
Volume 26  July 15, 2015	 2579 

MBoC  |  ARTICLE

P-body assembly requires DDX6 repression 
complexes rather than decay or Ataxin2/2L 
complexes
Jessica Ayachea,*, Marianne Bénarda,*, Michèle Ernoult-Langea, Nicola Minshallb, Nancy Standartb, 
Michel Kressa, and Dominique Weila
aUPMC Université de Paris 06, Institut de Biologie Paris–Seine, CNRS UMR-7622, F-75005 Paris, France; bDepartment 
of Biochemistry, University of Cambridge, Cambridge CB2 1QW, United Kingdom

ABSTRACT  P-bodies are cytoplasmic ribonucleoprotein granules involved in posttranscrip-
tional regulation. DDX6 is a key component of their assembly in human cells. This DEAD-box 
RNA helicase is known to be associated with various complexes, including the decapping 
complex, the CPEB repression complex, RISC, and the CCR4/NOT complex. To understand 
which DDX6 complexes are required for P-body assembly, we analyzed the DDX6 interac-
tome using the tandem-affinity purification methodology coupled to mass spectrometry. 
Three complexes were prominent: the decapping complex, a CPEB-like complex, and an 
Ataxin2/Ataxin2L complex. The exon junction complex was also found, suggesting DDX6 
binding to newly exported mRNAs. Finally, some DDX6 was associated with polysomes, as 
previously reported in yeast. Despite its high enrichment in P-bodies, most DDX6 is localized 
out of P-bodies. Of the three complexes, only the decapping and CPEB-like complexes were 
recruited into P-bodies. Investigation of P-body assembly in various conditions allowed us to 
distinguish required proteins from those that are dispensable or participate only in specific 
conditions. Three proteins were required in all tested conditions: DDX6, 4E-T, and LSM14A. 
These results reveal the variety of pathways of P-body assembly, which all nevertheless share 
three key factors connecting P-body assembly to repression.

INTRODUCTION
Protein production in the cytoplasm of eukaryotic cells depends on 
the balance between translation, storage, and degradation of 
mRNAs. Although it has only been recognized lately, posttranscrip-
tional regulation appears critical for the control of gene expression. 
Strikingly, the first genome-scale prediction of synthesis rates of 
mRNAs and proteins in mammalian cells showed that the abundance 

of proteins is predominantly controlled at the level of translation 
(Schwanhäusser et al., 2011). Studies of mature oocytes and fertilized 
eggs, which rely on translational regulation because their transcrip-
tion is shut down, led to the identification of several important fac-
tors, including the well-characterized CPEB complex (Minshall et al., 
2007). Other cells also control expression posttranscriptionally, as il-
lustrated by local translation in dendrites and axons, which involves 
some of the factors identified in early development, as well as neu-
ron-specific ones (Holt and Schuman, 2013). More generally, the re-
cently discovered RNA interference (RNAi) pathway is a major path-
way that controls mRNA translation and stability by a mechanism 
involving the microRNA (miRNA)-associated RISC complex. Remark-
ably, many factors involved in these various processes accumulate in 
cytoplasmic ribonucleoprotein (RNP) granules, called P-bodies in 
somatic cells, along with the 5′ to 3′ mRNA degradation machinery 
(Buchan, 2014). P-bodies, which are conserved in all eukaryotes, veg-
etal and animal, are thought to play a role in mRNA degradation 
and/or storage, though overall their function remains elusive.

Several P-body proteins were shown to influence P-body num-
ber in mammalian cells, as their silencing led to the reduction or the 
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RESULTS
Identification of the main DDX6 complexes
To identify the main complexes containing DDX6 in human somatic 
cells, we purified them from the epithelial cell line HEK293 by TAP-
tag. Briefly, a plasmid encoding DDX6 fused to FLAG and hemag-
glutinin (HA) tags was transiently transfected into these cells. After 
48 h, the tagged protein was expressed at similar levels and with a 
similar P-body localization and enrichment as the endogenous one, 
as indicated by Western blot and immunofluorescence analysis, re-
spectively (Figure 1, A–C). It is important to note, as reported previ-
ously, that although DDX6 is highly enriched in P-bodies, most 
DDX6 protein is nevertheless localized out of P-bodies. Indeed, an 
accurate quantification of DDX6 distribution in HeLa cell thin sec-
tions in immunoelectron microscopy previously demonstrated that 
endogenous DDX6 is enriched 170-fold in P-bodies with respect to 
the surrounding cytoplasm (Ernoult-Lange et al., 2012). Taking into 
account their size, this means that, in a cell with five P-bodies, 94% 
of DDX6 is excluded from P-bodies. Although we did not perform 
such extensive quantification in HEK293 cells, our estimate is of the 
same order. Indeed, DDX6 is similarly concentrated in P-bodies, as 
observed in immunoelectron microscopy (Figure 1D), and P-bodies 
are often larger (650-nm vs. 500-nm diameter) but less numerous 
(two per cell vs. five) than in HeLa cells.

Cytoplasmic lysates were prepared from 2 × 108 cells, and DDX6 
RNP complexes were successively purified on FLAG and HA affinity 
resins. As a control, the same procedure was applied to cells trans-
fected with an empty vector. An aliquot of the resulting proteins was 
separated in denaturing SDS–PAGE and stained with silver to visual-
ize the quality of the purification (Figure 1E, left panel). The tagged 
DDX6 specifically copurified with a large number of proteins, as ex-
pected for a protein involved in a variety of RNP complexes. The 
experiment was repeated after treatment of the cytoplasmic lysate 
with RNase A to identify proteins that interact with DDX6 indepen-
dently of RNA. The silver staining pattern remained highly complex 
after RNA digestion (Figure 1E, right panel). Complexes purified 
from both untreated and RNase-treated lysates and from control 
lysates were then analyzed by mass spectrometry to identify their 
protein content.

Without considering potential alternative isoforms, 367 and 323 
proteins were specifically identified in untreated and RNase-treated 
DDX6 complexes compared with control lysates (Figure 2A, left 
panel, and Supplemental Table 1), and the two lists were limited to 
299 and 233 proteins represented by at least two peptides, respec-
tively. Based on Gene Ontology (GO) annotation, the vast majority 
of these were involved in RNA metabolism (GO 0003723): 226 and 
112 proteins in untreated and RNase-treated lysates, respectively 
(GO p values = 10−197 and 10−64). Based on the literature, proteins 
were then manually annotated as involved in RNA or DNA metabo-
lism, cytoskeleton, or mitochondria, and ranked by Mascot scores 
(Figure 2A, right panel). The low level of cytoskeletal and mitochon-
drial proteins confirmed the quality of the purification. Manual an-
notation and GO analysis indicated that even proteins with the low-
est Mascot scores should be considered, as they were highly 
enriched for proteins involved in RNA metabolism (GO p values = 
10−33 and 10−11, for untreated and RNase-treated lysates, respec-
tively; Figure 2B). Compared with untreated lysates, RNase treat-
ment severely decreased the number of proteins with high and 
middle Mascot scores (Figure 2A, left panel).

To further refine the functional description of DDX6 partners, 
we subclassified proteins involved in RNA metabolism into cate-
gories of mRNA decay, mRNA repression or localization, cap or 
poly(A)-binding proteins, ribosomal proteins, translation initiation 

disappearance of P-bodies. This includes GW182 (Yang et al., 2004), 
LSM1, DDX6, 4E-T (Andrei et  al., 2005), EDC4 (Yu et  al., 2005), 
LSM14A (Yang et al., 2006), CPEB1 (Wilczynska et al., 2005), and 
PAT1B (Marnef et al., 2010; Ozgur et al., 2010). This suggested that 
each of these proteins is required for P-body assembly. Regarding 
GW182 and CPEB1, we showed that P-bodies could nevertheless 
be robustly re-induced in their absence, by incubating cells briefly 
with arsenite, indicating that P-body assembly is a more complex 
process than anticipated (Serman et al., 2007). DDX6 was unique, in 
that arsenite could not induce any P-bodies in DDX6-depleted cells. 
We therefore focused on this RNA helicase as a key protein in the 
assembly process.

DDX6 (called RCK/p54 in humans, Me31B in Drosophila, 
CGH1 in Caenorhabditis elegans, Dhh1 in yeast) was initially de-
scribed in two main types of complexes: the decapping complex 
and the CPEB1 translation-repression complex. Its involvement in 
5′ cap removal has been mostly studied in yeast, where DDX6 
coimmunoprecipitated with several decapping proteins, includ-
ing DCP1, LSM1, and PAT1 (Coller et al., 2001). Moreover, DDX6 
deletion led to the increased half-life of reporter mRNAs and to 
the accumulation of full-length deadenylated mRNAs. Similar in-
teractions were then reported in Drosophila cells (Haas et  al., 
2010). Finally, a direct interaction of DDX6 with PAT1B and EDC3 
was demonstrated by cocrystallization (Tritschler et  al., 2009; 
Sharif et al., 2013).

The CPEB1 complex was characterized in detail in Xenopus, 
where it is required for the repression of maternal mRNAs. In oo-
cytes, DDX6 coimmunoprecipitated and copurified in gel-filtration 
fractions with CPEB1 and associated proteins, including 4E-T, Pat1a, 
Lsm14B, and eIF4E1b, as well as ePAB (Minshall et al., 2007, 2009). 
Moreover, tethering DDX6 to reporter mRNAs repressed their trans-
lation (Minshall et al., 2009). In yeast, where CPEB is absent, DDX6 
deletion prevented the general translational repression that is ob-
served after glucose deprivation (Holmes et al., 2004). On the other 
hand, DDX6 overexpression led to general translational repression 
even in rich medium (Coller and Parker, 2005). Similarly, in human 
cells, DDX6 silencing stimulated cellular translation (Chu and Rana, 
2006). Furthermore, DDX6 interacted with proteins of the RISC 
complex, including AGO1 and AGO2. Specific reporters of small 
interfering RNA (siRNA)- and miRNA-driven silencing suggested 
that DDX6 participated in the miRNA but not the siRNA pathway 
(Chu and Rana, 2006). Recently DDX6 was shown to interact directly 
with the CCR4/NOT complex, which deadenylates mRNAs before 
decapping. Moreover, a NOT1 peptide activated the ATPase activ-
ity of DDX6, which otherwise is undetectable (Mathys et al., 2014), 
and mutations abolishing DDX6 NOT1 binding prevented repres-
sion of miRNA reporters (Chen et  al., 2014; Mathys et  al., 2014; 
Rouya et al., 2014).

While DDX6 is essential for human P-body assembly (Serman 
et al., 2007; Minshall et al., 2009), there is so far no insight into which 
of its numerous functions is involved. The relative abundance of the 
various DDX6 complexes described above is not even known. The 
first question was therefore which of them, or another yet to be 
identified, was predominant in human epithelial cells. To address 
this, we undertook the identification of the DDX6 interactome in 
human cells using a tandem-affinity purification (TAP-tag) strategy 
coupled to mass spectrometry analysis. The top partners included 
the decapping complex, a CPEB-like complex, and an Ataxin2/
Ataxin2L (ATXN2/ATXN2L) complex. On the basis of silencing ex-
periments, we showed that translational repression complexes were 
central to P-body assembly, rather than decay or ATXN2/ATXN2L 
complexes.
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DDX6 in mRNA-decay complexes
Overall 28 DDX6 partners were classified in mRNA decay: 27 were 
present in untreated lysates (21 with scores > 160), and 17 in RNase-
treated lysates (12 with scores > 160). While Mascot scores do not 
faithfully reflect protein abundance, we considered that the top list 
was likely to contain at least some components of the most abun-
dant DDX6 complexes. In fact, four proteins of the mRNA decap-
ping complex were present in the top 20 partners: EDC4, EDC3, 

or elongation factors, and splicing, based on the literature (Figure 
2C). Even though arbitrary choices had to be made for proteins 
which were involved in several pathways, in particular to distin-
guish decapping activators and translational repressors as detailed 
in the introduction, it indicated three major classes of partners in 
terms of enrichment: decay factors, repression/localisation factors, 
and ribosomal proteins. Among the three, ribosomal proteins were 
the most affected by RNase treatment.

FIGURE 1:  Purification of DDX6 complexes by TAP-tag. (A) HEK293 cells were transfected with a FLAG-DDX6-HA or an 
empty plasmid as a control. After 48 h, proteins were analyzed by Western blotting with anti-DDX6 antibodies. (B) In 
parallel, transfected cells were stained with anti-FLAG (red) and anti-EDC4 (green) antibodies to detect the exogenous 
DDX6 protein and P-bodies, respectively. For comparison, untransfected cells were stained with anti-DDX6 and 
anti-EDC4 antibodies. Owing to the round shape of the cells, the maximal projection of a z-series of images is shown to 
better visualize P-bodies. Scale bar: 10 μm. (C) DDX6 enrichment in P-bodies with respect to the surrounding cytoplasm 
(n = 94 and 90 for transfected and untransfected samples, respectively) was quantified from single-plane images. 
(D) Endogenous DDX6 was detected in untransfected HEK293 cells by immunoelectron microscopy, as previously 
described (Souquere et al., 2009). One P-body highly enriched in DDX6 is shown. (E) Cells transfected with a FLAG-
DDX6-HA or an empty plasmid were lysed in the presence of RNase inhibitor or RNase, and DDX6 complexes were 
purified by TAP-tag. Proteins were migrated on a denaturing gel along with a molecular weight marker (MW) and silver 
stained.
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score than XRN1. In contrast, proteins of the 3′ to 5′ mRNA degra-
dation pathway were almost absent, whether components of the 
exosome or of the CCR4-NOT complex (Table 2). Similarly, apart 

DCP1A, and DCP1B (Table 1). Furthermore, all other components 
were present further down the list: XRN1, DCP2, and LSM1-7 (ex-
cept LSM5; Table 2). XRN2 was also present, though with a lower 

FIGURE 2:  Functional description of the proteins identified by mass spectrometry. (A) Proteins purified from lysates 
treated with RNase inhibitor (− RNase) or RNase (+ RNase) were ranked by Mascot score and arbitrarily divided into 
three groups of high, medium, and low scores, as shown in the left panel. Their distribution into functional categories is 
based on the literature, and shown in the right panel. (B) RNA-binding proteins were searched using gene ontology. The 
table presents for each group (all, high, medium, low Mascot scores), the number of proteins annotated in the GO 
database (GO annotated), the number of RNA-binding annotated proteins (GO 0003723), and the p value associated 
with their enrichment. (C) Proteins categorized in RNA metabolism in A were subcategorized into indicated functions 
based on the literature.
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nevertheless some signal in the cytosol, as for DDX6 (Supplemental 
Figure 1A).

DDX6 in translational repression complexes
Overall 50 DDX6 partners were classified in mRNA repression and/
or localization: 48 were present in untreated lysates (41 with scores 
> 160) and 20 in RNase-treated lysates (17 with scores > 160). Four 
proteins characteristic of the CPEB1 complex were present in the 
top 20 list: 4E-T, PAT1B, LSM14A, and LSM14B (Table 1). Neverthe-
less, CPEB1 itself was not detected, possibly reflecting its relatively 
low abundance in HEK293 cells. We will therefore refer to this com-
plex as the CPEB-like complex hereafter. The top list also included 
NUFIP2, which binds FMRP. Besides FMRP itself, other FMRP-asso-
ciated proteins were present lower down the list, including FXR1 
and FXR2 (Table 2). Finally, there were two eIF4E-binding proteins, 
4E-T (also in the CPEB1 complex; Kamenska et al., 2014) which in-
teracts with both eIF4E1 and eIF4E2, and GIGYF2 specific to eIF4E2 
(Morita et  al., 2012). Consistent with DDX6 association with re-
pressed mRNAs, most translation initiation factors were absent. The 

from UPF1, which was abundantly present in untreated lysates, pro-
teins of the nonsense-mediated decay pathway were almost absent 
(Table 2).

To circumvent potential artificial interactions resulting from trans-
gene expression, we then performed DDX6 immunoprecipitation 
experiments using untransfected cells (Figure 3A). Anti-DDX6 anti-
bodies coimmunoprecipitated EDC3, EDC4, DCP1A, and XRN1 ef-
ficiently in the presence or absence of RNase, though to various 
extents. The data were then quantitated to estimate the fraction of 
these proteins associated with DDX6. While weak coimmunopre-
cipitations are inconclusive, as the interactions could be lost during 
purification, efficient ones should reveal proteins that are mostly 
bound to DDX6. Strikingly, a major fraction of the EDC3 and DCP1A 
pools, but little EDC4, was associated with endogenous DDX6 in an 
RNA-independent manner. RNA digestion reproducibly enhanced 
EDC4 interaction, possibly due to an increased accessibility of the 
DDX6 epitope in the absence of RNA. Only the interaction with 
XRN1 was partly mediated by RNA. In agreement with previous re-
ports, these four proteins were strongly enriched in P-bodies, with 

Untreated RNase treated

Score Peptides Score Peptides Function

ATXN2L 2305 44 3230 53 Repression

ATXN2 2127 37 3047 52 Repression

EDC4 1043 25 2904 46 Decapping

PABPC4 2360 39 2603 38 Poly(A)-binding

UPF1 2435 50 125 3 NMD

PABPC1 2359 39 2431 39 Poly(A)-binding

4E-T 2325 41 646 12 Repression

HSPA1A 1807 31 2255 32 Chaperone

DCP1A 1974 31 2243 29 Decapping

EDC3 2194 36 2235 33 Decapping

DHX30 2205 44 – – ?

NUFIP2 1698 27 2165 28 Repression

PATL1 2083 36 1490 26 Repression

DDX6 2079 34 1991 25

DCP1B 1807 28 2067 31 Decapping

DHX9 2032 41 – – Repression

HELZ – – 2022 39 Translation

GIGYF2 224 6 1870 37 Repression

HSPA8 1356 23 1836 29 Chaperone

LSM14B 1811 27 1709 25 Repression

LARP1 1446 30 1766 36 Translation

HSPA9 857 13 1766 30 Chaperone

MOV10 1658 32 168 4 Repression

YTHDC2 1611 36 29 1 ?

LSM14A 1578 29 1342 25 Repression

PRMT5 544 13 1531 27 PTM

G3BP2 955 18 1417 22 ?

The 20 proteins with highest Mascot scores in either untreated or RNase-treated lysates are listed. The indicated function is based on the literature. Note that some 
of the proteins classified in translational repression are also decapping activators. NMD: Nonsense-mediated decay; PTM: posttranslational modification.

TABLE 1:  Top DDX6 partners.
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Untreated RNase treated

Score Peptides Score Peptides Pathway/complex

mRNA decay DCP1A 1974 31 2243 29 5′, 3′ mRNA decay

DCP1B 1807 28 2067 31

EDC3 2194 36 2235 33

EDC4 1043 25 2904 46

XRN1 851 22 316 8

XRN2 119 4 – –

DCP2 82 3 298 7

LSM1 244 4 153 3

LSM2 389 7 325 5

LSM3 58 2 34 1

LSM4 294 5 214 5

LSM6 207 5 158 4

LSM7 101 2 111 2

CNOT6L – – 30 1 3′, 5′ mRNA decay

UPF1 2435 50 125 3 NMD

UPF3B 39 1 – –

SMG6 149 4 – –

eIF4A3 592 14 – – EJC core

MAGOH 193 5 – –

MLN51 187 4 – –

Y14 77 2 – –

Translational 
repressors

4E-T 2325 41 646 12 CPEB complex

PAT1B 2083 36 1490 26

LSM14B 1811 27 1709 25

LSM14A 1578 29 1342 25

ATXN2L 2305 44 3230 53 miRNA pathway

ATXN2 2127 37 3047 52

MOV10 1658 32 168 4

AGO2 104 3 – –

GIGYF2 224 6 1870 37 eIF4E2-BP

NUFIP2 1698 27 2165 28 FMRP complex

FMRP 432 8 – –

FXR2 618 11 – –

FXR1 403 8 – –

Miscellaneous PABPC4 2360 39 2603 38 Poly(A)- binding

PABPC1 2359 39 2431 39

PABPC3 1131 20 1206 21

PABPN1 – – 78 2

LSM12 430 7 591 7 ATXN2 associated

DHX30 2205 44 – – Helicases

DHX9 2032 41 – –

HELZ – – 2022 39

YTHDC2 1611 36 29 1

TABLE 2:  Functional classification of DDX6 partners.

  Continues
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tom panel). The amount of DDX6 increased in the heavy fractions, 
confirming that a fraction of DDX6 was associated with polysomes.

DDX6 in ATXN2 and ATXN2L complexes
Interestingly, both ATXN2 and ATXN2L were in the top 20 proteins 
interacting with DDX6 (Table 1). These related proteins contain an 
LSm domain. They were shown to interact together and with PABP, 
and ATXN2 also interacts with LSM12 (Nonhoff et al., 2007; Kaehler 
et al., 2012). In fact, PABPC1 and PABPC4 were also in the top list, 
while PABPC3 and LSM12 were present further down the list (Table 
2). ATXN2 is functionally required for miRNA function in Drosophila 
cells (McCann et al., 2011). A second regulator of the miRNA path-
way, MOV10, was also in the top 20 list (Table 1; Liu et al., 2012). 
Nevertheless, with the exception of a small amount of AGO2, core 
proteins of the RISC complex were absent, including TNRC6A, 6B, 
and 6C and AGO1, -3, and -4 proteins. DDX6 interaction with 
ATXN2, ATXN2L, PABPC1, and LSM12 was confirmed in untrans-
fected cells by coimmunoprecipitation (Figure 4A). It was fully resis-
tant to RNase, except for LSM12 which was partly RNA-mediated. 
RNA digestion reproducibly enhanced PABPC1 interaction, as ob-
served for EDC4. In contrast to proteins of the decapping and 
CPEB1 complexes, none of these proteins localized to P-bodies 
(Supplemental Figure 1C). Therefore DDX6 participates in at least 
three major complexes: the decapping complex and the repression 

only exceptions were the eIF4F components, albeit with medium to 
low scores. Immunoprecipitation experiments using untransfected 
cells confirmed the efficient copurification of the major fraction of 
4E-T, PAT1B, LSM14A, and LSM14B with DDX6. Contrary to decay 
factors, all interactions were partly sensitive to RNase treatment 
(Figure 3B). In immunofluorescence, the five proteins were strongly 
enriched in P-bodies (Supplemental Figure 1B). In contrast, only a 
minor fraction of eIF4E1 coprecipitated with DDX6, and eIF4E1 was 
modestly enriched in P-bodies, which is consistent with its main role 
in active translation initiation.

Surprisingly, a large number of ribosomal proteins were also spe-
cifically present in DDX6 complexes (Figure 2C). Although ribo-
somal proteins are common contaminants of purified complexes, 
they were unexpected at such levels. Indeed, 58 proteins of the 40S 
and 60S subunits were present, including 32 with Mascot scores 
above 160. RNase treatment strongly decreased both their number 
and abundance: 36 proteins were left, including only six with scores 
above 160, without bias toward 40S or 60S subunits. We therefore 
analyzed the distribution of endogenous DDX6 in polysomes using 
sucrose gradients (Figure 3C, top panel). While a large part of the 
protein was present in subpolysomal fractions, some was spread 
across the entire gradient. For ensuring that these heavy complexes 
were polysomes, cells were incubated with cycloheximide for 30 min 
before lysis to specifically accumulate polysomes (Figure 3C, bot-

Untreated RNase treated

Score Peptides Score Peptides Pathway/complex

HSPA1A 1807 31 2255 32 Chaperone and regulators

HSPA8 1356 23 1836 29

HSPA9 857 13 1766 30

HSPA5 1234 20 1312 21

HSPH1 – – 161 4

BAG4 257 5 406 7

BAG2 – – 75 2

G3BP2 955 18 1417 22 G3BP complex

G3BP1 548 10 809 15

CAPRIN1 185 3 – –

LARP1 1446 30 1766 36 TOP mRNA translation

PRMT5 544 13 1531 27 PTM

NCBP1 1011 17 – – Nuclear CBC and 
associated proteinsNCBP2 237 4 – –

DDX3 106 3 – –

ZC3H18 192 6 – –

ARS2 100 4 – –

eIF4E2 112 2 268 7 eIF4F

eIF4E1 181 5 189 3

eIF4G 43 2 376 11

eIF4B 38 1 45 1

eIF4A1 – – 56 2

The 20 proteins with highest Mascot scores are in bold.

TABLE 2:  Functional classification of DDX6 partners. Continued
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cell imaging. Cells were transfected with siRNAs targeting ATXN2 or 
ATXN2L, and after 48 h, stress granules were induced with arsenite. 
The silencing was efficient, as verified by immunostaining of ATXN2 
and ATXN2L (unpublished data). In control cells, ATXN2 and 
ATXN2L were recruited in stress granules, as expected, while DDX6 
was found in both P-bodies and stress granules (Figure 4B). Similar 
results were observed following ATXN2 silencing. However, when 
ATXN2L was depleted, DDX6 was exclusively localized in P-bodies. 
These results supported the DDX6-ATXN2L interaction in vivo and 
unexpectedly showed that ATXN2L is required for the recruitment 
of DDX6 to stress granules.

DDX6 complexes in oocytes
To evaluate cell-specific variations of DDX6 complexes, we con-
ducted a similar experiment in Xenopus oocytes. Several hundred 
stage VI oocytes were injected with in vitro transcribed RNA encod-
ing FLAG-MS2-tagged DDX6 or tags alone. After 48 h, DDX6 RNP 
complexes were immunoprecipitated with anti-FLAG antibodies, 
and proteins were identified by mass spectrometry (Supplemental 
Table 2). Among the 27 proteins specifically present in oocytes, 19 
were directly related to mRNA metabolism. From these, 14 were 
also found in HEK293 cells, either identically or in their somatic ver-
sion. Among the five absent proteins, some were in fact oocyte spe-
cific (Zar1, Zar2, CPEB1). In a second experiment, oocytes were ma-
tured by treatment with progesterone before DDX6 RNP purification 
(Supplemental Table 2). Of the 24 proteins identified, 20 were re-
lated to mRNA metabolism, and 16 of these were also found in 
HEK293 cells.

In the two experiments, the highest Mascot scores were found 
for proteins involved in translational repression, while proteins in-
volved in decapping came second. The top repressive proteins were 
components of the CPEB1 complex, including Lsm14B, Pat1a, and 
4E-T. In oocytes, the decapping complex was only partially repre-
sented, with most proteins of the Lsm1-7 complex, but neither 
Dcp1a, Dcp1b, Dcp2 proteins nor Edc4. Edc3 was only detected 
after progesterone treatment. Instead, a distinct decapping enzyme, 
Nudt16, was present (Ghosh et al., 2004). As quantitative proteomic 
analysis indicates that Dcp1a, Dcp1b, and Edc4 are nevertheless ex-
pressed in Xenopus eggs as in human epithelial cells (Supplemental 
Table 2; Nagaraj et al., 2011; Wühr et al., 2014), these results raise 
the possibility that DDX6 participates in a different decapping com-
plex in oocytes compared with epithelial cells. Finally, there was no 
evidence of any Atxn2 or Atxn2L complex, and Pabps were also 
absent (Supplemental Table 2). Again, these proteins are neverthe-
less expressed, at least in eggs. Thus, while DDX6 partners have 
similar types of function in oocytes and in epithelial cells, there are 
important cell-specific variations, which include in particular the na-
ture of the decapping complex and the ATXN2/2L complex.

DDX6 complexes and EJC
DDX6 is a cytoplasmic protein, and the TAP-tag experiment was 
performed with cytoplasmic extracts of HEK293 cells. Surprisingly, 
the four core proteins of the EJC (exon junction complex) were 
found: eIF4A3, MLN51, MAGOH, and Y14 (Table 2). The EJC is 
thought to be removed in the cytoplasm at the first round of transla-
tion, upon ribosome scanning. A second concurrent event is the 
replacement of the nuclear poly(A)-binding protein PABPN1 by its 
cytoplasmic counterparts PABPC1-4, and the replacement of the 
nuclear cap-binding complex NCBP1/NCBP2 by its cytoplasmic 
counterpart eIF4E1 or eIF4E2. Strikingly, while a small amount of 
PABPN1 was detected, both NCBP1 and NCBP2 were present with 
scores that were even higher than the eIF4E1 and eIF4E2 proteins.

complex, both of which can be recruited into P-bodies, and an 
ATXN2/ATXN2L complex, which is excluded from P-bodies.

In stress conditions, ATXN2 and ATXN2L are recruited with re-
pressed mRNAs into a distinct type of granule, called stress granules 
(Nonhoff et al., 2007; Kaehler et al., 2012). As some DDX6 also relo-
cates to stress granules, we investigated whether their recruitment 
could be coordinated. For this experiment, we used HeLa cells, 
which are flatter than HEK293 cells and thus more appropriate for 

FIGURE 3:  Characterization of decay and repression complexes in 
untransfected cells. (A and B) HEK293 cytoplasmic lysates were 
immunoprecipitated with anti-DDX6 antibodies and analyzed by 
Western blotting for components of (A) decapping and (B) repression 
complexes, as indicated. For DDX6 and EDC3, only one-tenth of the 
immunoprecipitate was loaded on the gel to avoid saturation. For 
facilitation of comparison, the immunoprecipitation efficiency was 
estimated from scanned images, as described in Materials and 
Methods, and indicated below as percent values. (C) Cytoplasmic 
lysates from HEK293 incubated or not with cycloheximide (+ CHX) 
were separated by centrifugation on sucrose gradients and analyzed 
by optical densitometry (top panels). Proteins from collected fractions 
were analyzed by Western blotting with anti-DDX6 antibodies 
(bottom panels).
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siRNA targeting DDX6 partners, including EDC3 and EDC4, PAT1B, 
4E-T, LSM14A and LSM14B, and ATXN2 and ATXN2L. For each 
transfection, the silencing efficiency was confirmed by Western blot 
analysis (Figure 5A). In parallel, P-bodies were detected by immunos-
taining of EDC4 or DDX6, depending on the silenced protein and its 
antibody host species (Figure 5B). Silencing 4E-T or LSM14A sup-
pressed P-bodies as efficiently as did silencing DDX6, in agreement 
with previous reports (Ferraiuolo et al., 2005; Chu and Rana, 2006; 
Yang et al., 2006). Depleting PAT1B led to a 50% decrease of P-body 
number (Figure 5C), as previously reported (Marnef et al., 2010). The 
decrease after silencing EDC4 was only 24%, indicating a minor con-
tribution of EDC4 to P-body assembly. This is in contradiction to a 
previous report (Yu et al., 2005) and may be related to the use of 
different P-body markers. ATXN2L silencing reproducibly led to a 

The interactions with EJC proteins, PABPN1, and NCBP1 were 
confirmed by coimmunoprecipitation in untransfected cells (Figure 
4C). The interactions with the EJC and NCBP1 were fully RNA medi-
ated, while PABPN1 was partly RNA independent. These results 
raised the possibility that DDX6 binds mRNAs not only following 
translational repression but at the nuclear exit, before any transla-
tion. Nevertheless, in contrast to the repressors above, none of 
these proteins localized to P-bodies, except for a small amount of 
MLN51 (Supplemental Figure 1D).

Role of DDX6 partners in P-body maintenance
To rank DDX6 partners in terms of requirement for P-body mainte-
nance, we compared the effect of silencing DDX6 and some of its 
main partners on P-bodies. HeLa cells were silenced for 48 h with 

FIGURE 4:  Characterization of the ATXN2/2L complex and EJC in untransfected cells. (A) Components of the 
ATXN2/2L complex were analyzed as in Figure 3, A and B. (B) HeLa cells were transfected with indicated siRNAs. After 
48 h, cells were stressed with arsenite for 30 min. Localization of ATXN2, ATXN2L, and DDX6 in stress granules was 
analyzed by immunofluorescence, using TIA1 as a stress granule marker. Scale bar: 10 μm. (C) Components of the EJC 
were analyzed as in A.
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FIGURE 5:  Role of P-body proteins in the maintenance of P-bodies. (A–C) HeLa cells were transfected with indicated 
siRNAs. After 48 h, (A) proteins were analyzed by Western blotting with indicated antibodies, and (B) P-bodies were 
analyzed by immunofluorescence with anti-EDC4 or DDX6 antibodies, along with antibodies directed against the 
silenced protein to check the silencing at the individual cell level (unpublished data). Scale bar: 10 μm. (C) P-bodies were 
counted in three independent experiments, and their average number per cell was plotted. **, p < 0.005. 
(D and E) After transfection of siLSM14A and siLSM14B, proteins were analyzed by Western blotting using indicated 
antibodies (D). Signals were quantified in three independent experiments and plotted (E).
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minor decrease, which was lower than previously reported (Kaehler 
et al., 2012), possibly due to the shorter silencing duration. Finally, 
silencing EDC3 and ATXN2 did not impact P-bodies, while depleting 
LSM14B even increased their number. The absence or decrease of 
P-bodies was confirmed by immunostaining of a second P-body 
marker, XRN1 (Supplemental Figure 2A). These results pointed to a 
major role of 4E-T and LSM14A along with DDX6 in the maintenance 
of P-bodies, and to an accessory role of PAT1B and EDC4.

In view of their strong homology and their similar localization in 
P-bodies, the opposite effect of silencing LSM14A and LSM14B was 
unexpected. When analyzing the efficiency of LSM14A and LSM14B 
silencing by Western blot, we observed a cross-regulation of the 
two proteins (Figure 5D). Silencing LSM14B led to an almost twofold 
increase of LSM14A protein, and conversely, depleting LSM14A en-
hanced expression of LSM14B (Figure 5E). This regulation did not 
extend to other P-body proteins such as DDX6 (Figure 5D). Thus the 
induction of P-bodies observed after LSM14B silencing could be the 
result of increasing LSM14A abundance.

LSM14A interacts directly with DDX6 through its FDF motif, and 
this interaction is prevented by a mutation of the FDF-binding 
pocket (Mut1; Tritschler et  al., 2009). To determine whether this 
pocket was involved in P-body assembly, we used a complementa-
tion assay previously set up to demonstrate the requirement for 
DDX6 helicase motifs (Minshall et al., 2009). In the presence of en-
dogenous DDX6, Mut1 DDX6 localized to P-bodies similar to the 
wild-type protein (Supplemental Figure 3A). When P-bodies were 
suppressed by siDDX6 transfection before plasmid transfection, 
Mut1 DDX6 was two times less potent than wild-type DDX6 at as-
sembling P-bodies (Supplemental Figure 3B). Thus the Mut1 muta-
tion partially impairs the capacity of DDX6 to assemble P-bodies. 
The FDF-binding pocket of DDX6 binds several ligands, including 
LSM14A, but also PAT1B and EDC3 (Tritschler et al., 2009; Sharif 
et al., 2013). As EDC3 was dispensable for P-bodies (Figure 5C), 
these results suggested that a direct interaction between DDX6 and 
LSM14A or PAT1B facilitated P-body assembly.

Role of DDX6 partners in de novo P-body assembly
We have shown previously that, besides being required for the 
maintenance of pre-existing P-bodies, DDX6 is also required for the 
induction of new P-bodies following arsenite treatment (Serman 
et al., 2007; Minshall et al., 2009). To address the same question for 
its partners, we transfected HeLa cells with various siRNAs and 
treated them with arsenite for 30 min to induce new P-bodies. The 
action of arsenite was controlled by immunostaining of ATXN2 (Sup-
plemental Figure 2B). The silencing was efficiently maintained dur-
ing arsenite treatment, as controlled by Western blotting (Supple-
mental Figure 2D). P-bodies were detected by immunostaining of 
EDC4 or LSM14A, depending on the silenced protein (Figure 6A). In 
control cells and in cells transfected with siRNAs targeting EDC3, 
arsenite treatment led to the doubling of P-body number (Figure 6, 
A and B, compared with Figure 5, B and C). The same was observed 
after PAT1B silencing, despite the decrease of P-bodies observed 
before arsenite addition. Thus PAT1B was dispensable for de novo 
P-body assembly. In contrast, silencing 4E-T prevented P-body reas-
sembly, as did DDX6 depletion. Silencing EDC4 and LSM14A was 
partially inhibitory but with distinct outcomes. Normal-sized P-bod-
ies still formed in the absence of EDC4 but not in the absence of 
LSM14A, as evidenced when quantitation was restricted to large P-
bodies (Figure 6B). Overall these results indicated that DDX6, 4E-T, 
and, to a lesser extent, LSM14A were required for P-body assembly 
in response to arsenite, whereas PAT1B and EDC3 were dispens-
able, and EDC4 only facilitated assembly.

How arsenite induces P-bodies is unknown. As the drug drasti-
cally blocks translation, P-body induction may result from the sub-
stantial release of untranslated mRNAs. To investigate whether 
DDX6, 4E-T, and LSM14A are involved more generally in P-body 
assembly, we used inducers of different nature. Vinblastine is an an-
timicrotubule drug reported to induce P-body assembly (Aizer et al., 
2008). Its action was controlled by monitoring the appearance of 
characteristic spiral aggregates of tubulin (Supplemental Figure 2C). 
In addition, we found that a mild cold shock at 30°C for 2 h is also a 
P-body inducer, as strong as vinblastine or arsenite treatment (Figure 
7A). The three inducers were compared in terms of translation by 
analyzing polysomes on sucrose gradients (Figure 7B). In contrast to 
arsenite, vinblastine and 30°C had only moderate effects on poly-
somes, in agreement with previous reports (Dresios et  al., 2005; 
Carbonaro et al., 2011). The silencing experiments described above 
were repeated using these new conditions, and the silencing effi-
ciency was controlled by Western blot analysis (Supplemental Figure 
2D). In both vinblastine and 30°C conditions, DDX6, 4E-T, and 
LSM14A were required for P-body induction (Figure 8). On vinblas-
tine treatment, EDC4 facilitated P-body assembly, whereas PAT1B 
was dispensable. On mild cold shock, both EDC4 and PAT1B facili-
tated P-body assembly.

In conclusion, in all conditions, the assembly of new P-bodies 
required DDX6 and 4E-T. LSM14A was also required after vinblas-
tine and 30°C treatments, while after arsenite, very small granules 
were still induced in its absence. In contrast, EDC3 was dispensable, 
and EDC4 only facilitated P-body assembly. The requirement for 
PAT1B depended on the inducer: dispensable after arsenite and 
vinblastine, it facilitated P-body assembly at 30°C. Overall proteins 
of the repression complex appeared to be more important for 
P-body assembly than cofactors of the decapping complex.

DISCUSSION
TAP-tag analysis highlighted the decapping, the CPEB-like, 
and the ATXN2/2L complexes
Characterization of the DDX6 interactome in human epithelial cells 
was a starting point to understand DDX6 requirement for P-body 
assembly. We found a high number of interacting proteins (more 
than 200) that should be looked at in relation to DDX6 abundance. 
We showed previously that DDX6 concentration is ∼3.4 μM in HeLa 
cells and in a ∼30-fold excess over its partner, EDC3 (Ernoult-Lange 
et  al., 2012). According to available quantitative proteomic data 
(Nagaraj et al., 2011), it is in excess over most of its partners (Sup-
plemental Table 3), indicating the coexistence of a variety of DDX6 
complexes. The top 20 partners included at least three groups of 
proteins belonging to the decapping complex, a CPEB-like repres-
sion complex, and an ATXN2/2L complex, which were confirmed in 
untransfected cells by coimmunoprecipitation with endogenous 
DDX6. Overall DDX6 interaction with the CPEB-like complex was 
partly RNA mediated, while interaction with proteins of the decap-
ping complex and the ATXN2/2L complex was independent of 
RNA. While these RNA-independent interactions might correspond 
to complexes sitting on mRNAs as well as free in the cytosol, the 
increased EDC4 and PABPC1 association observed after RNA di-
gestion suggests that these complexes are bound to RNA. Strik-
ingly, a major fraction of EDC3 and DCP1A in the decapping com-
plex and 4E-T in the CPEB-like complex was associated with DDX6.

When DDX6 was isolated from oocytes, it copurified with pro-
teins of the CPEB1 complex, as expected from our previous studies 
(Minshall et al., 2007, 2009). Interestingly, also predicted was the ab-
sence of decapping enzymes, including Dcp2 and its cofactors Dcp1, 
Edc3, and Edc4, as decapping activity is undetectable in oocytes 
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partners simultaneously. Moreover, some proteins like PAT1B have 
an uncertain status and might be shared between the two 
complexes. Finally, multiple DDX6 binding to repressed RNAs 
(Ernoult-Lange et  al., 2012) should also allow loading of distinct 
complexes to the same mRNAs.

Furthermore, some DDX6 was also found on polysomes. While 
at first glance this seems to contradict a function in repression or 
decay, this observation is consistent with reports in yeast showing 
some polysomial DDX6 under diauxic growth shift conditions 
(Drummond et  al., 2011) or after mild cross-linking (Sweet et  al., 
2012). The latter study concluded that DDX6 triggers cotranslational 
decapping. Nevertheless, the interpretation of the experiment may 
be more complex if DDX6 simultaneously participates in a variety of 
complexes of different function. For instance, its function in poly-
somes might be related to the ATXN2/2L complex rather than to the 
decapping complex, as ATXN2 too is associated with polysomes 
(Satterfield and Pallanck, 2006). After cycloheximide treatment, we 

and only robustly observed in mid-embryogenesis as zygotic tran-
scription is triggered (Gillian-Daniel et al., 1998; Zhang et al., 1999), 
compatible with the long-term storage of oligoadenylated maternal 
mRNAs in oocytes. However, DDX6 pulled down the more recently 
described decapping enzyme Nudt16, raising the possibility that oo-
cytes contain an inactive form of this enzyme bound to DDX6 to be 
activated following oocyte maturation and fertilization. A second ma-
jor difference was the absence of the ATXN2/2L complex, though it 
expressed in the cells, suggesting that these proteins have a different 
function in oocytes that does not require DDX6.

For convenience, we described the decapping complex and the 
repressor complex as distinct. Crystal structures have revealed that 
some proteins of the two complexes bind DDX6 in a mutually ex-
clusive manner. This is the case for LSM14A and EDC3 (Tritschler 
et al., 2009) and EDC3 and PAT1B (Sharif et al., 2013). Neverthe-
less, the capacity of DDX6 to oligomerize (Ernoult-Lange et  al., 
2012) raises the possibility that oligomers accommodate these 

FIGURE 6:  Role of P-body proteins in P-body assembly after arsenite treatment. HeLa cells were transfected with 
indicated siRNAs and analyzed as in Figure 5, except that cells were treated with arsenite for 30 min before fixation. 
P-bodies were immunostained (A) and counted (B) as in Figure 5 (all), except that LSM14A antibodies were used in place 
of DDX6, as this accumulated in both stress granules and P-bodies. A second quantitation restricted to P-bodies larger 
than 450 nm was performed to show the characteristic defect observed after silencing LSM14A (large). Scale bar: 
10 μm. The corresponding Western blot analysis is presented in Supplemental Figure 2D.
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possibly reflecting its lower expression in the cells (sevenfold; Sup-
plemental Table 3). In Drosophila, ATXN2 is required for optimal 
repression of several miRNA targets (McCann et al., 2011) and is in-
volved in long-term olfactory habituation via a mechanism depend-
ing on RISC and DDX6. Paradoxically, it also activates translation of 
the clock component PERIOD, but via a DDX6-independent mecha-
nism (Lim and Allada, 2013; Zhang et al., 2013). In our analysis, the 
RISC complex and the CCR4/NOT complex were almost absent. 
Yet, DDX6 interactions with AGO1, AGO2, and NOT1 and their 
functional consequence on the miRNA pathway have been demon-
strated by others (Chu and Rana, 2006; Chen et al., 2014; Mathys 
et al., 2014; Rouya et al., 2014). Again, their absence in our experi-
ment is likely to result from their lower expression compared with 
DDX6 (50-fold for AGO proteins, 500-fold for NOT1; Supplemental 
Table 3). Any such interactions would be diluted by the most abun-
dant decay and CPEB-like and ATXN2/2L complexes. Finally, if the 
DDX6/ATXN2/2L complex is involved in miRNA-mediated repres-
sion, it clearly dissociates before repressed mRNAs enter P-bodies. 
Most models schematizing the role of DDX6 in mRNA metabolism 
represent translational repression and mRNA decay downstream of 
translation, seemingly in contradiction to the presence of the EJC 
and the nuclear cap and poly(A)-binding proteins among DDX6 
partners reported here. As these interactions were fully RNA medi-
ated, they are probably not involved in the recruitment of DDX6 to 
the RNA. Nevertheless, these interactions indicated that DDX6 can 
also bind mRNAs at their exit from the nucleus, before the first round 
of translation. In germ cells, the extensive storage of maternal 
mRNAs most likely precedes their translation. Some repressed 
mRNAs are stored in DDX6-containing germ granules that are as-
sociated with nuclear pores, such as human chromatoid bodies 
(Nagamori and Sassone-Corsi, 2008), Drosophila sponge bodies 
(Snee and Macdonald, 2009), and C. elegans P-granules (Pitt et al., 
2000). In HEK293 cells, however, the EJC is not found in P-bodies, 
suggesting that these mRNAs stored outside of P-bodies or rapidly 
enter translation.

observed a striking accumulation of DDX6 in polysomes that was 
stronger than the accumulation of the polysomes themselves as 
monitored by optical density. Recently Presnyak et al. (2015) showed 
in yeast that the presence of suboptimal codons leads to mRNA 
destabilization in addition to slow translational elongation. They 
proposed that Dhh1/DDX6 could be the sensor for these inefficient 
polysomes. One interesting possibility would be that cyclohexi-
mide-arrested polysomes actively recruit DDX6 in the same manner 
as suboptimal codon-containing polysomes, leading to extra accu-
mulation of DDX6 in the polysomal fractions.

Only some DDX6 complexes are targeted to P-bodies
We estimated that only 6% of DDX6 is localized in P-bodies 
(Souquere et al., 2009; Ernoult-Lange et al., 2012). This is neverthe-
less high compared with other P-body proteins such as Ago2 (1%; 
Leung and Sharp, 2013). As a consequence, the TAP-tag strategy 
identified complexes that are mostly cytosolic even if, like DDX6 
itself, they can be targeted to P-bodies. In fact, while many of the 
top DDX6 partners were known components of P-bodies, including 
proteins of the decapping and CPEB-like complexes, some were 
excluded from P-bodies, like ATXN2, ATXN2L, and PABPs, demon-
strating the existence of two types of DDX6 complexes, which differ 
by their capacity to be recruited in P-bodies.

The biological meaning of DDX6 interaction with ATXN2 and 
ATXN2L is unknown. Although their interaction was reported previ-
ously (Nonhoff et al., 2007; Kaehler et al., 2012), their top ranking in 
the mass spectrometry analysis was unexpected. ATXN2L is almost 
as abundant as DDX6 (Supplemental Table 3). In stressed cells, its 
silencing was sufficient to prevent DDX6 recruitment to stress gran-
ules, suggesting that an important fraction of the DDX6 protein dis-
tributed in the cytosol was engaged in ATXN2L complexes. Recipro-
cally, coimmunoprecipitation experiments indicated that an 
important fraction of ATXN2L was engaged in DDX6 complexes. 
Despite possible ATXN2-ATXN2L interactions (Kaehler et al., 2012), 
ATXN2 silencing did not have a strong effect on DDX6 localization, 

FIGURE 7:  P-body induction after treatment with arsenite, vinblastine, and mild cold shock. HeLa cells were treated 
with arsenite for 30 min, vinblastine for 1 h, or cultured at 30°C for 2 h before lysis or fixation. (A) P-bodies were 
detected and counted as in Figure 5. Scale bar: 10 μm. (B) Cytoplasmic lysates were separated on sucrose gradients and 
analyzed by optic densitometry, as in Figure 3C.
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dispensable upon treatments that induce P-bodies (Serman et al., 
2007). As the latter was observed only using an aggressive drug, 
arsenite, we studied two additional inducers that decreased poly-
somes only partially, vinblastine, previously used by others (Aizer 
et al., 2008), and a mild cold shock at 30°C, newly reported in this 
study. The ATXN2/2L complex did not seem to participate directly 

Various pathways sharing common factors 
for P-body assembly
Studies on P-body assembly have been quite confusing so far. 
First, little attention has been given to partial versus complete 
requirements. Then, a puzzling observation was that proteins 
required at first instance for maintaining P-bodies can be fully 

FIGURE 8:  Role of P-body proteins in P-body assembly after vinblastine treatment and mild cold shock. HeLa cells were 
transfected with indicated siRNAs and analyzed, as in Figure 5, except that cells were treated with vinblastine (A) or 
cultured at 30°C (B) before fixation. P-bodies were counted as in Figure 5 (C). Scale bar: 10 μm. The corresponding 
Western blot analysis is presented in Supplemental Figure 2D.
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downstream and in-frame with DDX6 ORF, using the In-Fusion Ad-
vantage PCR cloning kit (Clontech, Saint-Germain-en-Laye, France).

Because of HEK293’s round morphology, HeLa cells were pre-
ferred for P-body imaging following silencing. Cells were trans-
fected at the time of their plating (reverse transfection) with 1.5 μg 
siRNA (Eurofins, Ebersberg, Germany) per 35-mm-diameter dish 
using Lipofectamine 2000 (Life Technologies, Saint-Aubin, France) 
and split in two 20 h later. At 48 h after transfection, cells were fixed 
for immunofluorescence or harvested for protein preparation.

The siRNA sequences were as follows: si4E-T AGACUCUU-
CUCCCACUACAdTdT; siATXN2 GGAACCGAAAGGCCAAAU-
UdTdT; siATXN2L CUUCAACUAUGCUACUAAAdTdT; siDDX6, 
GGAACUAUGAAGACUUAAAdTdT; siEDC3 UCAGGCAACUCCC
AAGAAAdTdT; siEDC4 UGAGCAAAGUGACCAUGAUdTdT; 
siLSM14A, UCAUGGUCCUGAACAUUGAdTdT; siLSM14B CUAC
UGAAGUGGCGCAUAAdTdT; siPAT1B CUAGAAGAUCCAGCUAU-
UAdTdT.

The complementation assay was performed as described previ-
ously (Minshall et al., 2009).

Immunoprecipitation and Western blot analysis
Cytoplasmic proteins were extracted as described previously 
(Ernoult-Lange et al., 2008). Proteins were separated on a NuPage 
4–12% gel (Invitrogen, Life Technologies) and transferred to a poly-
vinylidene fluoride (PVDF) membrane (Perkin Elmer, Courtaboeuf, 
France). After blocking in PBS-T (phosphate-buffered saline [PBS], 
0,1% Tween-20) containing 5% (wt/vol) nonfat dry milk for 1 h at 
room temperature, the membrane was incubated with the primary 
antibody for 1 h at 37°C, rinsed in PBS-T, and incubated with horse-
radish peroxidase–conjugated secondary antibody for 1 h at room 
temperature. After washing in PBS-T, immune complexes were de-
tected using the Supersignal West Pico Chemiluminescent Signal kit 
(Pierce, Life Technologies) and visualized by exposure to CL-XPosure 
film (Pierce).

Primary antibodies included mouse ATXN2 and G3BP from 
BD Biosciences; rabbit ATXN2L from Bethyl; goat TIA1 and mouse 
EDC4, eIF4E, and XRN1 from Santa Cruz Biotechnology (Heidelberg, 
Germany); goat 4E-T and rabbit LSM12 from Abcam (Paris, France); 
rabbit LSM14A and mouse PABPC1 from Merck-Millipore 
(Molsheim, France); rabbit LSM14B and mouse α-tubulin from 
Sigma-Aldrich; rabbit DDX6 from Novus Biologicals (Bio Techne, 
Lille, France); and rabbit ribosomal S6 from Cell Signaling Technol-
ogy (Ozyme, Saint-Quentin-en-Yvelynes, France). Rabbit DCP1A 
antibody was a kind gift from B. Seraphin (IGBMC, Strasbourg, 
France), rabbit EDC3 from J. Lykke-Andersen (University of 
California, San Diego), rabbit PABPN1 from C. Trollet (Institut de 
Myologie, Paris, France), rabbit PAT1B from N. Standard (University 
of Cambridge, UK), rabbit eIF4A3 and Y14 from H. le Hir (ENS, 
Paris, France; Saulière et  al., 2012), rabbit MLN51 from C. 
Tomassetto (IGBMC, Strasbourg, France), and rabbit NCBP1 from 
E. Izaurralde (MPI, Tuebingen). The secondary antibodies were pur-
chased from Jackson ImmunoResearch Laboratories (Suffolk, UK).

For immunoprecipitations, 2–5 mg of the cytoplasmic extracts 
was incubated at 4°C for 1 h with 0.5–1.5 μg anti-DDX6 antibodies 
in lysis buffer (without NP-40). Twenty-five microliters of a 50% slurry 
of protein A Sepharose (Sigma-Aldrich) was added. After 2 h at 4°C 
with constant rotation, beads were washed, and associated proteins 
were eluted in SDS sample buffer. For the EJC proteins, Dynabeads 
protein A magnetic beads (Life Technologies) were used in place of 
protein A Sepharose. Immunoprecipitated proteins were migrated 
along with 15 or 30 μg cytoplasmic lysate. For estimating the frac-
tion of each protein which was immunoprecipitated, signals were 

in P-body assembly, although overexpressed ATXN2 and ATXN2L 
was previously shown to indirectly modulate P-bodies by seques-
tration of DDX6 out of P-bodies (Sweet et al., 2012). The decap-
ping complex also had a minor role compared with DDX6, with no 
influence of EDC3, as previously found for the decapping enzyme 
DCP2 itself (Andrei et  al., 2005), and a partial requirement for 
EDC4, which was stronger after arsenite or mild cold shock than 
after vinblastine. In contrast, three proteins of the CPEB-like com-
plex were necessary to assemble P-bodies in all tested conditions: 
DDX6, 4E-T, and, to a lesser extent, LSM14A. Indeed, in its ab-
sence, tiny P-bodies still formed after arsenite treatment. However, 
not all components of the CPEB-like complex had such strong ef-
fects. PAT1B depletion led to only a partial defect and only in un-
treated cells or after cold shock, while LSM14B was fully dispens-
able. Consistently, interfering with the interaction between DDX6 
and proteins of the CPEB complex, including LSM14A and PAT1B, 
impaired P-body assembly. Finally, Lsm14B silencing even induced 
P-bodies, possibly due to LSM14A up-regulation. While LSM14 
has evolved into two paralogues in vertebrates, little is known 
about their respective function. In Xenopus oocytes, both Lsm14B 
and Lsm14A are expressed, but only Lsm14B is associated with the 
CPEB complex (Minshall et al., 2007). In human cells, both were 
found with similar scores in DDX6 complexes, but only LSM14A is 
required for P-body assembly.

In summary, we undertook the first comprehensive proteomic 
study of the important regulatory DDX6 helicase and assessed the 
role of its interacting partners in P-body assembly. The three identi-
fied master genes required for P-body formation in human cells are 
components of the CPEB-like complex, suggesting that P-body as-
sembly is the result of repressing mRNAs rather than targeting them 
for decay. Importantly, P-body assembly follows a different pathway 
in lower eukaryotes. In yeast, it requires limited growth conditions, 
and DDX6 is dispensable (Teixeira and Parker, 2007), while 4E-T is 
absent. In human cells, some bona fide P-body proteins, like EDC3 
and LSM14B, seem to follow repressed mRNAs passively into P-
bodies. Others, like PAT1B and EDC4, participate in P-body assem-
bly only in specific conditions, which most likely reflect the existence 
of distinct repression pathways. The puzzling differential require-
ment of some proteins for P-body maintenance and P-body induc-
tion, observed here for PAT1B and previously for CPEB1 and GW182 
(Serman et al., 2007), may simply reflect such different repression 
pathways. In contrast, DDX6, 4E-T, and LSM14A, as common factors 
of all pathways, are excellent candidates to serve as scaffolds during 
assembly. Indeed, we demonstrated previously that DDX6 has self-
oligomerization properties (Ernoult-Lange et  al., 2012), and 4E-T 
and LSM14A have extensive conserved disordered regions that 
could participate in supramolecular aggregation.

MATERIALS AND METHODS
Cell culture and transfection
Human embryonic kidney HEK293 and epithelioid carcinoma HeLa 
cells were maintained in DMEM supplemented with 10% fetal calf 
serum. For P-body induction, cells were cultured with 0.5 mM arsenite 
(Sigma-Aldrich, Saint-Quentin-Fallavier, France) for 30 min, 10 μM of 
vinblastine (Sigma-Aldrich) for 1 h, or at 30°C for 2 h.

HEK293 cells were chosen for tandem-affinity purification be-
cause of their high transfection efficiency (close to 90% in our condi-
tions). Cells were transfected with 45 μg plasmid DNA per 150-mm-
diameter dish using a standard calcium phosphate procedure. 
Human DDX6 open reading frame (ORF) was subcloned into 
pcDNA3-FLAG vector (BamHI/NotI restriction sites) so that FLAG is 
upstream and in-frame with DDX6. The HA tag was then introduced 
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Mass spectrometry of Xenopus oocyte DDX6 
immunoprecipitates
MS2-FLAG–tagged DDX6 mRNA and control MS2-FLAG mRNA was 
in vitro transcribed as described previously (Minshall et  al., 2009; 
Ernoult-Lange et al., 2012), and 50 nl (at 500 ng/μl) was injected into 
each stage VI oocyte. Approximately 800 oocytes were injected with 
control mRNA and 1600 with DDX6 mRNA. After 36 h at 18°C, 
10 μg/ml (final) progesterone was added to 800 of DDX6 mRNA-in-
jected oocytes to induce meiotic maturation, and lysates from the 
three sets were prepared at 48-h postinjection. Extracts were made 
by addition of 6 ml NET buffer (50 mM Tris-HCl, pH 7.5, 150 mM 
NaCl, 0.5% NP-40, 1 mM EDTA, pH 8.0, 0.25% gelatin, 0.02% NaN3) 
and clarification by centrifugation at 10,000 × g, 2 × 10 min, 4°C. S10 
was bound to 80 μl protein G Sepharose and 8 μl mouse anti-FLAG 
antibody (Sigma Aldrich) overnight at 4°C. After washing, bound pro-
teins were eluted with 2 × 400 μl 0.1× TBS plus 100 ng/μl 3×FLAG 
peptide (Sigma-Aldrich) for 2 h at 4°C. Following concentration, sam-
ples were briefly electrophoresed into a 15% SDS–PAGE gel, and 
several slices from each lane were trypsin digested and analyzed by 
LC-MS/MS in the Cambridge Centre for Proteomics. Peptides were 
assessed against merged Xenopus laevis and tropicalis databases.

Polysome gradients
Cells were harvested in ice-cold PBS and lysed in ice-cold lysis buf-
fer (20 mM HEPES, pH 7.5, 250 mM KCl, 10 mM MgCl2, 5 mM DTT, 
1 mM EDTA, 0.5% NP-40), supplemented with EDTA-free protease 
inhibitor cocktail (Roche Diagnostics, Meylan, France) and 65 U/ml 
of RNaseOut ribonuclease inhibitor (Promega), for 5 min. After cen-
trifugation at 500 × g for 5 min to eliminate nuclei, supernatants 
were layered onto 10–50% sucrose gradients in polyribosome buffer 
(20 mM HEPES, pH 7.5, 250 mM KCl, 20 mM MgCl2, 2 mM DTT) 
and centrifuged at 39,000 rpm for 2.75 h at 4°C in a Beckman SW41-
Ti rotor. Optical density at 254 nm was monitored using a density 
gradient fractionator (Teledyne Isco, Lincoln, NE).

quantified from scanned X-ray films using Quantity One software 
(Bio-Rad, Marnes-la-Coquette, France), standardized for the amount 
of input and immunoprecipitated proteins loaded on the gel, and 
expressed as a percentage of DDX6 immunoprecipitated in the 
same experiment.

Immunofluorescence
Cells grown on glass coverslips were fixed in methanol for 3 min at 
−20°C. After rehydration, cells were incubated with the primary an-
tibody for 1 h, rinsed with PBS, incubated with the fluorochrome-
conjugated secondary antibody for 45 min, and rinsed with PBS, all 
steps being performed at room temperature. Slides were mounted 
in Citifluor (Citifluor, London, UK). Microscopy was performed on a 
Leica DMR microscope (Leica, Heidelberg, Germany) using a 
63 × 1.32 oil-immersion objective. Photographs were taken using 
a Micromax CCD camera (Princeton Scientific Instruments, 
Monmouth Junction, NJ) driven by MetaMorph software (Mole-
cular Devices, Sunnyvale, CA). Images were processed with Im-
ageJ. For the calculation of DDX6 enrichment in P-bodies, a line 
was drawn across individual P-bodies, and intensity along this line 
was plotted using ImageJ software. To quantitate P-bodies, we 
used the plug-in Spot Detector of the open bioimage informatics 
platform Icy (http://icy.bioimageanalysis.org; de Chaumont et al., 
2012), with a size filtering of 250 and 450 nm for all P-bodies and 
large P-bodies, respectively.

For Supplemental Figure 3, confocal microscopy was performed 
on a Leica TCS SP5 inverted confocal microscope (Leica) using an 
Apochromat 63 × 1.40 oil-immersion objective. Fluorescence sig-
nals were acquired in 0.13-μm optical sections. Maximal projections 
were obtained using ImageJ.

Tandem-affinity purification and mass spectrometry
HEK293 cells were lysed in a buffer containing 50 mM Tris-HCl 
(pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, and 1 mM dithio-
threitol (DTT), supplemented with a protease inhibitor cocktail with-
out EDTA (Roche Diagnostics, Meylan, France), for 30 min on ice, in 
the presence of either 65 U/ml RNaseOut recombinant ribonucle-
ase inhibitor (Promega) or 20 μg/ml RNase A (Euromedex). Nuclei 
and cytoplasm were separated by centrifugation at 500 × g 
for 10 min at 4°C. Cytoplasmic proteins were quantified by the 
Coomassie protein assay (Thermo Scientific). Thirty-five milligrams 
of proteins was mixed with 120 μl of 50% slurry control agarose 
resin (Thermo Scientific, Life Technologies) to eliminate resin-bind-
ing proteins. Cleared extracts were then incubated with 120 μl of 
50% slurry of the anti-FLAG M2 affinity gel (Sigma-Aldrich) for 2 h at 
4°C. After beads were washed in the lysis buffer lacking NP-40, 
bound complexes were eluted in 250 μg/ml of M2 peptide (Sigma-
Aldrich) for 1 h at 4°C. Complexes were then incubated overnight 
with 120 μl of 50% slurry of the monoclonal anti-HA agarose (Sigma-
Aldrich). After beads were washed, bound proteins were eluted in 
Laemmli SDS sample buffer. One-tenth of each sample was sepa-
rated on a Nu-PAGE 4%–12% Bis-Tris gel and stained with the 
Pierce Silver stain kit (Thermo Scientific). The remainder was briefly 
migrated on a Nu-PAGE 4%–12% Bis-Tris gel and stained with Sim-
plyBlue SafeStain (Life Technologies). Each lane was cut into six 
slices, which were processed for liquid chromatography–tandem 
mass spectrometry (LC-MS/MS) analysis in the Cambridge Center 
for Proteomics, at the University of Cambridge (UK). A Mascot 
search algorithm (Matrix Science, London, UK) was used to search 
against the UniProt human database using a fixed modification of 
carbamidomethyl (C), a variable modification of oxidation (M), and 
a peptide tolerance of 25 ppm.
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