miRNA targets requires the N-terminal domain of GW182, which
interacts with AGO1 through multiple glycine-tryptophan (GW)-repeats. Indeed, a GW182 mutant that does not interact with
AGOT1 cannot rescue silencing in cells depleted of endogenous GW182. Conversely, silencing is impaired by mutations in AGO1
that strongly reduce the interaction with GW182 but not with miRNAs. We further show that a GW182 mutant that does not
localize to P-bodies but interacts with AGOT1 rescues silencing in GW182-depleted cells, even though in these cells, AGO1 also
fails to localize to P-bodies. Finally, we show that in addition to the N-terminal AGO1-binding domain, the middle and
C-terminal regions of GW182 (referred to as the bipartite silencing domain) are essential for silencing. Together our results
indicate that miRNA silencing in animal cells is mediated by AGO1 in complex with GW182, and that P-body localization is not

required for silencing.
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INTRODUCTION

Proteins of the GW182 family interact with Argonaute
proteins and are required for miRNA-mediated gene
silencing in animal cells (for review, see Ding and Han
2007; Eulalio et al. 2007a, 2008a). Studies in Drosophila
melanogaster showed that GW182 interacts with Argo-
naute-1 (AGOI, the Argonaute protein dedicated to the
miRNA pathway in flies) (Behm-Ansmant et al. 2006a,b;
Schneider et al. 2006); furthermore, depleting GW182
suppresses silencing of miRNA targets, irrespective of
whether they are translationally repressed or directed to
degradation (Rehwinkel et al. 2005; Behm-Ansmant et al.
2006a,b; Eulalio et al. 2008b). These and additional
observations have shaped the model in which silencing by
miRNAs is effected by a protein complex consisting
minimally of AGO1 and GW182 (Eulalio et al. 2008a,b).
The essential role of GW182 proteins in the miRNA
pathway has been more difficult to demonstrate in other
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multicellular organisms because they contain multiple paral-
ogs with partially redundant functions. Indeed, there are
three GW182 paralogs in vertebrates (known as TNRC6A,
TNRC6B, and TNRC6C) and two in Caenorhabditis elegans
(AIN-1 and AIN-2). Both AIN-1 and AIN-2 interact with C.
elegans Argonaute proteins 1 and 2 (ALG-1 and ALG-2);
moreover, co-depleting AIN-1 and AIN-2 suppresses silenc-
ing more efficiently than depleting each protein individually,
indicating that AIN-1 and AIN-2 are functionally redundant
(Ding et al. 2005; Zhang et al. 2007; Ding and Grosshans
2009). The idea that GW182 proteins are redundant in
human cells is supported by the observation that TRNC6A,
TNRC6B, and TNRC6C interact with all four human
Argonaute proteins (AGO1-4), and with a common set of
mRNA targets (Landthaler et al. 2008). Furthermore, deplet-
ing either TRNC6A or B partially relieves silencing mediated
by siRNAs and miRNAs (Jakymiw et al. 2005; Liu et al
2005a; Meister et al. 2005; Chu and Rana 2006).

D. melanogaster GW182 and the vertebrate TNRC6A-C
proteins are characterized by multiple glycine—tryptophan
(GW) repeats scattered within the N-terminal third of the
proteins. Additional repeats can be present in variable num-
bers in the middle and C-terminal regions, which are predicted
to be unstructured (Eystathioy et al. 2002; Behm-Ansmant
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et al. 2006a; for review, see Ding and Han 2007). The
N-terminal and middle GW-repeat-containing regions are
separated by an ubiquitin-associated (UBA)-like domain and
a glutamine/asparagine-rich (Q/N-rich) region, whereas
between the middle and C-terminal regions lies a conserved
RNA recognition motif (RRM) (Eystathioy et al. 2002; Behm-
Ansmant et al. 2006a; Eulalio et al. 2009a). The C. elegans AIN-
1 and AIN-2 proteins are divergent members of the GW182
family. They share similarities with the N-terminal GW-
repeats of insect GW182 and vertebrate TNRC6A—C proteins
but lack all downstream sequences including the UBA-like
and RRM domains, as well as the Q/N-rich, middle, and
C-terminal unstructured regions (Ding et al. 2005; Behm-
Ansmant et al. 2006a; Zhang et al. 2007).

In D. melanogaster GW182, the N-terminal GW-repeat-
containing region is required for the interaction with
AGO1, whereas P-body localization requires additional
sequences comprising the UBA-like and the Q/N-rich do-
mains (Behm-Ansmant et al. 2006a). How these and the
additional domains affect the activity of GW182 proteins is
less well understood. In this context, it is particularly in-
triguing that the C. elegans proteins function in the miRNA
pathway, despite the fact that they consist exclusively of the
N-terminal GW-repeat region.

To probe the role of GW182 in the miRNA pathway, we
generated a series of deletion and point mutants and tested
if in cells depleted of endogenous GW182, these mutants
mediate silencing. We also tested if the mutant proteins
could interact with both AGO1 and miRNAs, or localize to
P-bodies. We show that for GW182 to function in the
miRNA pathway, it must interact with AGO1; in contrast,
it does not need to localize to P-bodies. In agreement with
this, to mediate silencing, AGO1 requires the interaction
with GW182. Finally, we show that in addition to the
N-terminal AGOIl-binding domain, the middle and
C-terminal low-complexity regions of GW182 are essential
for silencing. Together our results indicate that GW182 acts
downstream from the step where miRNA loads onto
AGO1; furthermore, its role in silencing is unrelated to
its ability to promote AGO1 accumulation in P-bodies.

RESULTS

A GW-repeat embedded in motif | of GW182
provides a major binding site for AGO1

Previously, we showed that the N-terminal region of D.
melanogaster GW182 (residues 1-539) is necessary and suffi-
cient for the protein to interact with AGO1 (Behm-Ansmant
et al. 2006a). This region is characterized by two highly
conserved motifs (motifs I and II) and 12 glycine—tryptophan
(GW) repeats (Fig. 1A). Notably, for a variety of proteins,
GW-repeats were recently shown to determine the specificity
for Argonaute proteins (El-Shami et al. 2007; Till et al. 2007).
Moreover, Till et al. (2007) identified a GW-repeat-containing
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sequence in the N-terminal region of human TNRC6B
(termed the AGO-hook, downstream from motif II), which
is sufficient to mediate an interaction with human AGO2
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FIGURE 1. A GW-repeat in motif I of D. melanogaster GW182
provides a major binding site for AGO1. (A) Domain organization of
GW182. N-GW and M-GW: N-terminal and middle GW-repeat-
containing regions, respectively, with the number of repeats indicated
in brackets; (UBA) ubiquitin associated-like domain; (Q/N-rich)
region rich in glutamine (16.7%) and asparagine (14.5%); (RRM)
RNA recognition motif; (C-term) C-terminal region. Red boxes I and
II: two conserved motifs within the N-terminal GW-repeats. Gray
box: conserved motif III in the middle region. The bipartite silencing
region includes the M-GW and C-terminal regions but not the RRM,
which is dispensable for silencing (Eulalio et al. 2009a). Amino acid
positions at domain boundaries are indicated. (B,C) Lysates from S2
cells expressing HA-tagged versions of MBP, wild-type GW182, or
GW182 mutants were immunoprecipitated using a monoclonal anti-
HA antibody. Inputs (1.5%) and immunoprecipitates (30%) were
analyzed by Western blotting using a polyclonal anti-HA antibody.
Endogenous AGO1 was detected by Western blotting using anti-
AGOL1 antibodies (two different exposures are shown, short and long).
(Asterisks) Indicate cross-reactivity with the immunoglobulin heavy
chain by the secondary antibody (IP panels).
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length D. melanogaster GW182, motif I is
the major binding site for AGO1. The
additional GW-repeats appear to contrib-
ute to the interaction by providing low-
affinity binding sites. These results also
indicate that the GW-repeats in the middle
domain of D. melanogaster GW182 do not
contribute to the interaction with AGO1.
In agreement with this, deleting this mid-
dle region had no effect on the AGO1
interaction (Fig. 1B, AM-GW, lane 16).

transfected with MBP).

FIGURE 2. Role of GW182 domains in silencing. (A-F) S2 cells were treated with dsRNA
targeting the 5'- and 3'-
These cells were subsequently transfected with a mixture of three plasmids: one expressing the
F-Luc-Nerfin-1 reporter; another expressing miRNA primary transcripts (+miR-9b or miR-
279) or the corresponding empty vector (—); and a third expressing Renilla luciferase (R-Luc).
Plasmids (25 ng) encoding wild-type HA-GW182, HA-GW182 mutants, or HA-MBP were
included in the transfection mixtures, as indicated. Firefly luciferase activities were normalized
to those of the Renilla luciferase transfection control and set to 100 in cells transfected with the
empty vector (i.e., in the absence of the miRNAs). (A,D) Normalized Firefly luciferase activities
in the absence or presence of miRNAs in control cells (i.e., cells treated with GFP dsRNA and

UTRs of GWI182 mRNA. Control cells were treated with GFP dsRNA.

(B,E) Relative fold de-repression for each condition. Mean values =*

standard deviations from three independent experiments are shown. (C,F) Northern blot

analysis of representative RNA samples shown in B and E.

GW182 interaction with AGO1
is essential for silencing

To investigate whether the GW182 mutants described above
function in silencing, we used a complementation assay
described before (Eulalio et al. 2009a). Briefly, in this assay,

endogenous GW182 is depleted using dsRNAs that target the
5'- and 3’-UTR sequences of GWI182 mRNA. This depletion
inhibits miRNA-mediated silencing (Figs. 2, 3), although less
efficiently than by dsRNAs targeting GW182 ORF. GW182
mutants are then tested for the ability to restore silencing in
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ing, was also impaired in the complemen-
tation assay when low amounts of
expression plasmid were transfected (Figs.
2B,E, 3B,E). This mutant, however, com-
plemented silencing of the F-Luc-Nerfin-1
reporter when higher amounts of expres-
sion plasmid were transfected (Supple-
mental Fig. 1EJF), indicating that the
residual AGO1-binding activity of this mutant is sufficient to
rescue silencing when it is overexpressed.

In contrast, the GW182 mutant in which all 12
N-terminal GW-repeats were substituted by alanines
(12xGW-AA) failed to rescue silencing at all concentra-
tions tested (Figs. 2B,E, 3B,E; Supplemental Fig. 1D-F).
The expression levels of wild-type and mutant GW812
proteins were comparable (Fig. 1). Because the expression
levels of AGO1 or of miRNAs are not affected in cells
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FIGURE 3. Role of GW182 domains in silencing. (A—F) S2 cells were treated with dsRNA
targeting the 5'- and 3’-UTRs of GWI182 mRNA. Control cells were treated with GFP dsRNA.
These cells were subsequently transfected with a mixture of three plasmids: one expressing the
indicated F-Luc reporters; another expressing miR-12 primary transcripts (+miR-12) or the
corresponding empty vector (—); and a third expressing Renilla luciferase (R-Luc). Plasmids
(25 ng) encoding wild-type HA-GW182, HA-GW182 mutants, or HA-MBP were included in
the transfection mixtures, as indicated. Firefly luciferase activities were normalized to those of
the Renilla luciferase transfection control and analyzed as described in Figure 2. (C,F)
Northern blot analysis of representative RNA samples shown in B and E.

depleted of GW182 (Fig. 6A,B, below), these results provide
compelling evidence that the interaction between GW182
and AGOL1 is essential for silencing.

Uncoupling AGOT1 interaction with miRNAs
and GW182

To confirm further the importance of the GW182-AGO1
interaction in miRNA-mediated gene silencing we sought
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FIGURE 4. Mutations in AGO1 that uncouple miRNA and GW182
binding. (A) Lysates from S2 cells expressing HA-tagged versions of
MBP, wild-type AGO1, or AGO1 mutants were immunoprecipitated
using a monoclonal anti-HA antibody. Inputs (1.5%) and immuno-
precipitates (30%) were analyzed by Western blotting using a poly-
clonal anti-HA antibody. Endogenous GW182 was detected using
anti-GW182 antibodies. The association between HA-AGO1 and
endogenous bantam was analyzed by Northern blotting. tRNAAR
served as a loading control. (Asterisk) IgG cross-reactivity.

to generate AGO1 mutants that no longer interact with
GW182. Previous studies showed that mutations in the mid
and PIWI domains of human AGO2 abolish GW182
binding (Till et al. 2007). These mutations may also
interfere with miRNA binding, as some of the residues
involved in the interaction with GW182 are located in the
miRNA 5’-binding pocket (Till et al. 2007). Based on
mutations described in a study by Till et al. (2007), we
generated the corresponding mutations in D. melanogaster
AGOL. To obtain AGO1 mutants that interact with GW182
but not with miRNAs, we mutated the PAZ domain
(PAZ6) (Supplemental Table 2; Liu et al. 2005b). As a
negative control in parallel, we analyzed an AGO1 mu-
tant carrying valine substitutions of phenylalanines 594
(F594V) and 629 (F629V) (referred to as F2V2); this
mutant is inactive in silencing because it cannot interact
with either miRNAs or GW182 (Eulalio et al. 2008b).
HA-tagged AGO1 mutants were expressed in D. mela-
nogaster S2 cells and tested for their ability to coimmu-
noprecipitate endogenous miRNAs and GW182. The
presence of miRNAs and GW182 in the immunoprecpitates
was detected by Northern and Western blotting, respec-
tively. We found endogenous bantam and GW182 coim-
munoprecipitated with wild-type HA-AGO1 but not the
F2V2 mutant, as reported before (Fig. 4, lanes 9,10; Eulalio
et al. 2008b). Similarly, AGOl mutants carrying the
substitutions R707A, Y749A, or K785A were also strongly

impaired in miRNA and GW182 binding (Supplemental
Fig. 2A; Supplemental Table 2). In fact, the only mutations
that disrupted binding to miRNAs but not to GW182 were
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those located in the PAZ domain (Fig. 4, PAZ6, lane 11;
Supplemental Fig. 2B; Supplemental Table 2).

Importantly, we identified residues in AGO1 required for
the interaction with GW182 but not with miRNAs. Spe-
cifically, alanine substitutions of AGO1 residue F777, or of
F777 in combination with R771, abolished the interaction
with GW182 but not with miRNAs (Fig. 4, lanes 12,14).
Nevertheless, the proteins carrying these mutations local-
ized to P-bodies, a process that depends on the interaction
with GW182 (Fig. 7, below); thus, these mutants retained a
residual binding affinity for GW182, despite being negative
in coimmunoprecipitation assays.

We could not, however, identify additional mutations
that completely abolished the interaction of AGO1 with
GW182, without affecting miRNA binding (Supplemental
Fig. 2; Supplemental Table 2). For instance, a protein
carrying a double alanine substitution of residues F777
and 1716 no longer interacted with GW182 and miRNAs
(Fig. 4, lane 13). The I716A and R771A mutations, on their
own, have only a slight effect on GW182 binding (Supple-
mental Fig. 2A; Supplemental Table 2). These results
provide further evidence that the miRNA- and GW182-
binding sites on Argonaute proteins are partially over-
lapping, as has been reported by Till et al. (2007). However,
since these two activities can be uncoupled by specific
mutations, the binding sites are not interdependent.

The silencing activity of AGO1 depends
on the interaction with GW182

To investigate whether AGO1 mutants that are impaired in
GW182 binding could still function in miRNA-mediated
silencing, we performed complementation assays as de-
scribed above; however, in this case, we depleted endoge-
nous AGO1 using a specific siRNA (AGO1-siRNA). An
siRNA targeting GFP was used as a negative control (GFP-
siRNA). AGO1 depletion fully suppressed silencing of the
F-Luc reporters as shown before (Fig. 5; Eulalio et al.
2008b). Silencing was restored by expressing an siRNA-
resistant version of AGO1 (Fig. 5).

As expected, in AGO1-depleted cells, mutants that lost
the ability to interact with both miRNAs and GW182 could
not rescue silencing (Fig. 5, e.g., F2V2, F777A,1716A), as

FIGURE 5. AGOl mutants impaired in GW182-binding are also
impaired in the complementation assay. (A-D) S2 cells were trans-
fected with (Control) GFP-siRNA or (AGO1 knockdown) AGOI-
siRNA plus a mixture of three plasmids: one expressing the indicated
F-Luc reporters; another expressing miRNA primary transcripts
(+miRNA) or the corresponding empty vector (—); and a third
expressing Renilla luciferase (R-Luc). Plasmids encoding siRNA-
resistant versions of wild-type or mutant HA-AGO1 proteins were
included in the transfection mixtures, as indicated. Control cells were
cotransfected with a plasmid encoding HA-MBP. Firefly luciferase
activities were normalized to those of the Renilla luciferase trans-
fection control and analyzed as described in Figure 2.
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shown before for the F2V2 mutant (Eulalio et al. 2008b). In
addition, the AGO1 PAZ6 mutant was also inactive in the
complementation assay as expected; this mutant did
not interact with miRNAs but retained the ability to
interact with GW182 (Fig. 5, PAZ6). Remarkably, mutant
F777A and the double mutant (Fig. 5, F777A,R771A),
which interacted with miRNAs but were impaired in
GW182 binding, were also impaired in the complementa-
tion assay. These results together with the results described
above indicate that AGOI requires the interaction with
GW182 to mediate miRNA silencing.

GW182 acts downstream from miRNA loading
onto AGO1

To define more precisely the step of silencing at which
GW182 is required, we investigated whether GW182 was
required for the interaction of AGO1 with miRNAs. To this
end, HA-tagged AGO1 was expressed in control cells or
cells depleted of GW182. The interaction between AGO1
and endogenous miRNAs was tested for by coimmunopre-
cipitation assays using anti-HA antibodies. We observed
that HA-AGO1 coimmunoprecipitated endogenous ban-
tam, both in control cells and in cells depleted of GW182
(Fig. 6A, lanes 6,8). The residual levels of GW182 in
depleted cells were below 10% of those detected in control
cells (Fig. 6B), yet AGOl and bantam expression levels
remained unaffected in these cells (Fig. 6A; data not
shown), indicating that GW182 is not required for miRNA
biogenesis.

We also tested the association of GW182 with miRNAs
by coimmunoprecipitation followed by Northern blotting.
We observed that wild-type GW182 coimmunoprecipitated
bantam. In contrast, the GW182 mutant (12xGW-AA),
which did not interact with AGO1, failed to associate with
bantam (Fig. 6C, lane 9). Thus, AGO1 bridges the associ-
ation of GW182 with miRNAs. Together these results
indicate that GW182 acts downstream from miRNA
loading onto AGO1.

AGO1 accumulation in P-bodies requires
the interaction with GW182 but not with miRNAs

We previously showed that GFP-AGO1 spreads throughout
the cytoplasm in transiently transfected S2 cells but ac-
cumulates in P-bodies when coexpressed with HA-GW182
(Fig. 7, cf. B and C; Behm-Ansmant et al. 2006a). As
mentioned above, the AGO1 mutants (F777A and F777A,
R771A), which did not interact with GW182 in coimmu-
noprecipitation assays, localized to P-bodies when coex-
pressed with HA-GW182 (Fig. 7D,E; Supplemental Table
2), suggesting that the residual GW182-binding activity of
these mutants is sufficient for their accumulation in P-
bodies. Mutations in AGO1 that abolished the interaction
with GW182 and miRNAs prevented AGO1 accumulation
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in P-bodies (Fig. 7F; Supplemental Table 2). This was the
case, for instance, for the F2V2 mutant (Fig. 7F); however,
the AGO1 PAZ6 mutant that interacted with GW182 but
not with miRNAs localized to P-bodies (Fig. 7G). These
results suggest that AGO1 accumulation in P-bodies is
mediated by GW182 but does not require AGO1 to bind
miRNAs. Thus, the pool of AGO1 in P-bodies may not be
necessarily active in silencing.

The role of GW182 in silencing is unrelated
to P-body localization

It has been proposed that the role of GW182 in silencing is
to direct AGO1l and miRNA targets to P-bodies where
translational repression and mRNA decay could occur (Liu
et al. 2005b; Pillai et al. 2005; Bhattacharyya et al. 2006).
We therefore investigated the possibility that the essential
role of GW182 in silencing is due to its ability to localize to
P-bodies and to promote the accumulation of AGO1 in
P-bodies.

In previous studies, we showed that a fragment of
GW182 containing the N-terminal GW-repeats, the UBA-
like domain, and the Q/N-rich region was necessary and
sufficient for P-body localization, although none of these
regions was sufficient on their own (Behm-Ansmant et al.
2006a). To define the P-body localization domain of
GW182 more precisely, we deleted the UBA-like domain
or the Q/N-rich region in the context of full-length GW182
(GW182-AUBA; GW182-AQ/N).

We found a GW182 protein lacking the UBA-like
domain localized to cytoplasmic foci, as observed for
wild-type GW182 (Fig. 7, cf. ] and I). These foci correspond
to endogenous P-bodies, as judged by the staining with an
antibody recognizing Trailer Hitch (Tral) (Eulalio et al.
2007a). Furthermore, the GW182 mutant lacking the UBA-
like domain interacted with AGO1 and was fully active in
the complementation assay (Figs. 1B, 2, 3), indicating that
the UBA-like domain is dispensable for the silencing
activity of GW182.

In contrast, the protein lacking the Q/N-rich region
spread throughout the cytoplasm and failed to localize to
P-bodies (Fig. 7K). Consequently, although this mutant
could interact with AGOI, it did not promote the accu-
mulation of AGO1 in P-bodies (Figs. 1B, 7H). In the
complementation assay, however, GW182-AQ/N restored
silencing as efficiently as the wild-type protein for all but
one of the reporters tested (Figs. 2, 3). The exception
was the F-Luc-Nerfin-1 reporter, whose silencing by miR-
279 was only partially restored (Fig. 2E). These results
indicate that the Q/N-rich region is not essential for, but
may contribute to silencing in a target-specific manner.
More importantly, because GW182-AQ/N does not accu-
mulate in P-bodies and fails to localize AGO1 to P-bodies,
these results indicate that the role of GW182 in silencing
can be uncoupled from its ability to localize to P-bodies.

In agreement with this, we showed in previous studies that
P-body integrity is not required for silencing (Eulalio et al.
2007c¢).

It is important to note that the Q/N-rich region is
necessary but not sufficient for P-body localization because
mutations in the N-terminal GW-repeats, which disrupted
AGO1 interaction, also prevented the accumulation of
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GW182 in P-bodies (Fig. 7L). Thus, GW182 localization to
P-bodies requires both the interaction with AGO1 and the
Q/N-rich region.

The middle and C-terminal regions of GW182
are essential for silencing

In previous studies, we showed that the RRM domain of
GW182 is not essential for, but contributes to silencing, in
a miRNA target-specific manner (Eulalio et al. 2009a).
The results described above indicated that the UBA-like
domain and Q/N-rich region are also dispensable for
silencing, although they may contribute to the repression
of specific mRNAs. We therefore tested whether the middle
and C-terminal regions contribute to GW182 silencing
activity.

Deleting the middle region (M-GW), which contains
three GW-repeats, did not affect the GW182 interaction
with AGO1 or miRNAs (Figs. 1B, lane 16, 6C, lane 10); this
is in agreement with the observation that these GW-repeats
do not contribute to the AGO1 interaction. Unexpectedly,
deleting the C-terminal region (C-term) slightly increased
the association of GW182 with AGO1 and miRNAs (Figs.
1B, lane 18, 6C, lane 11). Nevertheless, despite their ability
to interact with AGO1 and miRNAs, proteins lacking the
middle or C-terminal regions were impaired in the com-
plementation assay; thus, these regions contribute to
silencing (Figs. 2, 3). Accordingly, a protein lacking both
the middle and C-terminal regions (AM+C-term) did not
restore silencing in cells depleted of endogenous GW182
(Figs. 2, 3), despite the fact that this protein coimmuno-
precipitated AGO1 and miRNAs more efficiently than wild-
type GW182 (Fig. 6C, lane 12; Supplemental Fig. 1).
Furthermore, the GW182 mutant lacking both the middle
and C-terminal regions localized to P-bodies (Fig. 7N),
indicating lack of correlation between silencing activity and
the ability to localize to P-bodies.

FIGURE 6. GW182 functions downstream from miRNA loading
onto AGO1. (A) S2 cells were treated (Control) GFP or (GW182 KD)
GW182 dsRNAs on days 0 and 4, and transfected on day 6 with
plasmids expressing HA-MBP or HA-AGO1. Proteins were immuno-
precipitated using a monoclonal anti-HA antibody. Inputs (1.5%) and
immunoprecipitates (30%) were analyzed by Western blotting using a
polyclonal anti-HA antibody. The association between HA-AGO1 and
miRNAs was analyzed by Northern blotting. tRNA*? served as a
loading control for the Northern blots. (B) The effectiveness of the
GW182 depletion was analyzed by Western blotting using anti-
GW182 antibodies. (Lanes 1—4) Dilutions of control cells (treated
with GFP dsRNA) were loaded. Tubulin served as a loading control.
(C) Lysates from S2 cells expressing HA-tagged versions of MBP,
wild-type GW182, or GW182 mutants were immunoprecipitated
using a monoclonal anti-HA antibody. Inputs (1.5%) and immuno-
precipitates (30%) were analyzed by Northern blotting, as described in
panel A. Endogenous AGO1 was detected by Western blotting using
anti-AGO1 antibodies.
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Within the middle region, a motif of about 60 residues
shows a higher degree of conservation among GW182
proteins (Fig. 1A, gray box). However, deleting this motif
alone did not affect GW182 silencing activity (Supplemen-
tal Fig. 3A-D, AMIII), indicating that the additional, less
conserved sequences in the middle region are involved in
silencing. In summary, our results indicate that in addition
to the N-terminal AGO1-binding domain, the middle and
C-terminal regions of GW182 are essential for silencing and
may constitute a bipartite silencing domain.

DISCUSSION

Proteins of the GW182 family have been shown to play an
essential role in the miRNA pathway in diverse organisms
(Ding and Han 2007; Eulalio et al. 2008a); yet the step of
silencing at which these proteins function remained to be
established. Here we show that GW182 proteins act in the
effector step of silencing, downstream from miRNA loading
onto AGOIl. Two domains in these proteins play an
essential role in silencing: the N-terminal domain, which
provides multiple binding sites for Argonaute proteins, and
a bipartite silencing domain that is required for trans-
lational repression and decay of miRNA targets. We further
show that impairing the interaction between AGO1 and
GW182 inhibits silencing. Together, our results provide
compelling evidence that miRNA silencing in animal cells is
mediated by AGO1 in complex with GW182.

Role of GW182 in silencing

AGO1-GW182 complexes repress translation and/or direct
miRNA targets to degradation. The mechanism of miRNA-
mediated translational repression, in the absence of mRNA
degradation, remains to be elucidated (Nilsen et al. 2007).
In contrast, it is well established that degradation of
miRNA targets (having partially complementary miRNA-
binding sites) is mediated by deadenylation and decapping,
followed by 5’ to 3" decay of the mRNA body (Bagga et al.
2005; Rehwinkel et al. 2005; Wu and Belasco 2005; Behm-
Ansmant et al. 2006a,b; Giraldez et al. 2006; Mishima et al.
2006; Wu et al. 2006; Eulalio et al. 2007b, 2008b, 2009b).
This process requires GW182, AGO1, the CCR4-NOT1-
CAF1 deadenylase complex, the decapping enzyme DCP2,
and several decapping activators including DCP1, Ge-1,
EDC3, RCK/Me31B, and HPat (Rehwinkel et al. 2005;
Behm-Ansmant et al. 2006a; Chu and Rana 2006; Eulalio
et al. 2007b, 2008b, 2009b). The precise mechanism by
which these proteins are recruited to miRNA targets is
unknown; but it is possible that decay factors are recruited
only after the GW182-AGO1 complexes bind to the target
or after the mRNP target undergoes conformational rear-
rangements.

The role of GWI182 in silencing is not limited to
promoting mRNA degradation. As shown in this and
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GW182 or HA-GW182 mutants on the localization of AGO1 was examined. The merged
images show the GFP signal in green, the HA signal in red. (I-N) Confocal fluorescent
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mutants. Cells were stained with affinity-purified anti-Tral antibodies. The merged images
show the HA signal in green and the anti-Tral signal in red. In all panels, the fraction of cells
stained identically to the representative panel was determined by scoring at least 100 cells in
two independent transfections performed per protein. Scale bar, 5 pm.

additional studies, GW182 proteins are also required for
translational repression mediated by miRNAs (Liu et al.
2005a; Meister et al. 2005; Behm-Ansmant et al. 2006a; Chu
and Rana 2006; Eulalio et al. 2008b). The GW182 silencing
domain is also essential for this process, suggesting possible
cross talk between this domain and the translational
machinery. However, without clearly understanding the
mechanisms of miRNA-mediated gene silencing, we cannot
discern whether translational repression and/or mRNA
decay cause silencing directly or are indirect consequences
of a primary effect of miRNA-—effector complexes on
mRNP composition and/or conformation.

Regardless, it is surprising that the middle and C-terminal
GW182 regions, although essential for silencing, are pre-
dicted to be unstructured and are not highly conserved
within the GW182 protein family. Indeed, the silencing

Tral Merge

activity of human TNRC6A, B, and
C also resides in the corresponding
C-terminal silencing domains (Lazzaretti
et al. 2009). Within the middle region, a
motif of about 60 residues shows a
higher degree of conservation among
GW182 proteins (Fig. 1A, gray box);
however, deleting this motif did not
affect GW182 silencing activity, indicat-
ing that the additional, less conserved
sequences within the middle region con-
tribute to silencing. Although the role of
the middle and C-terminal regions in
silencing remains to be elucidated, it is
possible that these regions provide sites
for protein—protein interactions rele-
vant for miRNA-mediated gene silenc-
ing. Furthermore, the high content
of serine residues in these regions
(17.1% and 26.6%, respectively) suggests
that GW182 activity may be regulated by
phosphorylation.

MATERIALS AND METHODS

DNA constructs

Luciferase reporters and plasmids for expres-
sion of miRNAs and HA-tagged proteins were
described before (Eulalio et al. 2007b, 2008b).
Renilla luciferase cloned between the Kpnl
and Xhol sites of vector pAc5.1A (Invitrogen)
served as a transfection control. Mutants of D.
melanogaster AGO1 or GW182 were gener-
ated by site-directed mutagenesis using the
plasmid  pAc5.1B-AN-HA-AGO1  (siRNA
resistant) or pAc5.1B-AN-HA-GW182 as tem-
plate, respectively, using the Quick change
mutagenesis kit from Stratagene. Plasmid
PAC5.1B-ANHA-AGO1 (siRNA resistant) car-
ries mutations that prevent the interaction with AGO1-siRNA
without changing the protein sequence.

RNA interference, luciferase assays,
and Northern blots

RNA interference was performed as described before (Eulalio et al.
2007b, 2008b) with the exception that cells were depleted on days
0 and 4, transfected on day 7 and collected on day 10. Trans-
fections of S2 cells were performed in 6-well plates, using Effectene
transfection reagent (QIAGEN). The following siRNAs were used:
GFP siRNA (5'-GCGACGUAAACGGCCACAAGUUCUU) and
AGO1 siRNA-1 (5'-CGAAGGAGAUCAAGGGUUUUU). The
siRNAs were transfected at a final concentration of 75 nM. For
miRNA-mediated silencing assays, the transfection mixtures con-
tained 0.1 pg of firefly luciferase reporter plasmid, 0.4 pg of the
Renilla transfection control, and 0.5 ng of plasmids expressing
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miRNA primary transcripts or the corresponding vector without
insert. When indicated, 0.025-1 pg of plasmids expressing
recombinant proteins were cotransfected. Firefly and Renilla
luciferase activities were measured 3 d (GW182 complementation
assay) or 4 d (AGO1 complementation assay) after transfection
using the Dual-Luciferase Reporter Assay System (Promega).
Total RNA was isolated using TriFast (Peqlab Biotechnologies)
and analyzed as described before (Eulalio et al. 2007b, 2008b).

Coimmunoprecipitations and Western blots

The interaction of AGO1 with endogenous miRNAs and GW182,
or the interaction of GW182 with endogenous miRNAs and
AGO1 was tested as described (Rehwinkel et al. 2006; Eulalio
et al. 2008b). Antibodies to D. melanogaster GW182 were de-
scribed before (Behm-Ansmant et al. 2006a). Antibodies to AGO1
(dilution 1:1000) were purchased from Abcam (catalog number
ab5070). A monoclonal anti-HA antibody was purchased from
Covance Research Products (catalog number MMS-101P). Poly-
clonal anti-HA and anti-tubulin antibodies were purchased from
Sigma (catalog numbers H6908 and T6199, respectively). Bound
primary antibodies were detected with alkaline-phosphatase-
coupled secondary antibodies (Western-Star kit from Tropix).

Immunofluorescence

Immunostainings were performed as described by Eulalio et al.
(2007¢). Cells were stained with affinity-purified anti-Tral anti-
bodies diluted 1:250 in PBS containing 1% BSA. Alexa-594-
coupled goat anti-rat secondary antibody (Molecular probes,
catalog number A11007) was used at a dilution of 1:1000. HA-
tagged proteins were detected with a monoclonal anti-HA
antibody (Covance Research Products, catalog number MMS-
101P) diluted 1:1000 in PBS containing 1% BSA. Alexa Fluor 594—
coupled or Alexa Fluor 488—coupled goat anti-mouse secondary
antibody (Molecular probes, catalog numbers A11001 and
A11005, respectively) was used at a dilution of 1:1000. Cells were
mounted using Fluoromount-G (Southern Biotechnology Asso-
ciates, Inc.). Images were acquired using a Leica TCS SP2 confocal
microscope.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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