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Abstract
miRNA-mediated repression in animals is dependent on the GW182 protein family. GW182
proteins are recruited to the miRNA repression complex through direct interaction with Argonaute
proteins, and they function downstream to repress target mRNA. Here we demonstrate that in
human and Drosophila melanogaster cells, the critical repressive features of both the N-terminal
and C-terminal effector domains of GW182 proteins are Gly/Ser/Thr-Trp (G/S/TW) or Trp-Gly/
Ser/Thr (WG/S/T) motifs. These motifs, which are dispersed across both domains and act in an
additive manner, function by recruiting components of the CCR 4–NOT deadenylation complex.
A heterologous yeast polypeptide with engineered WG/S/T motifs acquired the ability to repress
tethered mRNA and to interact with the CCR 4–NOT complex. These results identify previously
unknown effector motifs functioning as important mediators of miRNA-induced silencing in both
species, and they reveal that recruitment of the CCR 4–NOT complex by tryptophan-containing
motifs acts downstream of GW182 to repress mRNA s, including inhibiting translation
independently of deadenylation.

MicroRNAs (miRNAs) are small, ~21-nt–long RNAs that post-transcriptionally regulate
gene expression in eukaryotes. In animals, miRNAs bind to partially complementary sites in
mRNAs, leading to translational repression and mRNA deadenylation and degradation1–4.
miRNAs function as part of ribonucleoprotein complexes, miRNPs, with Argonaute (AGO)
and GW182 family proteins being the crucial components. GW182s interact directly with
AGO proteins and function downstream as effectors mediating mRNA repression. Hence,
understanding the function of GW182 proteins is critical for understanding miRNA-
mediated repression.

GW182 functional regions have been mapped in D. melanogaster and mammalian proteins.
In D. melanogaster, three regions were found to repress tethered mRNA to a similar extent5:
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the N-terminal effector domain (NED) having multiple GW-repeats, the middle Q-rich
region, and the C-terminal effector domain (CED) containing the poly(A) binding protein
(PABP)-interacting motif 2 (PAM2) and the RNA-recognition motif (RRM). The role of the
CED in repression was also previously established by others6–8. In mammals, tethering of
the three regions mentioned above also represses reporter mRNA, with the major
contribution being provided by the CED9–11. The mechanism by which GW182 domains
repress mRNA function appears to be evolutionarily conserved, as dGW182 can repress
mRNA function in mammalian cells, and human TNRC6 proteins (mammals express three
counterparts of dGW182: TNRC6A, B and C) act as repressors in D. melanogaster cells5,8,9.

The CED of both human and fly GW182s interacts with PABP, and this interaction, possibly
by interfering with the PABP-eIF4G association, promotes target mRNA deadenylation by
recruiting, through PABP, the components of the CCR4–NOT deadenylation
complex7,8,12,13. In addition, others14–16 have demonstrated the role of CCR4–NOT and
PAN2–PAN3 deadenylation complexes in the deadenylation of miRNA targets. It is unclear
how GW182 proteins recruit these deadenylase complexes and how translation repression is
modulated. One possible model is that the interaction of CED with PABP interferes with the
PABP-eIF4G association and reduces translation7,12,13. However, interfering with eIF4G-
PABP interaction and binding of the CCR4–NOT complex through PABP cannot explain
the repression of mRNAs bearing no poly(A) tails (reviewed in refs. 2,3), nor can it explain
the repression by GW182 domains other than CED.

Previous work on the fly GW182 and human NED indicated a role for glycine-tryptophan
(GW) repeats as effector motifs contributing to miRNA-mediated silencing17,18. Here we set
out to investigate how the GW182 CED and NED regions bring about mRNA repression.
We found that motifs bearing tryptophan residues also in contexts other than GW or WG
function as important repressive sequences in the CED, both in human and D. melanogaster
cells. The effector G/S/TW and WG/S/T motifs in the NED and CED recruit the components
of CCR4–NOT and PAN2–PAN3 complexes in a PABP-independent manner to repress
function of both poly(A)+ and poly(A)− mRNAs. These results identify the recruitment of
the CCR4–NOT complex as a critical event for miRNA-mediated mRNA degradation and
translation repression.

RESULTS
The CED of TNRC 6C interacts with the CCR 4–NOT complex

The CED of human TNRC6C (ΔN1370 fragment; Fig. 1a) functions as an autonomous
repressive domain, inducing both translational inhibition and mRNA degradation9. To
elucidate how the CED induces the repression of target mRNAs, it was expressed as a
glutathione S-transferase (GST) fusion in HEK293T cells and used for pull-down
experiments. Among the pulled-down proteins, MS identified several components of the
CCR4–NOT complex, including CNOT1, its scaffolding component and CNOT8, a paralog
of the deadenylase CNOT7/CAF1 (Fig. 1b). PABP was also among the interacting proteins,
consistent with previous findings8,12,13. The interaction of the CED with different
components of CCR4–NOT, either endogenous or ectopically expressed, was confirmed by
western blotting (Fig. 1c,d). Notably, endogenous TNRC6A could also co-
immunoprecipitate CNOT1 (Fig. 1e).

CAF1 was reported to interact with PABP through the TOB1 protein19, raising the
possibility that the CED recruits CCR4–NOT through PABP. The PAM2 motif (Fig. 1a and
Supplementary Fig. 1) represents the main region in the CED responsible for its interaction
with PABP in human cells8,13. Deletion of PAM2 (CEDΔPAM2) abrogated the association
with PABP without affecting the interaction with CNOT1 and CAF1, suggesting that the
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CED interaction with CCR4–NOT is PABP-independent (Fig. 1d). Moreover, the observed
interactions were not mediated by RNA, as they were resistant to micrococcal nuclease
treatment (Fig. 1d and Online Methods).

To identify sequences in CEDΔPAM2 responsible for the CCR4–NOT interaction, we did
pull-down assays with CEDΔPAM2 subfragments (see Fig. 1a). Deleting either M2 or C-
terminal (Cterm) regions reduced the interaction with CNOT1 and CAF1. The RRM alone
did not pull down CNOT1 or CAF1, whereas a fusion of M2 and Cterm regions pulled them
down with an efficiency similar to that of CEDΔPAM2 (Fig. 1d).

Repression by the CED correlates with CCR 4–NOT interaction
The CED domain and its subfragments were tested for activity in repressing protein
synthesis in an mRNA-tethering assay (Supplementary Fig. 2a). Tethering of the CED or
CEDΔPAM2 repressed Renilla luciferase expression by approximately ten times, when
compared to proteins lacking the N-peptide (Fig. 1f). Constructs lacking either M2 or Cterm
regions showed reduced repression, whereas the M2-Cterm fusion repressed almost as well
as CEDΔPAM2 (Fig. 1f). Hence, similarly to their requirement for the interaction with the
CCR4–NOT complex, the combined M2 and Cterm regions are sufficient for effective
mRNA repression8.

When analyzed in the context of full-length TNRC6C, deletion of M2 and Cterm regions
alleviated mRNA repression to a level comparable to that seen when the entire CED is
deleted (Supplementary Fig. 2b). Similarly, both TNRC6C deletion mutants interacted less
strongly with CAF1 and CNOT1 (Supplementary Fig. 2c). The ability of both mutants to
still partially repress mRNA function and associate with CCR4–NOT is readily explained by
observations that, in addition to the CED, N-proximal regions of GW182s have the potential
to repress mRNAs5,9,17,18 and associate with CCR4–NOT components (see below).

To determine the features of M2 and Cterm regions that repress mRNA function, we
identified conserved regions of two to six amino acids by alignment of different GW182
proteins (Supplementary Fig. 1). Because their mutagenesis in the context of CEDΔPAM2
had a very limited effect (data not shown), we tested the mutations in the context of
CEDΔPAM2 subfragments, M2-RRM or RRM-Cterm (Fig. 1a and Supplementary Fig. 2d–
h). This analysis revealed considerable redundancy of the CED sequences responsible for
mediating both the interaction with CCR4–NOT and repression of mRNA function.
Unexpectedly, our results also showed that all mutations appreciably affecting both
activities were in elements containing tryptophan residues, and those tryptophan residues
were important for the repressive activity, in a manner that involved recruitment of CCR4–
NOT (Supplementary Figs. 2d–h and 3a,b and Supplementary Results).

W-motifs represent signals recruiting deadenylase complexes
When inspecting the alignment of the CED across different species, we noted that GW or
WG repeats in one GW182 homolog often align with the S/TW or WS/T repeats in other
homologs (Supplementary Fig. 1). We hypothesized that reiterated G/S/TW or WG/S/T
repeats (referred to as W-motifs), rather than only GW or WG repeats, must have a role in
repression. The TNRC6C CED contains eight W-motifs (Fig. 2a and Supplementary Fig. 1).
We analyzed the effect of Trp→Ala mutations in W-motifs on expression of the tethered
mRNA (Fig. 2a). Notably, although single Trp→Ala mutations had no marked effect on
repression by the CED, their combinations had a progressive additive effect. Notably, when
all eight tryptophans were mutated (W8), repression by the CED was fully alleviated. We
observed no alleviation when other conserved amino acid stretches were mutated in either
PAM2 or M2 regions. Western blot analysis showed that the differences in repressive
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potential could not be explained by differences in expression levels (Fig. 2a). The most
conserved tryptophan residue, Trp1515, did not contribute to repression (8W and 7W
mutants differ only in the Trp1515 mutation). Trp1515 participates in the RRM structure6,
whereas other W-motifs reside in regions predicted as disordered (http://dis.embl.de).
Otherwise, W-motifs seem to contribute to repression independently of the degree of
conservation and the context; that is, whether they are located next to glycine, serine or
threonine residues (Fig. 2a).

Because the CED Trp→Ala mutants relieve repression activity, we determined, by MS, how
these mutations affect the interaction of proteins with the CED (Supplementary Fig. 4a). As
expected, the wild-type CED associated with different components of the CCR4–NOT
complex. However, none of them associated with the 7W mutant, indicating that the CED
interacts with CCR4–NOT in a W-dependent manner. As both wild-type and 7W mutant
CEDs contain the PAM2 region, each associated with PABP. We also observed that the
PAN2–PAN3 deadenylase complex components were present among proteins bound by
wild-type but not 7W mutant fusions, though PAN2 and PAN3 were found in smaller
amounts than CCR4–NOT proteins.

We also analyzed the pull-down assays by western blotting (Fig. 2b). Both CNOT1 and
CAF1 interacted with wild-type CED but not with its 7W mutant. Mutations of W-motifs
also strongly affected association with PAN2 and PAN3 but had no major effect on
interaction with PABP. In two out of four experiments, however, PABP binding was slightly
affected in the 7W mutant (1.5-fold to two-fold; not shown). This could be explained by the
secondary weak PABP binding site located in the M2 or Cterm regions7,13. Interactions with
PABP through this site seemed to be indirect8, suggesting that they occur through
components of the CCR4–NOT or PAN2–PAN3 complexes.

We have mapped regions in the CED required for PABP and CCR4–NOT interactions, so
we were able to determine the interdependence of these interactions. Mutations in PAM2
that disrupted the CED-PABP interaction (mutant EF1388; mutations are always to alanine;
when several consecutive amino acids are mutated, the number corresponds to the first
residue in the mutated stretch) did not affect the association of CED with CCR4–NOT,
whereas the 7W mutant that did not interact with CCR4–NOT still interacted with PABP
(Fig. 2b). Hence, the CED interactions with CCR4–NOT and PABP are independent. The
PAN2–PAN3 interactions were more complex: mutation of PAM2 somewhat reduced
binding of PAN2 and PAN3, though not as strongly as mutations of W-motifs, and the
double EF1388 7W mutant showed no PAN2–PAN3 binding (Fig. 2b). These results
suggest that PAN2–PAN3 is primarily recruited through the function of W-motifs but that it
can also weakly interact with the CED through PABP, which is consistent with the direct
PAN3-PABP interaction previously described20.

To investigate whether the role of W-motifs in repression is conserved across the species,
we also introduced Trp→Ala mutations into the eight W-motifs in the dGW182 CED (Fig.
2c and Supplementary Fig. 1). The mutant proteins were tethered to the firefly luciferase
reporter FL-5BoxB, expressed in fly S2 cells. As in the case of the TNRC6C CED,
mutations alleviated repression in an additive manner, leading to almost no repression when
all tryptophans were mutated. In contrast, mutation of other conserved sequences had no
appreciable effect (Fig. 2c).

Taken together, our data indicate that the role of W-motifs in mRNA repression is
evolutionarily conserved and that W-motifs function by recruiting CCR4–NOT and PAN2–
PAN3 complexes independently of PABP.
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Repression by NED and CED follows a similar mechanism
To test if the recruitment of the CCR4–NOT complex represents a mechanism conserved
across different effector domains and across species, we analyzed the function of the
dGW182 NED in human HEK293T cells. Our previous work demonstrated that the
dGW182 NED is able to repress the tethered mRNA in human cells9, and we investigated
whether mutations in W-motifs in that region would affect its repressive potential. Because
the 205–490 dGW182 fragment, studied previously in S2 cells, was less effective in human
cells (data not shown), a longer 1–490 fragment was used instead. We observed that six
Trp→Ala mutations in GW repeats in the 205–490 region (mutant NHA-dGW182(1–
490)6W) led to a marked alleviation of repression (Fig. 3a), similar to that observed in D.
melanogaster S2 cells17.

Analysis of interaction partners of the dGW182 NED(1–490) in HEK293T cells revealed
that it interacts with CNOT1 and CAF1 in a W-dependent manner (Fig. 3b), suggesting that
the mechanism of mRNA repression by different GW182 domains is similar and involves
the recruitment of CCR4–NOT through W-motifs. Neither PABP nor PAN2–PAN3 was
detected in the NED GST pull-down assays, whereas they were pulled down with the
TNRC6C CED (Fig. 3b, lower panels). Thus, interaction with PABP and PAN2–PAN3 may
not be required for repression by the NED.

Engineered W-motifs are sufficient to induce repression
We investigated whether W-motifs are not only required but also sufficient to induce mRNA
repression. We introduced X→Trp mutations (with X corresponding to any amino acid) to
the unstructured fragment of the yeast protein Sic1p21. The resulting engineered proteins,
having either four (Sic4xW) or seven (Sic7xW, Supplementary Fig. 4b and Supplementary
Methods) sequences resembling the W-motifs, were fused to N- and GST polypeptides and
their activity tested in the tethering assay. Notably, the proteins containing W-motifs were
able to repress Renilla luciferase-5BoxB (RL-5BoxB) mRNA, with the degree of repression
being dependent on the number of motifs (Fig. 3c). Moreover, GST pull-down experiments
revealed that both CAF1 and CNOT1, but not PABP, were bound by Sic7xW but not the
control tryptophan-free fragment (Fig. 3d). Hence, W-motifs are not only necessary but also
sufficient to induce mRNA repression by recruiting CCR4–NOT.

W-motifs function in a genuine miRNA-mediated repression
We next investigated whether W-motifs also function in the context of full-length GW182
proteins. Mutation of tryptophan residues in W-motifs of the CED strongly compromised the
repressive potential of TNRC6C in HEK293T cells (Fig. 4a, mutants 7W and 8W, ~four-
fold effect; for clarity, the data are also shown as fold derepression in the right panels of Fig.
4a,b). A more marked effect (~ten-fold) of tryptophan mutations on activity of the CED
alone (Fig. 4a; see also Fig. 2a) is readily explained by the potential of the TNRC6 N-
proximal sequences to partially repress the tethered mRNA9,18. In the context of the full-
length TNRC6C, the PAM2 mutation EF1388 led to moderate alleviation of repression,
consistent with previous data8.

In D. melanogaster S2 cells, mutating W-motifs also led to alleviation of repression induced
by either dGW182 or TNRC6C, though the effects were less pronounced than in human
cells (Fig. 4b). This can be explained by a marked contribution of the Q-rich domains of
these proteins to the repression in S2 cells (Fig. 4b, NHA-Q-rich and ref. 5). For dGW182,
mutating W-motifs in either NED (mutant 6W) or CED (7W) alone had only a mild effect
(~two-fold), but combining these mutations (13W) led to more than four-fold alleviation of
repression. Mutating seven tryptophans within the CED of TNRC6C alleviated repression
~three-fold, with mutations in PAM2 having no effect (Fig. 4b).
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Having demonstrated that W-motifs function in the context of full-length GW182 proteins,
we analyzed their importance in a bona fide miRNA repression assay. We depleted S2 cells
of the endogenous dGW182 and tested tryptophan mutants of dGW182 for activity to rescue
miRNA repression. To assess miRNA-mediated silencing, cells were co-transfected with the
firefly luciferase–nerfin (FL-nerfin) reporter and the plasmid expressing miR-9b, which
targets the FL-nerfin 3′ UTR. miR-9b efficiently repressed FL-nerfin mRNA in control cells
(Fig. 4c, black bars), and depletion of dGW182 (open bars) partially alleviated miR-9b–
induced repression; as expected, transfection of a plasmid encoding wild-type dGW182
resistant to RNAi rescued the repression. Mutations of tryptophans in either NED (6W) or
CED (7W) had only a minor effect on the functionality of dGW182 in the rescue, consistent
with independent repression by NED and CED domains5. However, combining the
tryptophan mutations in both regions led to a strong alleviation of repression, demonstrating
the role of W-motifs in miRNA-mediated silencing. Mutation of the PAM2 motif had no
appreciable effect.

Because GW repeats present in the N-terminal part of dGW182 contribute to dAGO1
binding22, we tested if mutations of tryptophans introduced into dGW182 affect its
interaction with dAGO1. We found that whereas the 7W mutant interacted with dAGO1 as
efficiently as wild-type dGW182, the 6W and 13W mutants showed lower levels of binding
(Supplementary Fig. 4c). Consequently, it is possible that tryptophan residues in the NED
contribute to the rescue not only by enhancing the CCR4–NOT interaction (Fig. 3b) but also
by increasing the affinity of dGW182 for dAGO1. However, as 6W and 13W mutants have
similar dAGO1-binding properties (Supplementary Fig. 4c), we can conclude that W-motifs
in the CED are required for the dGW182 function in miRNA repression (Fig. 4c).

Because human TNRC6C is able to complement the knockdown of dGW182 in S2 cells8

(Fig. 4c), we tested the effect of tryptophan mutations on its function in rescue experiments.
Notably, mutations of the W-motifs within the CED region (7W) strongly alleviated
repression by TNRC6C. This is consistent with findings that the CED represents the major
repressive region of human GW182 proteins6,9,11. To test the requirement of W-motifs for
miRNA repression in human cells, we used a reporter having the 3′ UTR of the HMGA2
gene (RL-hmga2), which is targeted by let-7 miRNA23,24. This miRNA is expressed
endogenously in HeLa cells, and it represses RL-hmga2 by about three times when
compared with its mutant version that has disabled let-7 sites (Fig. 4d, black bars). Depletion
of all three TNRC6 proteins by RNAi led to almost full alleviation of the repression (Fig.
4d, open bars), which could be rescued with the wild-type TNRC6A (we used a TNRC6A
paralog, as it functions most efficiently in the complementation assay8). Mutation of PAM2
(EF1358) partially interfered with the rescue, consistent with the previous report8. Notably,
mutations of W-motifs either alone (8W) or in combination with PAM2 mutation (EF1358
8W) led to a nearly complete loss of TNRC6A function in miRNA repression. We conclude
that W-motifs of both D. melanogaster and human GW182s are important for bona fide
miRNA-mediated silencing.

Role of W-motifs and CCR 4–NOT in poly(A)− mRNA repression
Recruitment of the CCR4–NOT deadenylase explains how miRNAs and tethered GW182
silencing domains induce deadenylation and mRNA decay2,3. Indeed, we observed that
tethering of the dGW182 CED induces deadenylation of the FL-5BoxB reporter and that this
effect is dependent on W-motifs (Supplementary Fig. 5). Do the CED and CCR4–NOT also
mediate the translational repression known to be induced by miRNA machinery2–4? To
address this question we first tested whether the dGW182 CED can repress, in a W-motif–
dependent manner, tethered mRNAs in which the polyadenylation signal is substituted by
either a histone stem loop (HSL) or a hammerhead ribozyme (HhR). These mRNAs,
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FL-5BoxB-HSL and FL-5BoxB-HhR, were previously shown to have no poly(A) and to
undergo translational repression in S2 cells in response to tethered dGW182, without
changes in mRNA levels25. Tethering of dGW182 to FL-5BoxB-HSL and FL-5BoxB-HhR
repressed their activity by four and two times, respectively (Fig. 5a), as reported25.
Tethering of the dGW182 CED or its longer version extending to the dGW182 C terminus
(CED*) was slightly less inhibitory, but, notably, the inhibition was nearly fully relieved by
mutating W-motifs. Similarly to the effect of CED domains, direct tethering of the fly Caf1
(dCAF1) and human CNOT1 (the D. melanogaster clone is not available) reduced, by 55%
to 75%, activity of both poly(A)+ and poly(A)− reporters in S2 cells (Fig. 5b). Although the
inhibition of poly(A)+ RNA by either the dGW182 CED domain or CCR4–NOT
components was associated with a decrease of approximately two times in mRNA levels,
repression of poly(A)− mRNAs was not accompanied by pronounced mRNA degradation
(Fig. 5b).

We also investigated whether human TNRC6C CED and human CCR4–NOT proteins can
repress tethered mRNA independently of poly(A) in HEK293T cells. We found that both
classes of proteins repress activity of the poly(A)− reporter that was either expressed from
plasmids or transfected as in vitro transcribed mRNA, the latter bearing the cordycepin
residue at the 3′ end to prevent its potential adenylation in the cell. Inhibition of the
poly(A)− mRNAs was not accompanied by their degradation (Supplementary Figs. 6a–e and
7a–d and Supplementary Results).

Collectively, these results show that recruitment of the GW182 CED or components of
CCR4–NOT also induces silencing of poly(A)− mRNAs, without any accompanying RNA
degradation, suggesting that the CCR4–NOT complex mediates not only mRNA
deadenylation but also translational repression.

Repression of poly(A)− RNA by GW182 depends on CCR 4–NOT
If the CCR4–NOT complex functions downstream of GW182 during repression of poly(A)−

mRNAs, the inhibitory effect of GW182 should be dependent on CCR4–NOT. To address
this assumption, dGW182 and its fragments were tested for their ability to repress the
poly(A)− mRNA in S2 cells depleted of NOT1, a large CCR4–NOT complex scaffolding
protein26. Depletion of NOT1 resulted in a marked alleviation of repression, more
pronounced for the fragments of dGW182 (2.5-fold to three-fold) than the full-length
dGW182 (two-fold) (Fig. 6a). This is probably due to dGW182 also containing domains (for
example, Q-rich5) that may repress mRNA by a CCR4–NOT–independent mechanism.

The observation that repression of poly(A)− RNA by tethering dGW182 and its fragments
depends on NOT1 suggested that the CCR4–NOT complex also acts downstream of GW182
in translational repression. Consistently, repression caused by tethering of the CCR4–NOT
proteins dCAF1 and CNOT1 to FL-5BoxB-HSL RNA was not affected by depletion of
endogenous dGW182 (Fig. 6b). Of note, the dGW182 depletion resulted in partial (30–40%)
alleviation of the repression of the poly(A)+ FL-5BoxB reporter (Fig. 6b). This is consistent
with results indicating that GW182 affects repression not only through the recruitment of
CCR4–NOT but also through the association with PABP, and the latter interaction has been
shown to be important for miRNA-induced deadenylation7,12,13. We conclude that the
CCR4–NOT complex also functions downstream of GW182 during repression of poly(A)−

mRNAs, consistent with its role in mediating inhibition of translation.

DISCUSION
We here provide evidence that human and D. melanogaster GW182 proteins repress
mRNAs by recruiting the CCR4–NOT complex to the mRNA, in a PABP-independent
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manner. This recruitment specificity comes from W-motifs that are dispersed throughout the
N- and C-terminal regions of the proteins and that act in an additive manner. Moreover, we
found that recruitment of CCR4–NOT represses both poly(A)+ and poly(A)− mRNAs,
arguing that this complex, in addition to catalyzing mRNA deadenylation, also mediates
miRNA-induced translational repression.

The following evidence supports the conclusion that W-motifs represent critical signals for
recruiting CCR4–NOT and inducing mRNA repression. (i) Exhaustive mutagenesis of the
CED identified redundant W-containing elements in the CED M2 and Cterm regions and
demonstrated a strong correlation between repression and interaction with CCR4–NOT. (ii)
Introduction of an increasing number of Trp→Ala mutations, in both GW (or WG) and S/
TW (or WS/T) contexts, across the CED regions of either TNRC6C or dGW182, had an
additive effect on alleviating repression, regardless of whether these substitutions were
tested in the CED or full-length proteins. (iii) W-motifs present in the NED and CED
regions functioned in an additive manner and by similar mechanisms that involved the
recruitment of the CCR4–NOT complex. (iv) In the assay measuring bona fide miRNA
repression, the activity of dGW182, TNRC6C and TNRC6A to rescue miRNA-mediated
silencing in GW182-depleted cells was strongly compromised upon mutation of W-motifs.
(v) Finally, fragments of the yeast protein Sic1p having engineered W-motifs acquired the
ability to repress mRNA and to interact with the CCR4–NOT components. Hence, W-motifs
are not only required but also sufficient to induce repression by recruitment of the CCR4–
NOT complex. Notably, two motifs in TNRC6C, identified in an accompanying paper27 as
important for mediating deadenylation and CCR4–NOT interaction in vitro, also contain
tryptophan residues.

It is unlikely that alleviation of mRNA repression by Trp→Ala substitutions is due to
perturbation by the higher-order structure of the polypeptides or by their folding upon
binding to target proteins. First, the mutated W-motifs are located in the NED and CED
regions that are predicted to be disordered (http://dis.embl.de). Indeed, NMR analysis of the
TNRC6C NED confirmed its disordered character (F. Laughlin, M. Chekulaeva, W.F. and F.
Allain, unpublished data). Second, in the case of the CED ‘half ’ regions—that is, the M2-
RRM and RRM-Cterm regions—mutating even one or two tryptophan residues had an
appreciable effect on repression. Third, the Sic1p protein fragment used for the gain-of-
repression experiments is known to be unstructured21 and, apart from engineered W-motifs,
shows no sequence similarity to repressive GW182 fragments.

We also observed that the CED domain interacts with the PAN2–PAN3 complex in a
manner dependent on W-motifs. Others15 have previously shown that PAN2 contributes to
miRNA-mediated deadenylation, most probably at its initial stage. Our data indicate that
PAN2–PAN3 is primarily recruited through the function of the W-motifs in the CED, but it
can also weakly interact with the CED through PABP (Fig. 2c), consistent with the
previously described direct PAN3-PABP interaction20.

The additive contribution of W-motifs, distributed in disordered protein regions, raises the
question of how these motifs promote the interaction of GW182 and CCR4–NOT. Does the
sheer quantity of the motifs just increase the probability of initial productive interactions?
Do the tryptophan-containing regions recruit more than one CCR4–NOT complex at a time?
One model of GW182 function is reminiscent of protein-protein interactions reported for the
U2AF homology motif (UHM) of the U2 snRNP factor U2AF65 (ref. 28). In that case, the
spliceosome component SF3b155 binds to the U2AF65 UHM through motifs having an
essential tryptophan and consensus RWD/E. Similarly to GW182 proteins, SF3b155
contains an unstructured region with seven RWD/E repeats28.
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The CCR4–NOT components CAF1 and CNOT1 were previously identified as important for
miRNA-mediated deadenylation in both flies and mammals, and it has been suggested that
the interaction of GW182 with PABP might lead to the recruitment of CCR4–NOT to
mRNA7,12,14–16. Our data indicate that recruitment of CCR4–NOT by W-motifs present in
CED and NED regions is independent of PABP and represents either a complementary or
alternative mechanism for repression. The critical observation in our study was that deletion
of PAM2 or its mutation that disrupts CED-PABP interaction did not affect the CED
association with CCR4–NOT and mRNA repression, whereas the CED 7W mutant, which
still interacted with PABP but not with CCR4–NOT, was inactive in repression (Fig. 2).
Moreover, the dGW182 NED region, which is repressive in both S2 and HEK293T cells,
interacted with the CCR4–NOT complex components but not with PABP (Fig. 3b).
Similarly, the repressive yeast Sic1p fragment associated with the CCR4–NOT proteins but
not PABP (Fig. 3d). The association between the TNRC6C CED and CCR4–NOT most
probably occurs through the CNOT1 subunit of the complex, because human CNOT1, but
not CNOT6 or CNOT7/CAF1, interacted with the CED in the yeast two-hybrid system
(Supplementary Fig. 8). CNOT1 was also by far the most effectively pulled down CCR4–
NOT complex component identified by MS (Fig. 1b and Supplementary Fig. 4a).

One of the most important findings of our work is that components of the CCR4–NOT
complex are able to repress not only polyadenylated but also poly(A)-free mRNAs. The
observation that repression of poly(A)− RNA by dGW182 and its fragments depends on
CCR4–NOT, whereas repression by tethering of CCR4–NOT proteins is dGW182-
independent, indicates that the CCR4–NOT complex acts downstream of GW182 proteins
also during repression of poly(A)− mRNAs. Together with the finding that the CCR4–NOT
repression of poly(A)− RNAs is not associated with a decrease in mRNA levels, these data
strongly implicate the CCR4–NOT proteins in mediating translational repression induced by
miRNAs. These results are consistent with recent work29 showing that tethering of CAF1 to
the microinjected reporter mRNA can repress translation at the initiation step in Xenopus
laevis oocytes. Our experiments extend these results by demonstrating that the CCR4–NOT
complex may be responsible for translational repression induced by miRNAs. We also found
that in HEK293T and S2 cells, the tethering of CAF1 and, notably, other subunits of the
CCR4–NOT complex, repressed mRNA activity (Supplementary Fig. 7c), without affecting
the levels of poly(A)− mRNA (Fig. 5b and Supplementary Fig. 7b). Jointly, these
observations indicate that W-motif–mediated recruitment of the CCR4–NOT complex
causes both translational repression and deadenylation of target mRNAs (see model in Fig.
6c). We find it interesting that in yeast and in fly, the CCR4–NOT complex is known to
interact with the translational repressor Dhh1/Me31b30,31, whose orthologs in other
organisms are known to be required for miRNA-mediated repression32–34, suggesting a
possible mechanism by which the CCR4–NOT complex could repress translation.

ONLINE METHODS
Cell culture, transfections, RNAi and luciferase assays

Human HEK293T cells were grown in DMEM (GIBCO BRL) supplemented with 2 mM l-
glutamine and 10% (v/v) FCS buffer. Transfections were done in 6-, 12-, 24- and 96-well
plates with nanofectin (PAA Laboratories), according to manufacturer’s instructions. In
tethering experiments, cells were transfected with 1 ng RL-5BoxB, 20 ng FL-Con and 20–30
ng HA- or NHA-fusion constructs per well in a 96-well plate. For other formats, the amount
of plasmids was adjusted proportionally. Cells were lysed 24 h after transfection. For
TNRC6 rescue experiments, HeLa cells stably expressing Tet-On machinery36 were
transfected using attractene reagent (Qiagen). Per well of the 96-well plate, transfection
mixtures contained 10 ng of the let-7 reporter plasmid, increasing amounts of NHA-
TNRC6A or its point mutants (20, 60 and 180 ng), and either siRNAs specific to TNRC6A,
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B and C (5′-GCCUAAUCUCCGUGCUCAATT-3′, 5′-
GGCCUUGUAUUGCCAGCAATT-3′ and 5′-GCAUUAAGUGCUAAACAAATT-3′
(Microsynth; sequences represent sense strands), 0.53 pmol each; or 1.6 pmol AllStars
siRNA negative control (Qiagen). TNRC6A plasmids were made resistant to siRNA by
introducing silent point mutations. Let-7 reporter plasmids (kindly provided by J. Béthune)
encoded Renilla luciferase fused to the human HMGA2 3′ UTR, either WT with sites
recognized by let-7 (RL-hmga2), or mutant in which let-7 sites were mutated (RL-hmga2
mut)37,38, as well as FL-Con, both under control of the tetracycline-responsive element.
Expression of reporters was induced with 1 μg ml−1 doxycycline 2 d after transfection and
cells were lysed 4 h after induction. D. melanogaster S2 cells were transfected in 96-well
plates with Cellfectin II and PLUS reagents (Invitrogen). In tethering experiments, we
transfected 5 ng FL-5BoxB plasmid, 30 ng RL-Con, and 20–30 ng plasmid encoding HA- or
NHA-fusion protein per well. Cells were lysed 3 d after transfection. In rescue experiments,
transfection mixtures contained 5 ng FL-nerfin reporter plasmid, 30 ng RL-Con and 5 ng of
either an empty vector or a plasmid encoding miR-9b or miR-12 per well of a 96-well plate;
plasmids encoding dGW182, TNRC6C and their mutants were added in increasing amounts
from 3–30 ng. RNAi experiments were conducted as described39 using dsRNA targeting the
dGW182 3′ UTR or the coding region of NOT1. S2 cells were treated with dsRNA twice, on
days 1 and 4, transfected on day 6 and lysed on day 9.

Luciferase activities were measured with the Dual-Luciferase Reporter Assay System
(Promega). In all luciferase assays, values represent means ± s.e.m. from three to six
independent experiments.

CED mutants containing mutations in W-motifs
Positions of single tryptophan mutations are as indicated in Figure 2a,c. Other mutants in the
TNRC6C CED are designated as follows: 2W stands for W1445 W1487; 3W, W1445
W1487 W1494; 4W, W1445 W1487 W1494 W1659; 5W, W1445 W1487 W1494 W1648
W1659; 6W, W1445 W1487 W1494 W1605 W1648 W1659; 7W, W1445 W1487 W1494
W1504 W1605 W1648 W1659; 8W, W1445 W1487 W1494 W1504 W1515 W1605 W1648
W1659; all GW, W1487 W1494 W1648 W1659; most conserved, W1504 W1515; and less
conserved, W1487 W1605 W1648 W1659.

For selecting most conserved and less conserved W-motifs mutated in the last two mutants,
the protein alignment included sequences of more GW182 proteins than the one shown in
Supplementary Figure 1 (data not shown).

The mutants in the dGW182 CED are designated as follows: 2W stands for W1107 W1114;
3W, W1107 W1114 W1118; 4W, W1092 W1107 W1114 W1118; 5W, W1051 W1092
W1107 W1114 W1118; 6W, W1037 W1051 W1092 W1107 W1114 W1118; 7Wa, W1024
W1037 W1051 W1092 W1107 W1114 W1118; 8W, W942 W1024 W1037 W1051 W1092
W1107 W1114 W1118A; 8Wa, W942 W1024 W1037 W1051 W1092 W1107 W1114
W1350; 7W, W942 W1024 W1037 W1051 W1092 W1107 W1114; and 5Wa, W942
W1024 W1037 W1051 W1092.

The 8W mutant of the TNRC6A contains the following mutations: W1420A W1450A
W1494A W1505A W1518A W1619A W1666A W1676A (see Supplementary Fig. 1).

Pull-down assays and western blotting
For GST pull-down assays, HEK293T cells grown in a 10-cm dish were transfected with 5
μg plasmid expressing GST-TNRC6C CED, GST-dGW182(1–490) (or mutants thereof),
GST-Sic or GST-Sic7xW. Cells were lysed 24 h after transfection and GST-fusions were
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pulled down as described40. In short, cells were lysed in buffer A (50 mM Tris-HCl, pH 7.5,
150 mM KCl, 0.5% (v/v) Triton X-100, 1× complete EDTA-free protease inhibitor mix
(Roche)), and cleared lysates were treated with micrococcal nuclease (10 ng μl−1) for 25 min
at 20 °C. We have verified that this treatment eliminates RNA-dependent interactions (see,
for example, Fig. 6c in ref. 40). The lysates were incubated with glutathione (GSH)-
Sepharose beads (GE Healthcare) for 2 h at 4 °C; beads were washed 3× with buffer A
containing 0.1% (v/v) Triton X-100, and GST-fusions were eluted with 50 mM GSH. For
anti-TNRC6A immunoprecipitations, HeLa cells were lysed in buffer B (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 0.5 mM DTT, 0.5% (v/v) NP40, 1× complete EDTA-free protease
inhibitor (Roche)), treated with micrococcal nuclease as described above and incubated with
anti-TNRC6A antibody (Bethyl A302-330A) or, as a negative control, with rabbit IgG
(Sigma) bound to Dynabeads Protein G (Invitrogen) overnight at 4 °C. Beads were washed
3× with buffer B containing 0.1% (v/v) NP-40 and boiled in Laemmli SDS-PAGE buffer.

The following primary antibodies were used for western blotting: anti-TNRC6A, 1:5000
(Bethyl A302-329A); anti-CNOT1, 1:250 dilution (provided by M. Collart); anti-CAF1
(Abnova), 1:1,000; anti-PABP (Cell Signaling Technology), 1:5,000; anti-PAN2, 1:1,000
and anti-PAN3, 1:500 (both provided by A.-B. Shyu); anti-dGW182, 1:2,000 (provided by
E. Izaurralde); anti-GST (GE Healthcare), 1:10,000; anti-α-tubulin (Sigma T5168),
1:10,000; anti-HA tag (Roche 3F10), 1:5,000; anti-HA tag (Santa Cruz sc-7392), 1:2,000;
and anti-LexA (Santa Cruz sc-7544), 1:2,000.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The TNRC6C CED interacts with components of the CCR4–NOT complex. (a) Schematic
representation of human TNRC6C and fragments analyzed in the study. Individual domains
and regions of TNRC6C are indicated: N-GW, GW-repeat–rich region; UBA, ubiquitin
associated–like domain; RRM, RNA-recognition motif; M2 and Cterm2, regions flanking
RRM, constituting—together with PAM2 and RRM—the CED region. (b) MS analysis of
proteins interacting with the CED. Relevant proteins are listed along with peptide coverage
and amount of assigned spectra. For full list of proteins, see Supplementary Table 1. (c)
Validation of the CED interaction with selected CCR4–NOT components by GST pull-down
assays and western blotting. GST-RRM was used as a control. (d) M2 and Cterm regions of
the CED interact with components of the CCR4–NOT complex but not with PABP.
TNRC6C CED and its subfragments were used for GST pull-down assays. Inputs (7%) and
pull-down assays were analyzed by western blotting. Extracts from nontransfected cells
were used as controls. (e) CNOT1 co-immunoprecipitates with endogenous TNRC6A. (f)
M2 and Cterm regions of TNRC6C mediate repression of tethered mRNA. HEK293T cells
were co-transfected with plasmids encoding NHA-CED or indicated fragments, and
RL-5BoxB and firefly luciferase–transfection control (FL-Con) reporters. As negative
controls, untethered hemagglutinin-CED (HA-CED) and tethered NHA-RRM (where ‘N’
stands for tethering λ peptide; see Supplementary Fig. 2a) were expressed. Values represent
percentage of Renilla luciferase activity (normalized to firefly luciferase activity) in the
presence of nontethered HA-CED or HA-CEDΔPAM2. In all luciferase assays presented in
this work, values represent means ± s.e.m. from three to six experiments. Expression levels
of HA- or NHA-fusion proteins were estimated by western blotting.
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Figure 2.
W-motifs in GW182 proteins mediate mRNA repression by recruiting CCR4–NOT and
PAN2–PAN3 deadenylation complexes. (a) Mutations of tryptophan residues in W-motifs
alleviate repression by the TNRC6C CED. Schematic representation of the TNRC6C CED
with positions of W-motifs marked with asterisks is shown above the graph. Plasmids
encoding either wild-type NHA-CED or its mutants (mutations always to alanine; when
several consecutive amino acids are mutated, the number corresponds to the first residue in
the mutated stretch) were co-transfected to HEK293T cells, together with RL-5BoxB and
FL-Con. As negative controls, plasmids encoding untethered HA-TNRC6C or HA-CED
were used. Mutants 2W through 8W contain Trp→Ala mutations in W-motifs (for details,
see Online Methods). All GW, W1487 W1494 W1648 W1659; most conserved tryptophan,
W1504 W1515; less conserved tryptophan, W1487 W1605 W1648 W1659. Values
represent percentages of Renilla luciferase produced in the presence of untethered HA-CED
control. Expression of HA- or NHA-fusion proteins was estimated by western blotting
(lower panel). (b) Proteins identified as interacting with the CED in a tryptophan-dependent
manner by MS (Supplementary Fig. 4a) were validated by GST pull-down assays and
western blotting. Positions of protein size markers are indicated. (c) W-motifs are required
for repression by the D. melanogaster GW182 CED. NHA-dGW182 CED, either wild-type
or with mutations, were co-transfected with FL-5BoxB and RL-Con in S2 cells. As negative
controls, plasmids encoding HA-dGW182 and HA-dGW182 CED were used. Mutants 2W
through 8W contain mutations in W-motifs, with some (5Wa and 7Wa) having different
combinations of mutated tryptophans (positions of W-motifs are marked with asterisks in
the scheme above; for details, see Online Methods). Expression of firefly luciferase was
normalized to Renilla luciferase. Values represent percentages of firefly luciferase produced
in the presence of HA-CED. Expression of HA-fusions was estimated by western blotting.

Chekulaeva et al. Page 15

Nat Struct Mol Biol. Author manuscript; available in PMC 2014 January 08.

H
H

M
I Author M

anuscript
H

H
M

I Author M
anuscript

H
H

M
I Author M

anuscript



Figure 3.
W-motifs present in the dGW182 NED and the engineered yeast protein fragment repress
tethered mRNA and recruit components of CCR4–NOT. (a) The dGW182 NED W-motifs
function in mRNA repression. HEK293T cells were transfected with RL-5BoxB, FL-Con
and plasmids expressing either full-length NHA-dGW182 or its NED (1–490) (WT or 6W
mutant; for description of the mutant, see ref. 17). As negative controls, HA-dGW182 and
HA-dGW182(1–490) were used. As positive controls, TNRC6C NHA-CED and full-length
NHA-dGW182 were tethered. Values represent percentages of Renilla luciferase produced
in the presence of HA-dGW182(1–490). Western blot analysis of HA- or NHA-fusion
proteins is presented below. (b) GST fusions of the dGW182(1–490), WT and 6W mutant,
expressed in HEK293T cells, were used for GST pull-down assays. Inputs (7% for anti-
CNOT1, anti-CAF1, anti-tubulin and anti-GST; 15% for anti-PABP, anti-PAN2 and anti-
PAN3) and the pulled-down material were analyzed by western blotting, using indicated
antibodies. Additional western blots (on the right) for PABP, PAN2 and PAN3 represent
pull-down assays done with the TNRC6C GST-CED analyzed in parallel on the same gel.
Anti-PAN3 antibody cross-reacts with GST (asterisk). (c) W-motifs are sufficient to induce
repression of tethered mRNA. HEK293T cells were transfected with RL-5BoxB, FL-Con
and plasmids encoding engineered N-Sic-GST protein fusions having either four (N-
Sic4xW-GST) or seven (N-Sic7xW-GST) W-motifs. N-Sic-GST containing no tryptophan
residues, and NHA-GST, served as controls; plasmids encoding TNRC6C N-CED-GST, WT
and 7W mutant were transfected for comparison. (d) GST pull-down assays with GST-
Sic7xW, GST-CED (positive control), and GST-CED 7W and GST-Sic (negative controls),
were done as in Figure 1d. The pulled-down material was analyzed by western blotting,
using indicated antibodies.
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Figure 4.
W-motifs are necessary for repression by full-length GW182 and function in bona fide
miRNA repression. (a) W-motifs are required for repression by tethered full-length
TNRC6C. The experiment was done as in Figure 2a but included the full-length TNRC6C.
The right panel shows fold derepression relative to repression induced by WT NHA-
TNRC6C or NHA-CED taken to be a value of 1 (broken line). Western analysis of
expression levels of relevant mutants in a and other panels, with anti-HA antibody, is shown
below the graphs. (b) Mutations in W-motifs lead to partial derepression of tethered mRNAs
in D. melanogaster S2 cells. The assay was done as in Figure 2c but with the full-length
dGW182 and TNRC6C. 6W, 7W and EF1388 mutations were described in Figures 2 and 3a
but are here introduced into the full-length proteins. 13W mutant combines 6W and 7W;
PAM2mut has EF960 WK967 Thr982 mutated. NHA-Q–rich (1080–1245) and NHA-CED
represent TNRC6C fragments. In the right panel, data are presented as in a. (c) W-motifs are
required to rescue depletion of endogenous dGW182. Endogenous dGW182 was depleted in
D. melanogaster S2 cells with dsRNA (open bars); a batch of cells was treated with GFP-
specific dsRNA as a control (black bars). Cells were transfected with RL-Con, FL-nerfin,
and plasmids encoding miR-9b or miR-12, or the empty vector. To rescue depletion of
dGW182, increasing amounts of plasmids encoding NHA-dGW182, NHA-TNRC6C or their
mutants were co-transfected. In panels c and d, extracts from cells transfected with highest
plasmid concentrations were used for western blotting. (d) W-motifs are necessary to
complement the knockdown of endogenous TNRC6 proteins. HeLa cells were transfected
with siRNAs targeting three endogenous TNRC6 proteins (open bars) or AllStars siRNA
(negative control, black bars), RL-hmga2 reporter containing let-7 sites or its mutant version
(RL-hmga2 mut), and increasing amounts of plasmids expressing NHA-TNRC6A or its
mutants: 8W has Trp→Ala mutations in W-motifs within the CED region (Supplementary
Fig. 1 and Online Methods); EF1358 has PAM2 mutated.
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Figure 5.
The CED W-motifs and CCR4–NOT complex contribute to repression of poly(A)− mRNAs
in fly cells. (a) The CED W-motifs contribute to repression of poly(A)− mRNA in fly cells.
S2 cells were co-transfected with plasmids encoding NHA fusions of the WT dGW182
CEDs (NHA-CED or NHA-CED*) or its indicated mutants, together with plasmids
encoding the indicated reporters (FL-5BoxB, FL-5BoxB-HSL or FL-5BoxB-HhR) and RL-
Con. Normalized firefly luciferase activity is indicated as the percentage of activity in cells
expressing NHA-lacZ set as 100%. Expression of relevant HA- and NHA-fusion proteins
was estimated by western blotting and is shown in the panel on the right. (b) Tethering
dCAF1 or human CNOT1 represses poly(A)+ and poly(A)− mRNAs in fly cells. Cells were
co-transfected with plasmids expressing HA or NHA fusions of dCAF1 or human CNOT1
and plasmids encoding indicated reporters. Normalized firefly luciferase activity is indicated
as the percentage of activity in cells expressing HA fusions of dCAF1 or human CNOT1 set
as 100%. Expression levels of HA- and NHA-fusion proteins were estimated by western
blotting (shown above the graph). HA- and NHA-CNOT1 were only detectable after
enrichment by anti-HA antibody immunoprecipitation. Lower signal of the NHA-tagged,
compared to HA-tagged protein, may be partially due to the lower reactivity of anti-HA
antibody with the internally located epitope. Analysis of mRNA levels by northern blotting
is shown below the graph. Identity of analyzed reporters (including Renilla luciferase
mRNA as a reference) is shown on the left, and the co-transfected CCR4–NOT complex
components are indicated at the bottom.
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Figure 6.
Repression of poly(A)− RNA by tethering dGW182 or its fragments depends on NOT1, but
repression by tethered CCR4–NOT components is dGW182-independent. (a) Repression of
FL-5BoxB-HSL reporter by tethering dGW182 or its fragments is alleviated in S2 cells
depleted of NOT1. S2 cells treated with dsRNA targeting GFP or NOT1 were co-transfected
with plasmids expressing either NHA fusions of dGW182 and its fragments or the PIN
domain (either WT or a catalytic mutant thereof) of the endonuclease SMG6, and also
reporter plasmids FL-5BoxB-HSL and RL-Con. Normalized firefly luciferase activity is
indicated as percentage of the activity in cells expressing NHA-lacZ or SMG6-PINmut, set
as 100%. The NOT1 depletion affected the repression by dGW182 and its fragments but had
no effect on repression by SMG6-PIN that targets mRNA for endonucleolytic degradation35,
supporting the specificity of the effect. (b) Repression of FL-5BoxB and FL-5BoxB-HSL
reporters by tethered dCAF1 and human CNOT1 is unaffected in S2 cells depleted of
dGW182. Normalized firefly luciferase activity is indicated as the percentage of activity in
cells expressing HA-dCAF1 or HA-CNOT1, or cells transfected with pAC5.1 (empty
vector), each set as 100%. The efficiency of GW182 depletion was analyzed by western
blotting (lower panel). Lanes 1–5, dilutions of the extract from S2 cells treated with GFP-
specific (control) dsRNA. (c) Scheme illustrating a possible mode of action of GW182
proteins in miRNA-mediated repression. GW182 proteins are recruited to mRNA through
direct interaction with the miRNA–AGO complex. The GW182 NED and CED regions both
recruit, through the W-motifs, the CCR4–NOT complex that represses translation and leads
to mRNA deadenylation. Interaction of the GW182 PAM2 motif with PABP may interfere
with the PABP-eIF4G association, thus contributing to translational inhibition and mRNA
deadenylation. The PABP interaction with the CED M2/C-term regions (broken line) may
be mediated by the CCR4–NOT complex (see text).
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