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Target-specific requirements
for enhancers of decapping
in miRNA-mediated gene silencing
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Boveri-Group Signaling and Functional Genomics, D-69120 Heidelberg, Germany; 3European Molecular Biology Laboratory
(EMBL), D-69117 Heidelberg, Germany

microRNAs (miRNAs) silence gene expression by suppressing protein production and/or by promoting mRNA
decay. To elucidate how silencing is accomplished, we screened an RNA interference library for suppressors of
miRNA-mediated regulation in Drosophila melanogaster cells. In addition to proteins known to be required
for miRNA biogenesis and function (i.e., Drosha, Pasha, Dicer-1, AGO1, and GW182), the screen identified the
decapping activator Ge-1 as being required for silencing by miRNAs. Depleting Ge-1 alone and/or in
combination with other decapping activators (e.g., DCP1, EDC3, HPat, or Me31B) suppresses silencing of
several miRNA targets, indicating that miRNAs elicit mRNA decapping. A comparison of gene expression
profiles in cells depleted of AGO1 or of individual decapping activators shows that ∼15% of AGO1-targets are
also regulated by Ge-1, DCP1, and HPat, whereas 5% are dependent on EDC3 and LSm1–7. These percentages
are underestimated because decapping activators are partially redundant. Furthermore, in the absence of active
translation, some miRNA targets are stabilized, whereas others continue to be degraded in a
miRNA-dependent manner. These findings suggest that miRNAs mediate post-transcriptional gene silencing
by more than one mechanism.
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Post-transcriptional gene regulation plays a central role
in biological processes as diverse as development, differ-
entiation, stress response, and growth control. In par-
ticular, regulations of mRNA half-lives and of transla-
tion are key mechanisms by which the expression of
many genes can be rapidly changed in response to extra-
cellular signals (for review, see Wilusz and Wilusz 2004).
Post-transcriptional regulation is often mediated by spe-
cific RNA-binding proteins that recognize control ele-
ments in the mRNA 3� untranslated regions (UTRs) and
promote (or antagonize) mRNA degradation or transla-
tional repression. mRNA decay or translational repres-
sion can also be triggered by short interfering RNAs
(siRNAs) or microRNAs (miRNAs), two classes of non-
coding RNAs that associate with proteins of the Argo-
naute family, to regulate the expression of fully or par-

tially complementary target mRNAs (for review, see Bar-
tel 2004).

Degradation of bulk mRNA in eukaryotes is normally
initiated by the gradual shortening of the poly(A) tail
(deadenylation) (for review, see Parker and Song 2004). In
Saccharomyces cerevisiae and Drosophila melanogaster
cells, the major deadenylase activity is associated with
the CAF1:CCR4:NOT complex (Parker and Song 2004).
Deadenylated mRNA can then be exonucleolytically di-
gested from the 3� end by the exosome and cofactors
(Parker and Song 2004). Alternatively, decay proceeds by
the removal of the cap structure by the decapping en-
zyme DCP2 and subsequent 5�-to-3� exonucleolytic deg-
radation by XRN1 (Parker and Song 2004).

In S. cerevisiae, several proteins stimulate decapping
by DCP2 including DCP1, EDC3 (enhancer of decapping
3), the LSm1–7 complex, Pat1, and the RNA helicase
Dhh1. These proteins are generically termed decapping
activators, although they may activate decapping by dif-
ferent mechanisms (Parker and Song 2004). In human
cells, DCP2 is part of a multimeric protein complex that
includes DCP1, EDC3, the RNA helicase RCK/p54 (the
human ortholog of Dhh1), and Ge-1 (also known as hu-
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man enhancer of decapping large subunit, Hedls), a pro-
tein that has no orthologs in S. cerevisiae (Fenger-Grøn
et al. 2005; Yu et al. 2005).

Recent studies in zebrafish embryos, D. melanogaster,
and human cells have shown that miRNAs accelerate
the deadenylation and decapping of their targets by re-
cruiting components of the general mRNA degradation
machinery (Bagga et al. 2005; Behm-Ansmant et al.
2006a,b; Giraldez et al. 2006; Wu et al. 2006). miRNA-
mediated mRNA decay requires the Argonaute proteins,
the P-body component GW182, the CAF1:CCR4:NOT
deadenylase complex, the decapping enzyme DCP2, and
the decapping activator DCP1 (Jakymiw et al. 2005; Liu
et al. 2005a; Meister et al. 2005; Rehwinkel et al. 2005;
Behm-Ansmant et al. 2006a,b; Chu and Rana 2006).
Moreover, in human cells, the decapping activator RCK/
p54 was implicated in silencing by miRNAs (Chu and
Rana 2006).

miRNAs not only promote mRNA degradation, but
they can also repress protein production, often without
detectable changes in the abundance of target mRNAs
(for review, see Pillai et al. 2006; Jackson and Standart
2007; Nilsen 2007). Several mechanisms for the miRNA-
mediated down-regulation of protein expression have
been proposed. These include (1) cotranslational protein
degradation, (2) inhibition of translation elongation, (3)
premature termination of translation (ribosome drop-
off), or (4) inhibition of translation initiation (for review,
see Pillai et al. 2006; Jackson and Standart 2007; Nilsen
2007).

Two recent reports demonstrated that miRNAs in-
hibit translation; surprisingly, each proposed a different
underlying mechanism (Chendrimada et al. 2007; Kiria-
kidou et al. 2007). Kiriakidou et al. (2007) showed that
the human Argonaute-2 (AGO2) polypeptide sequence
exhibits sequence similarities with the cytoplasmic cap-
binding protein eIF4E (eukaryotic initiation factor 4E)
and binds the mRNA cap structure. This supports the
argument that miRNAs (in complex with human AGO2)
can inhibit translation at the initiation step by compet-
ing with eIF4E for the cap structure.

Chendrimada et al. (2007) identified the eukaryotic
initiation factor 6 (eIF6) as a binding partner of AGO2 in
human cells (Chendrimada et al. 2007). eIF6 interacts
with the large ribosomal subunit and prevents its prema-
ture association with the small subunit (Ceci et al. 2003).
If AGO2 recruits eIF6 to miRNA targets, then it may
repress translation at an early step by blocking associa-
tion of the large ribosomal subunit (Chendrimada et al.
2007). Even though eIF6 is a translation factor, its deple-
tion suppressed the silencing of targets regulated mainly
at the mRNA level. The most straightforward interpre-
tation of these results is that miRNAs silence genes pri-
marily by inhibiting protein synthesis, and mRNA deg-
radation is only a consequence of this primary event
(Chendrimada et al. 2007).

To shed light on the mechanisms that allow miRNAs
to repress expression of their targets, we screened an
RNA interference (RNAi) library for suppressors of si-
lencing mediated by miR-12. This screen identified

genes already known to be required for miRNA biogen-
esis and function (Drosha, Pasha, Dicer-1, AGO1, and
GW182), as well as the decapping activator Ge-1. We
show that depleting Ge-1 alone and/or in combination
with other decapping activators relieves silencing of tar-
gets by several miRNAs, indicating that miRNAs pro-
mote decapping and the subsequent mRNA degradation.
We show further that some miRNA targets are stabilized
in the absence of active translation, whereas others are
nevertheless degraded. These findings suggest the exist-
ence of more than one mechanism of miRNA function
and may explain conflicting reports regarding the mecha-
nisms of silencing by miRNAs.

Results

A genome-wide RNAi screen identified the decapping
activator Ge-1 as an effector of the miRNA pathway

We screened for suppressors of miRNA-mediated gene
silencing using a reporter expressing the firefly luciferase
(F-Luc) coding region with a 3� UTR from the D. mela-
nogaster CG10011 transcript, an mRNA silenced by
miR-12 (Rehwinkel et al. 2005, 2006; Behm-Ansmant et
al. 2006a,b). In the presence of miR-12, expression of
both F-Luc protein and mRNA is reduced to similar ex-
tents (Fig. 1A), indicating that miR-12 directs this re-
porter for degradation (Behm-Ansmant et al. 2006a,b).

The screen was performed in duplicate with a double-
stranded RNA (dsRNA) library that targets ∼90% of all
annotated genes in the D. melanogaster genome (Boutros
et al. 2004; Gesellchen et al. 2005). We identified 47
dsRNAs that relieved the silencing by miR-12, including
six previously identified components of the D. melano-
gaster miRNA pathway; i.e., Drosha, Pasha, Dicer-1,
AGO1, and GW182 (Fig. 1B; Table 1). Exportin-5, Loqua-
cious, and eIF6, also implicated in miRNA biogenesis
and function (Förstemann et al. 2005; Saito et al. 2005;
Lund and Dahlberg 2006; Chendrimada et al. 2007), did
not score positive in our screen (Fig. 1B; Table 1).

We also identified several new candidates. To deter-
mine the specificity of the new candidates, we resynthe-
sized and tested the dsRNAs using the same reporter
either in the absence or presence of miR-12. When we
took into account nonspecific effects of the dsRNAs on
F-Luc-CG10011 expression (i.e., those observed in the
absence of miR-12), only the dsRNA targeting D. mela-
nogaster Ge-1 (CG6181) interfered specifically with si-
lencing of the reporter (data not shown).

To confirm that suppression of silencing by Ge-1
dsRNA was specific, and not due to off-target effects, we
designed two additional dsRNAs that target nonoverlap-
ping regions of the Ge-1 mRNA. These dsRNAs also de-
pleted endogenous Ge-1 efficiently, as judged by Western
blot (Fig. 1C). Moreover, all three dsRNAs partially re-
lieved the inhibition of F-Luc expression caused by miR-
12 (Fig. 1D), and led to an approximately twofold in-
crease of F-Luc-CG10011 mRNA levels (Fig. 1D,E). The
partial restoration of luciferase activity and mRNA lev-
els observed in these experiments (i.e., full restoration
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would require a fivefold increase of F-luc activity and
mRNA levels) (Fig. 1A) is consistent with the effects
observed in the screen (z-score ≈ 10 for Ge-1 vs.
z-score ≈ 90 for AGO1) (Table 1) and is probably due to
the redundancy of decapping activators (see Fig. 4, be-
low). Importantly, depleting Ge-1 does not alter the ex-
pression levels of AGO1 or GW182 (Fig. 1C; data not
shown). Together these results indicate that Ge-1 is re-
quired for miR-12 to efficiently destabilize the F-Luc-
CG10011 reporter mRNA.

Ge-1 is a P-body component that belongs
to the �-propeller family of proteins

The Ge-1 protein family is characterized by four canoni-
cal N-terminal WD40 repeats (Fig. 2A, dark-green tri-

angles; Deyholos et al. 2003; Fenger-Grøn et al. 2005; Yu
et al. 2005; Xu et al. 2006). WD40 repeats are protein:
protein interaction modules present in proteins with un-
related functions (Li and Roberts 2001). These repeats
adopt a six- to seven-blade propeller fold and usually re-
quire six to seven repeats for structural stability (Li and
Roberts 2001). Sequence alignments and secondary
structure predictions of the region encompassing amino
acids 136–558 of D. melanogaster Ge-1 revealed three
additional WD40 repeats (Fig. 2A, light-green triangles),
probably adapted to a specialized function in this protein
family; thus standard computer programs might not de-
tect statistically significant sequence similarities to
known WD40s. The Ge-1 protein family is also charac-
terized by a conserved C-terminal domain containing a
highly conserved motif (Fig. 2A, blue and cyan boxes,
respectively). The N-terminal �-propeller and the C-ter-
minal domains are separated by a low-complexity region
rich in serines (S-rich linker) (Fig. 2A, orange box) that
probably provides a flexible linker between these two
protein domains.

The Ge-1 proteins in Homo sapiens, D. melanogaster,
and Arabidopsis thaliana localize to P-bodies and are
required for P-body integrity (Fenger-Grøn et al. 2005; Yu
et al. 2005; Xu et al. 2006; Eulalio et al. 2007a,b). Analy-
sis of the subcellular localization of HA-tagged Ge-1 pro-
tein domains (the N-terminal �-propeller domain, the
S-rich linker, and the C-terminal domain) indicated that
the C-terminal conserved domain (amino acids 944–

Figure 1. A genome-wide RNAi screen reveals a role for Ge-1
in miRNA-mediated gene silencing. (A) S2 cells were trans-
fected with a mixture of plasmids containing the F-Luc-
CG10011 reporter, a plasmid expressing miR-12 (+miR-12) or
the corresponding empty vector (−miR-12), and a plasmid ex-
pressing Renilla luciferase (R-Luc). Firefly luciferase activity
(black bars) and mRNA levels (gray bars) are normalized to that
of the Renilla luciferase and set to 100 in cells transfected with
the empty vector. Mean values ± standard deviations from three
independent experiments are shown. (B) The results of the
RNAi screen are represented as z-scores of two independent
screens (see Materials and Methods). (Blue dots) Individual
dsRNAs in the library; (red diamonds) components of the
miRNA pathway; (green dot) Ge-1 (CG6181); (dashed red line)
cutoff used (average z-score > 10). (C–E) S2 cells were treated
with the indicated dsRNAs on days 0 and 4. On day 6, cells were
transfected with the mixture of plasmids described in A. (C) The
effectiveness of the depletions was analyzed by Western blot-
ting, with the antibodies indicated on the left. In lanes 1–4,
dilutions of untreated cells are loaded. Anti-tubulin antibodies
were used as a loading control. Numbers above the lanes indi-
cate the regions targeted by the dsRNAs and correspond to
amino acids in the Ge-1 protein sequence. (D) Firefly luciferase
activity (black bars) and mRNA levels (gray bars) are normalized
to that of the Renilla luciferase. Furthermore, for each knock-
down, the normalized values of F-Luc activity and mRNA levels
in the presence of the miRNA are divided by those obtained in
the absence of the miRNA. These ratios are set to unity in cells
treated with GFP dsRNA. Mean values ± standard deviations
from three independent experiments are shown. (E) Northern
blot analysis of representative RNA samples isolated from S2
cells shown in D.
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1354) localizes to cytoplasmic foci (Fig. 2B), as with the
full-length protein. These foci corresponded to endog-
enous P-bodies, because they were labeled with antibod-
ies recognizing the protein Trailer hitch (Tral) (Fig. 2B),
an endogenous P-body marker in D. melanogaster (Eu-
lalio et al. 2007a,b). The N-terminal domain encompass-
ing the WD40 repeats spread diffusely throughout the
cytoplasm, whereas the S-rich linker domain accumu-
lated within the nucleus (Fig. 2B). Overexpressing these
protein fragments did not affect the integrity of endog-
enous P-bodies, as evidenced by the presence of foci
stained with anti-Tral antibodies (Fig. 2B). Thus, Ge-1 is
a conserved component of P-bodies.

Decapping activators regulate a subset
of AGO1 targets

To investigate whether in addition to Ge-1, other decap-
ping activators participate in miRNA-mediated gene si-
lencing, and to determine how generally silencing re-
quired decapping activators, we compared mRNA ex-
pression profiles in cells depleted of AGO1, DCP1, Ge-1,
HPat, EDC3, or LSm1, using high-density oligonucleo-
tide microarrays. The profiles of DCP2- and Me31B-de-
pleted cells could not be analyzed for technical reasons
(see Materials and Methods). For each protein, we ob-
tained expression profiles from two or three independent
RNA samples. As a reference, RNA samples were iso-
lated from mock-treated cells. We also examined the
mRNA profiles in cells treated with GFP (green fluores-
cent protein) dsRNA to identify mRNAs that are likely
to be regulated nonspecifically in response to the dsRNA
treatment.

We grouped detectable transcripts to three classes ac-
cording to their relative expression levels. These were
underrepresented transcripts (at least 1.5-fold underrep-
resented compared with the reference sample) (Fig. 3,
blue), transcripts that did not significantly change (<1.5-
fold different from the reference) (Fig. 3, yellow), and
overrepresented transcripts (at least 1.5-fold overrepre-
sented) (Fig. 3, red). We only considered transcripts that
were assigned to the same class in the three and two

independent profiles obtained for AGO1 and decapping
activators, respectively. We validated changes in mRNA
levels for selected mRNAs by Northern blotting (data
not shown).

In contrast to the profiles of cells depleted of the P-
body component GW182, which are highly correlated
with those depleted of AGO1 (Behm-Ansmant et al.
2006a), the profiles of cells depleted of decapping activa-
tors were not correlated with those depleted of AGO1,
although they were correlated with each other (Fig. 3A).
The rank correlation coefficients between DCP1 and
Ge-1 or DCP1 and HPat profiles are r = 0.58 or r = 0.56,
respectively, and between Ge-1 and HPat r = 0.68. These

Figure 2. Ge-1 is a conserved component of metazoan P-bod-
ies. (A) Domain architecture of Ge-1. (Dark-green triangles) Ca-
nonical WD40 repeats; (light-green triangles) divergent WD40
repeats; (yellow box) flexible linker rich in serines; (dark-blue
box) C-terminal conserved domain; (cyan box) highly conserved
motif. Numbers below the protein outline represent amino acid
positions at fragment boundaries for the D. melanogaster pro-
tein. The protein domains sufficient for the localization to P-
bodies are shown in red. (B) Confocal fluorescent micrograph of
S2 cells expressing HA fusions of the Ge-1 domains indicated on
the left. Cells were stained with anti-HA and affinity-purified
anti-Tral antibodies. Bar, 5 µm.

Table 1. z-Scores of the dsRNAs targeting known effectors
of the miRNA pathway and Ge-1 in two independent screens

dsRNA z [1] z [2]

Drosha 16.8 13.6
Pasha 20.4 23.0
Exp-5 −0.3 0.2
DCR1 39.0 34.2
Loqs 1.2 3.2
AGO1 97.5 84.6
GW182 (a) 29.6 28.0
GW182 (b) 31.9 34.2
CG6181 (Ge-1) 10.8 9.4
eIF6 1.2 1.3

GW182 is represented in the library by two nonoverlapping
dsRNAs (a and b).
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results indicate that DCP1, Ge-1, and HPat regulate
common targets (for proteins acting in the same path-
way—e.g., AGO1 and Drosha—the rank correlation co-
efficient is r � 0.7) (Rehwinkel et al. 2006). A subset of
transcripts commonly regulated by DCP1, Ge-1, and
HPat was also regulated by EDC3 and LSm1 (Fig. 3A,C–
F). However, the profiles of cells depleted of EDC3 and
LSm1 were more similar to each other (rank correlation
coefficient r = 0.73) than to those from cells depleted of
DCP1, Ge-1, or HPat (Fig. 3A). Thus, EDC3 and LSm1–7
may form a subclass of decapping activators distinct
from DCP1, HPat, and Ge-1. Because transcripts up-
regulated in cells depleted of AGO1 are enriched in pre-
dicted and validated miRNA targets (Behm-Ansmant et
al. 2006a; Rehwinkel et al. 2006), we next focused on
these transcripts.

The expression profiles in cells depleted of AGO1 dif-
fer from expression profiles in cells depleted of decapping
activators. In the three independent AGO1 profiles, 498
transcripts were at least 1.5-fold up-regulated. Of those,
34.5% (172 transcripts) were unchanged or down-regu-
lated in nine of 10 profiles obtained for decapping acti-
vators (Fig. 3B; Supplementary Table 1). Conversely, de-
pleting at least two decapping activators, up-regulated
396 mRNAs, of those 31.1% (123 mRNAs) remained un-
changed or were down-regulated in the AGO1 profiles
(Fig. 3C; Supplementary Table 1).

Nevertheless, decapping activators do regulate a sub-
set of AGO1 targets. Indeed, out of 498 transcripts over-
represented in the AGO1 knockdown, 110 (22.1%) were
also overrepresented in knockdowns of at least two de-

capping activators (Fig. 3D; Supplementary Table 1). The
probability that this would happen by chance is
P = 1.6E−32. A subset of these (71 mRNAs) was also up-
regulated in five of six profiles obtained for DCP1, Ge-1,
and HPat (Fig. 3E) (the likelihood to have 71 or more
common targets is P = 6E−23). Furthermore, of the 498
mRNAs overrepresented in the AGO1 knockdown, 24
also changed levels concordantly in all profiles obtained
for EDC3 and LSm1 (Fig. 3F) (the likelihood to have 24 or
more common targets is P = 1.5E−06). Thus, by compar-
ing gene expression profiles in cells depleted of AGO1 or
decapping activators, we estimate that 15% of AGO1-
targets are also regulated by Ge-1, DCP1, and HPat,
whereas ∼5% are dependent on EDC3 and LSm1–7.

Transcripts commonly regulated by AGO1 and decap-
ping activators have longer 3� UTRs on average (Supple-
mentary Fig. 1) and are significantly enriched for pre-
dicted targets of K-Box miRNAs and miR-34 (P ∼ 1E−04–
1E−03) (Supplementary Table 2), indicating that these
transcripts represent predicted targets of a limited num-
ber of miRNAs.

Decapping activators have partially redundant
functions in miRNA-mediated mRNA decay

The similarity of decapping activator profiles prompted
us to investigate whether, in addition to Ge-1, other de-
capping activators could relieve silencing of the F-Luc-
CG10011 reporter by miR-12 (Fig. 4). In this analysis, we
also tested Me31B (the D. melanogaster homolog of hu-
man RCK/p54), a protein that interacts with HPat (data

Figure 3. Expression profiles of D. melanogaster S2
cells depleted of AGO1 or decapping activators. (A) S2
cells were treated with the dsRNAs indicated below the
lanes. The number (nb) of independent expression pro-
files obtained per depleted protein is indicated in brack-
ets. Average expression levels of transcripts detectable
in all profiles (5899 mRNAs) are shown. RNAs are rep-
resented as lines colored relative to their expression lev-
els, as indicated on the left. Numbers above the lanes
indicate rank correlation coefficients relative to AGO1,
DCP1, or EDC3 as indicated. The experiment tree was
calculated using the distance option in the GeneSpring
software (Euclidean distance). (B) RNAs at least 1.5-fold
overrepresented in the three independent profiles ob-
tained for AGO1, and <1.5-fold up-regulated in at least
nine of 10 profiles of decapping activators. (C) RNAs at
least 1.5-fold overrepresented in the two profiles ob-
tained for two or more decapping activators, and <1.5
up-regulated in the AGO1 knockdown. (D) mRNAs at
least 1.5-fold overrepresented in the three independent
profiles obtained for AGO1, and in the two profiles ob-
tained for at least two decapping activators. (E) RNAs at
least 1.5-fold overrepresented in the three independent
profiles obtained for AGO1, and in five of six profiles
obtained for DCP-1, Ge-1, and HPat. (F) RNAs at least
1.5-fold overrepresented in the three independent pro-
files obtained for AGO1 and in all profiles obtained for
EDC3 and LSm1. Note that the lines representing indi-
vidual mRNAs are compressed in A. The number of
mRNAs displayed per panel is indicated on the left.
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not shown) and is part of the decapping complex in hu-
man cells (Fenger-Grøn et al. 2005). Depleted cells were
transiently cotransfected with plasmids expressing
F-Luc-CG10011, miR-12, or the corresponding vector
without an insert (empty vector), and the Renilla lucif-
erase (R-Luc) transfection control. In these experiments,
we compensated for any differences in transfection effi-
ciencies, by normalizing the firefly luciferase activity
and mRNA levels to the Renilla luciferase control. To
compensate for nonspecific effects that the depletions
might have on mRNA levels, the normalized values of
firefly luciferase activity or mRNA levels in the presence
of the miRNA were divided by those obtained in the
absence of the miRNA for each knockdown.

Depleting single decapping activators (DCP1, EDC3,
HPat1, or Me31B, but not LSm1 or LSm3), slightly re-
lieved silencing of F-Luc-CG10011 by miR-12 and led to
a 1.5- to 1.8-fold increase in F-Luc activity (data not
shown). These effects are below the twofold threshold
that we define as significant, and may explain why, apart
from Ge-1, these genes were not identified in the screen.

We showed before that codepleting DCP1 with DCP2
suppresses F-Luc-CG10011 mRNA decay by miR-12.
Nevertheless, F-Luc activity is only partially restored,

most likely because the accumulated transcripts are
deadenylated (see change in mobility in Fig. 4B, lanes
21,22; Behm-Ansmant et al. 2006a,b), and consequently,
are translated less efficiently. On the basis of these ob-
servations, we next tested the effect of codepleting de-
capping activators in pairwise combinations.

Strikingly, codepletions of two decapping activators
(with the exception of LSm1 or LSm3) (data not shown)
restored F-Luc CG10011 mRNA levels more than single
depletions, with the best results obtained when Ge-1 and
DCP1 were codepleted (Fig. 4A,B, lanes 13,14). As a posi-
tive control, the previously reported depletion of AGO1
was included; and as expected, this depletion restored
both reporter mRNA level and F-Luc activity (Fig. 4A,B;
Rehwinkel et al. 2005; Behm-Ansmant et al. 2006a,b).
The results obtained by codepleting decapping activators
indicate that these proteins have partially redundant
functions in silencing.

We next tested whether another target of miR-12 simi-
larly depended on decapping activators. In particular, we
tested a reporter in which the F-Luc ORF was fused to
the 3� UTR of the D. melanogaster CG3548 mRNA.
miR-12 destabilized this reporter significantly (Fig.
4C,D). Depleting Ge-1 alone did not prevent miR-12-

Figure 4. Decapping activators have par-
tially redundant functions in silencing. (A–D)
S2 cells were treated with the indicated
dsRNAs on days 0 and 4. On day 6, cells were
cotransfected with a mixture of plasmids ex-
pressing firefly luciferase (F-Luc) followed by
the indicated 3� UTRs, plasmids expressing
miRNA primary transcripts (+miR-12) or the
corresponding empty vector (−miR-12), and a
plasmid expressing Renilla luciferase (R-Luc).
(A,C) Firefly luciferase activity and mRNA
levels are normalized to that of the Renilla
luciferase. For each knockdown, the normal-
ized values of F-Luc activity and mRNA lev-
els are set to 100 in cells transfected with the
empty vector (not shown except for control
cells). Mean values ± standard deviations
from three independent experiments are
shown. (B,D) Northern blot analysis of repre-
sentative RNA samples isolated from S2 cells
shown in A and C, respectively.
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mediated decay of F-Luc-CG3548 (Fig. 4C,D), in agree-
ment with the observation that the level of endogenous
CG3548 mRNA did not change in cells depleted of Ge-1.
However, when Ge-1 was codepleted with Me31B or
DCP1, the levels of reporter mRNA were significantly
restored (Fig. 4C,D). The accumulated transcripts were
deadenylated, as reflected by the increased electropho-
retic mobility of the mRNAs in the presence of the
miRNA (Fig. 4D, lanes 10,12). This observation may ex-
plain why restoring mRNA levels did not correspond-
ingly increase firefly luciferase activity. Alternatively,
this reporter may still be silenced at the translational
level (see Fig. 8, below). The observations described
above, together with previous published results (Behm-
Ansmant et al. 2006a,b; Giraldez et al. 2006; Wu et al.
2006), indicate that miRNAs destabilize target mRNAs
via deadenylation and subsequent decapping.

Depleting decapping activators suppress mRNA decay
mediated by several miRNAs

We also tested how depleting decapping activators af-
fects silencing of additional miRNA targets (Figs. 5–7). In
particular, we analyzed targets of miR-9b (nerfin-1,
Vha68-1, CG7037), miR-1 (par-6 and CG10596), and
miR-92a (CG3077). The nerfin-1 reporter is regulated
mainly at the translational level. Indeed, in the presence
of miR-9b, F-Luc expression was reduced sixfold,
whereas the corresponding mRNA levels were only re-
duced 1.2-fold (Fig. 5A,B; Behm-Ansmant et al. 2006a,b).
Depleting Ge-1 in combination with Me31B or DCP1 did
not restore luciferase expression from the F-Luc-nerfin-1
reporter (Fig. 5A,B). Although cells depleted of decapping
activators accumulated deadenylated F-Luc-nerfin-1
transcripts (Fig. 5B; see change in the mRNA mobility in
lanes 8,10,12; data not shown), it is unlikely that dead-
enylation causes the translational repression, because in-
hibiting deadenylation by depleting NOT1 does not sup-
press silencing of this reporter by miR-9b (Behm-Ans-
mant et al. 2006a,b).

In contrast to the nerfin-1 reporter, Vha68-1 is mainly
regulated at the mRNA level (Fig. 5C,D). Targets of
miR-1 and miR-92a are also regulated predominantly at
the mRNA level (Figs. 6, 7A,B). Depleting Ge-1 alone did
not restore F-Luc activities or mRNA levels of these re-
porters (Figs. 5C,D, 6A–D, 7A,B), consistent with the ob-
servation that the level of endogenous transcripts did not
change in cells depleted of Ge-1. However, mRNA levels
were restored significantly in cells codepleted of Ge-1
and Me31B or Ge-1 and DCP1 (Figs. 5C,D, 6A–D, 7A,B).
Again, the accumulated transcripts were deadenylated
(see change in the mobility of the mRNAs in the pres-
ence of the miRNA) (Figs. 5D, 7B, lanes 10,12).

Finally, CG7037 is a predicted target of miR-9b and is
also regulated at the mRNA level. Depleting Ge-1 alone
or in combination with other decapping activators led to
an approximately twofold increase of F-Luc-CG7037
mRNA levels (Fig. 7C). This is in agreement with the
regulation of the corresponding endogenous mRNA in

cells depleted of Ge-1 or additional decapping activators
(Supplementary Table 1).

In summary, for the reporters regulated mainly at the
mRNA level, depleting Ge-1 in combination with
Me31B or DCP1 suppresses miRNA-mediated mRNA
degradation. However, firefly luciferase expression is not
similarly restored. One possible explanation is that the
accumulated mRNAs are deadenylated and are therefore
translated less efficiently. Another possibility is that the

Figure 5. Decapping activators suppress silencing of miRNA
targets regulated at the mRNA level. (A–D) S2 cells were treated
with the indicated dsRNAs on days 0 and 4. On day 6, cells were
transfected with a mixture of plasmids as described in Figure 4.
Firefly luciferase activity and mRNA levels are analyzed as de-
scribed in Figure 4. (B,D) Northern blot analysis of representa-
tive RNA samples isolated from S2 cells shown in A and C,
respectively.
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depletions do not suppress silencing at the translational
level. Together, these results indicate that miRNAs me-
diate down-regulation by at least two modes: They can
repress protein production without significantly chang-
ing mRNA levels (as typified by the nerfin-1 reporter); or
increase mRNA degradation via decapping (as observed
for the additional reporters analyzed in this study).

miRNAs can destabilize target mRNAs in the absence
of active translation

Having established that miRNAs elicit the decapping
and subsequent degradation of target mRNAs, it was im-

portant to determine whether the decay is linked to the
inhibition of protein expression. If mRNA decay by
miRNAs were a consequence of inhibiting translation,
miRNA targets should be stabilized in cells in which
translation is inhibited. We therefore tested the effect of
translational inhibitors such as cycloheximide, homo-
harringtonine, and hippuristanol on the reporters de-
scribed above in the presence or absence of the cognate
miRNAs. The inhibitors tested repress protein synthe-
sis, but whereas cycloheximide and homoharringtonine
block translation elongation, hippuristanol is a specific

Figure 7. Decapping activators suppress silencing of miRNA
targets regulated at the mRNA levels. (A–D) S2 cells were
treated with the indicated dsRNAs on days 0 and 4. On day 6,
cells were transfected with a mixture of plasmids as described in
Figure 4. Samples are analyzed as described in Figure 4. (B,D)
Northern blot analysis of representative RNA samples isolated
from S2 cells shown in A and C, respectively.

Figure 6. Decapping activators suppress silencing of miR-1 tar-
gets. (A–D) S2 cells were treated with the indicated dsRNAs on
days 0 and 4. On day 6, cells were transfected with a mixture of
plasmids as described in Figure 4. Firefly luciferase activity and
mRNA levels are analyzed as described in Figure 4. (B,D) North-
ern blot analysis of representative RNA samples isolated from
S2 cells shown in A and C, respectively.
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inhibitor of eIF4A and blocks eIF4A-dependent transla-
tion initiation (Chan et al. 2004; Bordeleau et al. 2006).

As shown above, for all the reporters tested, the
miRNAs triggered significant mRNA decay in control
cells (Fig. 8; Supplementary Fig. 2). Strikingly, in cells
treated with cycloheximide, homoharringtonine, or hip-
puristanol, the levels of F-Luc-CG10011, F-Luc-CG3548,
and F-Luc-par-6 mRNAs were restored, despite the pres-
ence of the cognate miRNAs (Fig. 8A,B,G; Supplemen-
tary Fig. 2; data not shown). In contrast, the translational
inhibitors did not prevent degradation of F-Luc-CG3077
by miR-92a, of F-Luc-Vha68-1 or F-Luc-CG7037 by
miR-9b, and of F-Luc-CG10596 by miR-1 (Fig. 8C–F;
Supplementary Fig. 2). The negative effect of the inhibi-

tors on translation was demonstrated by the reduction of
F-Luc and R-Luc activities, as well as by the analysis of
polysome profiles in treated cells (data not shown). Simi-
lar results were obtained following 3 h incubation with
cycloheximide (data not shown).

The differential effects of the translational inhibitors
on miRNA-mediated mRNA decay are likely to reflect
the influence of 3� UTRs on the final outcome of silenc-
ing for the following reasons. First, suppression of
mRNA decay by the inhibitors is not miRNA specific, as
demonstrated by the observation that miR-1-mediated
decay of par-6, but not of CG10596, is suppressed in the
absence of active translation (Fig. 8F,G). Secondly, the
differential effect of hippuristanol treatment on reporter
levels is unlikely to reflect differences in eIF4A depen-
dency, because all the reporters tested have the same 5�
UTR, and hippuristanol inhibits F-Luc expression from
these reporters to similar extents in the absence of
miRNAs (data not shown). Finally, the half-lives of the
reporters shown in Figure 8 are in the same range (i.e.,
2–3 h in the absence of the miRNA, and 15–30 min in the
presence of the miRNA) (data not shown), excluding the
possibility that the effects observed are a consequence of
differences in turnover rates.

In summary, the destabilization of CG10011 and
CG3548 reporters by miR-12, or of par-6 by miR-1, re-
quires active translation. Thus, it is possible that these
reporters are silenced after translation has been initiated
as suggested before (Olsen and Ambros 1999; Kim et al.
2004; Nelson et al. 2004; Maroney et al. 2006; Nottrott et
al. 2006; Petersen et al. 2006). Nevertheless, the possi-
bility that the suppression of miRNA-mediated mRNA
decay is an indirect effect of the general inhibition of
protein synthesis cannot be excluded (e.g., a labile factor
might be specifically required for the degradation of
these mRNAs).

In contrast, miRNA-mediated degradation of CG3077,
Vha68-1, CG7037, and CG10596 mRNAs is not affected
by the inhibitors of translation. Thus, for these reporters,
mRNA degradation either represents an independent
mechanism through which miRNAs down-regulate their
expression or is a consequence of a primary inhibitory
effect exerted by the miRNAs on a translation step up-
stream of the action of the inhibitors, as suggested by
previous studies (Humphreys et al. 2005; Pillai et al.
2005; Kiriakidou et al. 2007; Mathonnet et al. 2007;
Thermann and Hentze 2007; Wakiyama et al. 2007). To-
gether, these results are consistent with the hypothesis
that there may be more than one mechanism by which
miRNAs mediate repression of gene expression (Behm-
Ansmant et al. 2006a.b; for review, see Pillai et al. 2006;
Jackson and Standart 2007; Nilsen 2007).

Discussion

miRNAs silence gene expression by interfering with pro-
tein expression directly and/or by promoting mRNA deg-
radation. mRNA degradation by miRNAs requires the
Argonaute proteins, the P-body component GW182, the
CAF1:CCR4:NOT deadenylase complex, and the decap-

Figure 8. miRNAs elicit mRNA decay via translation-depen-
dent and translation-independent mechanisms. (A–G) S2 cells
were cotransfected with a mixture of plasmids as described in
Figure 4. Cells were treated with cycloheximide (CHX) as indi-
cated. Firefly luciferase mRNA levels are normalized to that of
the Renilla luciferase. The normalized values of F-Luc mRNA
are set to 100 in cells transfected with the empty vector (i.e., in
the absence of the miRNA; black bars). Mean values ± standard
deviations from three independent experiments are shown.
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ping DCP1:DCP2 complex (Jakymiw et al. 2005; Liu et
al. 2005b; Meister et al. 2005; Rehwinkel et al. 2005;
Behm-Ansmant et al. 2006a,b). Moreover, a role for the
decapping activator RCK/p54 in miRNA-mediated si-
lencing was reported in human cells (Chu and Rana
2006). All of these proteins colocalize to cytoplasmic foci
or mRNA processing bodies (P-bodies) (for review, see
Eulalio et al. 2007a). In addition, the Argonaute proteins,
miRNAs, and miRNA targets are also detected in P-bod-
ies, which strongly suggests that P-body components
participate in miRNA-mediated gene silencing (Jakymiw
et al. 2005; Liu et al. 2005a,b; Meister et al. 2005; Pillai
et al. 2005; Sen and Blau 2005; Behm-Ansmant et al.
2006a,b; Bhattacharyya et al. 2006; Leung et al. 2006;
Pauley et al. 2006).

The results presented here indicate that additional P-
body components are required for silencing of endog-
enous miRNA targets. These include Ge-1, Me31B,
HPat, EDC3, and the LSm1–7 complex, all shown to en-
hance decapping (Parker and Song 2004; Fenger-Grøn et
al. 2005; Xu et al. 2006).

The decapping activator Ge-1 is required for silencing
a subset of miRNA targets

We set out to identify novel components of the miRNA
pathway by screening a dsRNA library targeting nearly
all annotated D. melanogaster genes for suppressors of
silencing. In addition to known components of the
miRNA pathway (i.e., Drosha, Pasha, Dicer-1, and
AGO1), the screen identified two P-body components:
GW182 and Ge-1 (Fig. 1B). A role for GW182 in the
miRNA pathway was reported before (Ding et al. 2005;
Jakymiw et al. 2005; Liu et al. 2005b; Meister et al. 2005;
Rehwinkel et al. 2005; Behm-Ansmant et al. 2006a,b;
Chu and Rana 2006; Wakiyama et al. 2007).

AGO1- and GW182-depleted cells exhibit strikingly
similar expression profiles, indicating that GW182 func-
tions in the miRNA pathway and is unlikely to have
additional roles in general mRNA turnover. Indeed,
GW182 regulates nearly all the AGO1-targets that are
detectable by microarray (i.e., that change levels in
AGO1-depleted cells) (Behm-Ansmant et al. 2006a). In
contrast, comparing the gene expression profiles of
AGO1- and Ge-1-depleted cells revealed that Ge-1 is re-
quired for silencing ∼15% of AGO1-targets (76 of 498
mRNAs) in D. melanogaster (Fig. 3).

Ge-1 belongs to a protein family characterized by N-
terminal WD40-repeats, a central S-rich linker, and a
conserved C-terminal domain (Fig. 2A). Multiple se-
quence alignment of all proteins possessing these do-
mains revealed two paralogs in Oryza sativa and A.
thaliana (Varicose and Varicose-related, VCS and VCR,
respectively), and a single ortholog in animals and fungi,
with the exception of S. cerevisiae (Deyholos et al. 2003;
Fenger-Grøn et al. 2005; Yu et al. 2005; Xu et al. 2006).

The N-terminal WD40-repeat region of VCS is re-
quired for its interaction with DCP1, whereas the C-
terminal domain is required for its oligomerization and
interaction with DCP2 (Xu et al. 2006). These interac-

tions stimulate the catalytic activity of DCP2 (Fenger-
Grøn et al. 2005; Xu et al. 2006). Apart from the inter-
action with DCP2, the C-terminal domain of Ge-1 is
necessary and sufficient to localize the protein to P-bod-
ies (Fig. 2B), which is in turn required for P-body integ-
rity (Yu et al. 2005). Since in human cells, Ge-1 interacts
with DCP2, DCP1, EDC3, and RCK/p54 (Fenger-Grøn et
al. 2005), this suggests that Ge-1 may act as a molecular
scaffold bringing together DCP2 and decapping activators,
and possibly nucleating the assembly of P-bodies. Under-
standing how various Ge-1 domains interact with mRNA
decay enzymes and influence P-body integrity awaits the
further biochemical characterization of these domains.

Role of decapping activators in the miRNA pathway

The presence of Ge-1 in a multiprotein complex consist-
ing of the decapping enzyme DCP2 and additional de-
capping activators including DCP1, EDC3, and RCK/p54
in human cells (Fenger-Grøn et al. 2005) prompted us to
investigate the role of additional enhancers of decapping
in the miRNA pathway. Comparing gene expression pro-
files in cells depleted of AGO1, DCP1, Ge-1, HPat,
EDC3, or LSm1 showed that 15% of the transcripts that
are up-regulated in cells depleted of AGO1 are also up-
regulated in cells depleted of DCP1, Ge-1, or HPat;
whereas in cells depleted of EDC3 or LSm1, only 5%
show concordant changes (Fig. 3). The fraction of AGO1
targets that decapping activators also regulated is under-
estimated when comparing expression profiles of cells
depleted of the proteins individually, because these pro-
teins have partially redundant functions in silencing.
This is evidenced by the observation that the depletion
of decapping activators, with the exception of Ge-1, sup-
presses silencing (above the twofold threshold that we
defined as significant) only when they are codepleted
with Ge-1 or additional activators (Fig. 4). This observa-
tion also provides an explanation for why these proteins
were not identified in this or previous screens.

An important finding from our experiments is that
even in cases in which the codepletion of decapping ac-
tivators restored reporter mRNA levels, luciferase ex-
pression was not always restored, because the accumu-
lated transcripts were deadenylated (Figs. 5–7). Conse-
quently, screens based on protein expression (luciferase
or GFP) are very likely to overlook factors required for
silencing.

Transcripts up-regulated by both AGO1 and decapping
activators are enriched in predicted and validated targets
of a subset of miRNAs (Supplementary Table 2). This
enrichment is relevant because transcripts exclusively
regulated by decapping activators but not by AGO1 are
not significantly enriched in miRNA-binding sites. A
feature that distinguishes transcripts regulated by both
AGO1 and decapping activators from transcripts exclu-
sively regulated by AGO1 is that the former have longer
3� UTRs on average (721 nucleotides [nt] vs. 629 nt)
(Supplementary Fig. 1). Nevertheless, the specific fea-
tures of miRNA targets that lead to the dependence of
decapping activators for their silencing are unknown.
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Mechanisms of miRNA-mediated gene silencing

Our screen was performed with a reporter that is mainly
regulated at the mRNA level. Analyzing of miRNA ac-
tivity in cells treated with cycloheximide showed that
degradation of this reporter by miR-12 requires ongoing
translation (Fig. 8A). Therefore, one might expect to
identify translation factors in the screen. However, there
are many reasons why these factors may escape detec-
tion, including inefficient depletions or a general inhibi-
tion of translation affecting firefly and/or Renilla lucif-
erase expression in such a way that the suppression of
silencing is masked by nonspecific effects.

In particular, eIF6 did not score positively in the screen
(Fig. 1B; Table 1). We tested whether two consecutive
eIF6 knockdowns (instead of a single depletion as in the
screen) and prolonged depletion times (9 d instead of 7 d)
restored F-Luc-CG10011 expression. Under these condi-
tions (i.e., 90% of the endogenous protein was depleted),
we observed a partial suppression of silencing (an ap-
proximate twofold to 2.5-fold increase in firefly lucifer-
ase expression) for F-Luc-CG10011 and several other re-
porters (Supplementary Fig. 3). Nevertheless, further
studies are needed to elucidate the role of eIF6 in the
miRNA pathway in D. melanogaster.

The inhibition of translation by miRNAs is not always
followed by mRNA decay. Conversely, we show that
some targets are degraded in the absence of active trans-
lation in D. melanogaster cells (Fig. 8C–F). Similarly, in
human cells and zebrafish embryos, it was reported that
miRNA targets that cannot be translated (e.g., because of
the presence of a strong stem–loop in the 5� UTR) are
nevertheless subject to deadenylation and subsequent
decay (Mishima et al. 2006; Wu et al. 2006).

Our results, together with previous studies, indicate
that miRNAs use at least three mechanisms to down-
regulate their targets: (1) inhibition of protein production
without a significant change in mRNA level (which can
be achieved in different ways; see introduction), (2) trans-
lation-dependent mRNA decay, or (3) translation-inde-
pendent mRNA decay. Because at least two modes of
regulation have been observed for targets of the same
miRNA (i.e., miR-9b and miR-1), it is unlikely that these
different modes are specified by the miRNA itself. More-
over, because the extent of miRNA regulation occurs
over a wide range of magnitudes and differs for different
miRNA:target pairs, we favor a model whereby the spe-
cific features and/or composition of the mRNP itself in-
fluence the outcome of miRNA regulation. This may
explain the conflicting reports regarding the mecha-
nisms of silencing by miRNAs. A major challenge for
future studies will be to elucidate how mRNP features
and/or composition influence miRNA regulation.

Materials and methods

Luciferase reporter assays

Luciferase reporters were described before (Rehwinkel et al.
2005; Behm-Ansmant et al. 2006a,b). Additional wild-type 3�

UTRs of predicted miRNA targets were amplified by PCR from
a D. melanogaster S2 cell cDNA library and cloned downstream
from the firefly luciferase coding region, between the EcoRI and
SalI sites of plasmid pAc5.1A-F-Luc (Rehwinkel et al. 2005). All
3� UTRs contained the natural 3� polyadenylation signals. Re-
nilla luciferase cloned between the EcoRI and XhoI sites of vec-
tor pAc5.1A (Invitrogen) served as a transfection control. For
expression of miRNAs, a genomic fragment of ∼400 nt encom-
passing the miRNA gene was amplified from genomic DNA and
cloned in vector pAc5.1A downstream from the actin 5C pro-
moter. When transfections were performed in six-well plates,
the transfection mixtures contained 0.1 µg of firefly luciferase
reporter plasmid, 0.4 µg of the Renilla transfection control, and
1 µg of plasmids expressing miRNA primary transcripts. Cells
were collected 3 d after transfection. All transfections were per-
formed with Effectene (Qiagen). Luciferase activity was mea-
sured using the Dual-Luciferase reporter assay system (Pro-
mega). Cycloheximide (10 µg/mL; Sigma), homoharringtonine
(5.5 µg/mL; Sigma), and hippuristanol (4 µM) were added to the
cells 3 or 7 h before isolating the RNA samples.

RNAi screens

RNAi screens were performed as described before (Boutros et al.
2004). Complete primer and amplicon sequences can be found
at http://rnai.dkfz.de. The screen was performed in duplicate
using 384-well plates. D. melanogaster Schneider cells (S2 cells)
were added to the dsRNAs on day 0. On day 4, cells were trans-
fected with the F-Luc-CG10011 reporter, a plasmid encoding
the primary miR-12 transcript, and a plasmid constitutively ex-
pressing Renilla luciferase (R-Luc) that served as a transfection
control. Firefly and Renilla luciferase activities were measured
on day 7. Firefly luciferase activity was normalized to that of the
Renilla luciferase and quantified by a significance factor, or z-
score. z-Scores were calculated plate-by-plate and represent the
number of median absolute deviations an individual measure-
ment differs from the median. An average z-score of the two
measurements for each dsRNA was calculated, and an arbitrary
cutoff of z > 10 was set.

RNAi, Northern and Western blotting, and
immunofluorescence

RNAi, Northern blotting, and RT–PCR were performed as de-
scribed before (Rehwinkel et al. 2005). For Western blots, the
polyclonal antibodies were diluted 1:1000. Bound primary anti-
bodies were detected with alkaline-phosphatase-coupled sec-
ondary antibodies (Western-Star kit from Tropix). Immunofluo-
rescence stainings using monoclonal anti-HA antibodies (Co-
vance) and affinity-purified anti-Tral antibodies were performed
essentially as described by Eulalio et al. (2007b).

RNA isolation and genome-wide expression analysis

High-density oligonucleotide microarrays (Affymetrix D. mela-
nogaster array 2) covering >18,500 transcripts from D. melano-
gaster were used. The microarray data have been submitted to
the ArrayExpress database at EBI under accession number E-
MEXP-1012.

Total RNA was isolated using Trifast Reagent (PeqLab). To
reduce potential variations in RNA preparation, two RNA
preparations were isolated from a single knockdown experi-
ment. These preparations were pooled with the equivalent
preparations isolated from an independent knockdown, to mini-
mize differences in knockdown efficiencies. These pools of four

Eulalio et al.

2568 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on January 21, 2008 - Published by www.genesdev.orgDownloaded from 

http://www.genesdev.org
http://www.cshlpress.com


RNA preparations from two independent knockdowns are re-
ferred to as RNA samples.

Biotinylated targets were prepared from 5 µg of total RNA
following standard Affymetrix procedures. These include an
oligo-dT-primed amplification step during sample preparation.
This step introduces a bias in samples isolated from DCP2- or
Me31B-depleted cells because a significant fraction of up-regu-
lated transcripts in these cells is deadenylated (as expected for
transcripts degraded via a deadenylation-dependent decapping
mechanism). Indeed, the hybridization signals of the poly(A)
control transcripts (Affymetrix GeneChip Eukaryotic Poly-A
RNA Control Kit) spiked in samples isolated from DCP2- or
Me31B-depleted cells were stronger compared with control
samples. This indicates that total mRNA was either less abun-
dant or deadenylated in samples isolated from these knock-
downs. Thus, these samples could not be analyzed. This was not
observed in cells depleted of additional decapping activators,
although we cannot rule out that some transcripts are deadenyl-
ated.

Standard Affymetrix protocols were used for hybridization,
washing, and data acquisition (Fluidics station 400, GeneArray
2500 scanner, Affymetrix Microarray suite version 5.1). Control
parameters were within recommended limits. Data were im-
ported into GeneSpring 6 (Silicon Genetics) (mock-treated
cells = control channel, knockdown experiment = signal chan-
nel). All experiments were normalized using an intensity-de-
pendent normalization scheme (Lowess). The enrichment of
miRNA targets among regulated genes was assessed by the
probability (P) that an equally high or higher enrichment could
be obtained by chance, given the frequency of the targets among
detectable genes as described by Stark et al. (2005) and Reh-
winkel et al. (2006).
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