CUP promotes deadenylation and inhibits
decapping of mRNA targets
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CUP is an eIF4E-binding protein (4E-BP) that represses the expression of specific maternal mRNAs prior to their
posterior localization. Here, we show that CUP employs multiple mechanisms to repress the expression of target
mRNAs. In addition to inducing translational repression, CUP maintains mRNA targets in a repressed state

by promoting their deadenylation and protects deadenylated mRNAs from further degradation. Translational
repression and deadenylation are independent of eIF4E binding and require both the middle and C-terminal regions
of CUP, which collectively we termed the effector domain. This domain associates with the deadenylase complex
CAF1-CCR4-NOT and decapping activators. Accordingly, in isolation, the effector domain is a potent trigger of
mRNA degradation and promotes deadenylation, decapping and decay. However, in the context of the full-length
CUP protein, the decapping and decay mediated by the effector domain are inhibited, and target mRNAs are
maintained in a deadenylated, repressed form. Remarkably, an N-terminal regulatory domain containing a non-
canonical eIF4E-binding motif is required to protect CUP-associated mRNAs from decapping and further
degradation, suggesting that this domain counteracts the activity of the effector domain. OQur findings indicate that

the mode of action of CUP is more complex than previously thought and provide mechanistic insight into the

regulation of mRNA expression by 4E-BPs.
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The asymmetric distribution of cellular components plays
a critical role in cell polarization, the specification of cell
fates during differentiation and embryonic patterning (for
review, see Czaplinski and Singer 2006). One powerful
mechanism that generates asymmetry is the spatial and
temporal regulation of translation of selected mRNAs,
which are maintained in a silent, repressed state until their
translation is activated at the location and time at which
the encoded protein is needed (for review, see Richter and
Sonenberg 2005; Wilhelm and Smibert 2005).

The translational repression of localized mRNAs is me-
diated by multiple proteins, which are recruited in a
sequence-specific manner and inhibit translation by di-
verse mechanisms (for review, see Richter and Sonenberg
2005; Wilhelm and Smibert 2005). One common mech-
anism for translation inhibition is interference with the
assembly of the eukaryotic initiation factor eIF4F, which
consist of the cap-binding protein eIF4E, the scaffolding
protein elF4G, and the RNA helicase eIF4A. The elF4E
subunit binds the mRNA 5’ cap structure and interacts
with elF4G, which in turn promotes translation initiation
by recruiting the 43S preinitiation complex (composed of
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the 40S ribosomal subunit, e[F2-GTP-Met-tRNAM®t e[F3,
elF1, elF1A, and probably elF5) (Jackson et al. 2010). A
diverse group of translational repressors inhibits transla-
tion initiation by binding to eIF4E and disrupting its in-
teraction with eIF4G (Haghighat et al. 1995; Mader et al.
1995). These elF4E-binding proteins (4E-BPs) share a com-
mon elF4E-binding motif with elF4G (4E-BM: YxxxxLd,
where x is any amino acid and ¢ is a hydrophobic amino
acid), and therefore compete with elF4G for binding to the
same surface on eIF4E (Haghighat et al. 1995; Mader et al.
1995; Altmann et al. 1997; Marcotrigiano et al. 1999).
The Drosophila melanogaster protein CUP is a member
of the 4E-BP protein family that specifically associates
with oskar and nanos mRNA through interactions with
the RNA-binding proteins Bruno and Smaug, respectively,
and represses the expression of these mRNAs prior to their
posterior localization (Wilhelm et al. 2003; Nakamura
et al. 2004; Nelson et al. 2004; Zappavigna et al. 2004;
for review, see Piccioni et al. 2005). Similar to all members
of the 4E-BP protein family, CUP contains an eIF4E-
binding motif (4E-BM1) and competes with eIlF4G for e[F4E
binding (Wilhelm et al. 2003; Nakamura et al. 2004;
Nelson et al. 2004; Zappavigna et al. 2004). In contrast to
other 4E-BPs, however, CUP contains a second, noncanon-
ical motif (4E-BM2) that contributes to, but is not essential
for, eIF4E binding (Nelson et al. 2004). Although this
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second binding motif likely binds a different surface on
elF4E, it also blocks eIF4E-elF4G interaction in vitro
(Nelson et al. 2004). These observations have led to the
model that CUP inhibits the expression of mRNA targets
by disrupting eIF4E-eIF4G interaction, thereby inhibiting
translation initiation. However, the contribution of the
noncanonical 4E-binding motif to CUP-mediated trans-
lational repression is unknown.

The two eIF4E-binding motifs in CUP are located within
the N-terminal domain, which is followed by a middle
region (Mid) and a glutamine-rich C-terminal region
(Q-rich). The Mid and Q-rich regions have been impli-
cated in mediating binding to the Nanos protein and
Bruno, respectively, as well as to additional protein part-
ners, including Miranda and Staufen (Verrotti and Wharton
2000; Nakamura et al. 2004; Piccioni et al. 2009). Whether
the Mid and Q-rich regions play a direct role in the
repression of CUP-associated mRNAs, in addition to
mediating protein—protein interactions, has not been
addressed.

The regulation of oskar and nanos mRNA expression
involves not only translation inhibition, but also changes
in the poly(A) tail length (by deadenylation and poly-
adenylation), which affect both translation efficiency and
mRNA stability (Chang et al. 1999; Juge et al. 2002;
Castagnetti and Ephrussi 2003; Benoit et al. 2005; Semotok
et al. 2005; Chekulaeva et al. 2006; Jeske et al. 2006, 2011;
Zaessinger et al. 2006). Currently, it is not known whether
CUP plays a role in poly(A) tail regulation.

In this study, we investigate the mechanism of CUP-
mediated mRNA repression and the role of the noncanon-
ical eIF4E-binding motif. Additionally, we elucidate the
contribution of the Mid and Q-rich regions to this re-
pression. We show that, in Drosophila Schneider 2 cells
(S2 cells), CUP binding to an mRNA reporter represses
protein production and promotes mRNA deadenylation.
Although deadenylated mRNAs are normally rapidly de-
capped and degraded in S2 cells, mRNAs that are as-
sociated with CUP are protected from decapping and
further degradation. Remarkably, this protection depends
on the N-terminal domain and the noncanonical 4E-
BM2 motif. Contrary to our expectation, the canonical
4E-BM1 motif is dispensable for CUP-mediated trans-
lational repression and mRNA deadenylation. Instead,
these activities reside in the Mid and Q-rich regions of
the protein, which collectively we termed the effector
domain. Alone, the effector domain has potent mRNA
degradation activity. However, when the N-terminal do-
main and the noncanonical 4E-BM2 motif are present,
the degradative activity of the effector domain is in-
hibited so that the target mRNA is deadenylated but not
degraded further. These results indicate that the N-terminal
domain counteracts the activity of the effector domain.
Taken together, our results uncover an unprecedented
role for the N-terminal domain and the noncanonical
elF4E-binding motif in preventing the decapping and
subsequent degradation of deadenylated mRNA targets
and reveal novel and essential functions for the Mid and
Q-rich regions of CUP in post-transcriptional mRNA
regulation.
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Results

CUP promotes deadenylation of target mRNAs

To obtain insight into the mechanism by which CUP in-
hibits the expression of target mRNAs, we used a tether-
ing assay in D. melanogaster S2 cells. This assay allowed
us to study CUP-intrinsic activities (i.e., those indepen-
dent of Bruno and Smaug). The expressed CUP protein
included two tags: a peptide derived from the bacterio-
phage \ N protein (AN tag) (Gehring et al. 2005) to enable
tethering to a firefly luciferase (F-Luc) reporter, and an HA
tag (hemagglutinin) to allow detection of the expressed
protein by Western blot. The F-Luc reporter contains five
Box B hairpins (5BoxB) inserted in the 3’ untranslated
region (UTR); these bind the AN tag with high affinity and
thus recruit CUP to the F-Luc-5BoxB mRNA.

We transfected S2 cells with the F-Luc-5BoxB reporter,
a plasmid expressing either AN-HA-CUP or the AN-HA
tag alone, and a plasmid encoding Renilla luciferase as a
transfection control (R-Luc). We observed that AN-HA-CUP
repressed the expression of the F-Luc-5BoxB reporter rel-
ative to the AN-HA tag alone (Fig. 1A). The repression was
specific: The expression of an F-Luc reporter lacking the
Box B hairpins was unaffected by AN-HA-CUP (Supple-
mental Fig. S1A-D), indicating that CUP must bind to the
mRNA in order to repress its expression.

To determine whether CUP inhibits the expression of
the F-Luc-5BoxB reporter by repressing translation di-
rectly or indirectly (i.e., by reducing mRNA levels), we
analyzed the steady-state levels of the F-Luc-5BoxB mRNA
by Northern blotting. Unexpectedly, in cells expressing
AN-HA-CUP, the abundance of the F-Luc-5BoxB mRNA
increased ~2.2-fold relative to the R-Luc mRNA trans-
fection control or a 7SL RNA derivative that lacks a
poly(A) tail (Fig. 1B), resulting in a net sixfold reduction
in F-Luc activity (Fig. 1C). Furthermore, in cells express-
ing AN-HA-CUP, most of the accumulated F-Luc-5BoxB
transcripts migrated as a diffuse band, and a fraction
comigrated with the corresponding transcript lacking the
poly(A) tail, which was loaded as a reference (Fig. 1D). These
results suggest that CUP promotes the deadenylation of its
target mRNAs. An F-Luc mRNA reporter lacking the Box
B hairpins was not deadenylated when coexpressed with
AN-HA-CUP (Supplemental Fig. S1C).

We performed two independent experiments to provide
more direct evidence that CUP promotes the deadenyla-
tion of bound mRNAs. First, we used an oligo(dT) tar-
geted ribonuclease H (RNase H) cleavage assay to confirm
that the F-Luc-5BoxB transcripts that accumulated in AN-
HA-CUP-expressing cells were indeed deadenylated (Fig.
1E). In control cells (i.e., cells expressing AN-HA), both
the F-Luc-5BoxB reporter and an endogenous rp49 mRNA
(encoding ribosomal protein L32) migrated faster after
cleavage with oligo(dT)-directed RNase H had removed
the poly(A) tail (Fig. 1E, lane 1 or 3 vs. 2). In contrast, in
cells expressing AN-HA-CUP, the F-Luc-5BoxB mRNA
migrated as a diffuse band, and a large fraction of this mRNA
was already deadenylated (Fig. 1E, lanes 4,6). Consistent
with this interpretation, RNase H treatment in the pres-
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Figure 1. CUP represses translation and promotes the dead-
enylation of bound mRNAs. (A-D) S2 cells were transfected with
a mixture of three plasmids: one expressing the F-Luc-5BoxB
reporter, another expressing the Renilla luciferase (R-Luc) as
a transfection control, and a third expressing AN-HA or AN-HA-
CUP, as indicated. Additionally, all transfection mixtures con-
tained a plasmid expressing a short uncapped and unadenylated
RNA derived from the 7SL RNA. (A) Firefly luciferase activity
was normalized to Renilla luciferase and set to 100 in cells
expressing AN-HA. (B) F-Luc-5BoxB mRNA levels were normal-
ized to those of the Renilla mRNA or 7SL RNA and set to 100 in
cells expressing AN-HA. Similar values were obtained indepen-
dently of the normalization control. Mean values *+ standard
deviations from three independent experiments are shown. (C)
The normalized F-luc activity values were divided by the
corresponding normalized mRNA levels for each condition.
These ratios were set to 100 in cells expressing AN-HA. (D)
Northern blot analysis of RNA samples corresponding to those
shown in B. F-Luc-5Box mRNA lacking a poly(A) tail (Ag) was
loaded as reference. The dashed line indicates the position of the
deadenylated F-Luc-5BoxB mRNA. (E) RNA samples isolated
from tethering assays (e.g., D) were treated with RNase H in
the absence or presence of oligo(dT) and analyzed by Northern
blot; rp49 mRNA served as a positive control for the RNase H
treatment. (F) S2 cells were transfected as described in A. Three
days after transfection, cells were treated with actinomycin D
(5 wg/mL) and harvested at the indicated time points. F-Luc-5BoxB
mRNA lacking a poly(A) tail was loaded as reference, and rp49
mRNA served as a loading control.

ence of oligo(dT) resulted in the accumulation of only the
fast-migrating band and the disappearance of the longer
polyadenylated forms (Fig. 1E, lane 4 or 6 vs. 5).

In the second experiment, we exposed transfected cells
to actinomycin D to inhibit transcription and then anal-

CUP represses target mRNAs by multiple mechanisms

yzed the levels of F-Luc-5BoxB mRNA over time (compared
with the long-lived rp49 mRNA, which has a half-life >8 h).
In cells expressing AN-HA, the half-life of F-Luc-5BoxB
mRNA was ~160 min, whereas its half-life in cells ex-
pressing CUP was 240 min, consistent with the observed
twofold increase in mRNA abundance. Moreover, the
F-Luc-5BoxB transcripts were rapidly deadenylated in
the presence of CUP (Fig. 1F).

Together, these results indicate that CUP promotes
deadenylation of bound mRNAs. Notably, although dead-
enylated mRNAs are normally rapidly degraded in S2
cells (Behm-Ansmant et al. 2006; Haas et al. 2010), the
F-Luc-5BoxB mRNA accumulated in a deadenylated, re-
pressed form in cells expressing AN-HA-CUP, suggesting
that CUP-bound mRNAs are protected from decapping and
subsequent degradation.

A noncanonical eIF4E-binding motif in CUP protects
deadenylated mRNA targets from degradation

Sequence alignments and secondary structure predictions
indicate that the CUP protein contains an N-terminal
domain (N-term, amino acids 1-417), a middle domain
(Mid, amino acids 417-770), and a C-terminal region that
is rich in glutamine residues (Q-rich, 21 % glutamine) (Fig.
2A). The N-terminal domain contains a canonical eIF4E-
binding motif (4E-BM1) and a second motif (4E-BM2) that
has also been implicated in mediating binding to eIF4E
(Fig. 2A; Nelson et al. 2004). The Mid domain also ex-
hibits limited similarity to the eIF4E transporter protein
(4E-T) (Dostie et al. 2000).

To investigate whether the interaction of CUP with
elF4E is required for the translational repression and dead-
enylation of target mRNAs, we generated CUP mutants
carrying alanine substitutions in 4E-BM1 (Y342A and
L347A; Mutl), 4E-BM2 (L379A and L383A; Mut2), or both
(Mutl+2) (Fig. 2A). These substitutions were previously
shown to abolish or reduce eIF4E binding, respectively
(Wilhelm et al. 2003; Nakamura et al. 2004; Nelson et al.
2004). We first confirmed that these mutations inhibited
the CUP-eIF4E interaction using coimmunoprecipitation
assays in S2 cells. HA-tagged CUP coimmunoprecipitated
endogenous eIF4E, as well as a GFP-tagged eIF4E that was
coexpressed (Fig. 2B, lane 7; Supplemental Fig. S1E). The
substitution of two conserved amino acids in 4E-BM1
(Mutl) strongly reduced CUP interaction with eIF4E, as
reported previously (Fig. 2B, lane 8; Supplemental Fig.
S1E; Nakamura et al. 2004; Nelson et al. 2004). Substi-
tutions of residues at similar positions in 4E-BM2 (Mut2)
reduced but did not abolish eIF4E binding (Fig. 2B, lane 9;
Supplemental Fig. S1E). Mutations in 4E-BM2 did not ex-
acerbate the effect of the mutations in 4E-BM1 (Fig. 2B,
lane 10, mutant Mutl+2; Supplemental Fig. S1E). Our
results are consistent with those reported by Nelson et al.
(2004), showing that 4E-BM1 provides a high-affinity
elF4E-binding site and that 4E-BM2 contributes to, but is
not essential for, CUP binding to eIF4E.

We next tested whether the mutant CUP proteins that
were impaired in eIF4E binding could promote the trans-
lational repression and deadenylation of the F-Luc-5BoxB
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reporter. We observed that all three mutants (Mutl, Mut2,
and Mutl+2) repressed the expression of the F-Luc-5BoxB
reporter (Fig. 2C). However, when mRNA levels were
analyzed by Northern blotting, only Mut1, which is strongly
impaired in eIF4E binding, behaved as wild-type CUP: It
promoted reporter mRNA deadenylation but stabilized
the mRNA in the deadenylated form (Fig. 2D,E). The
F-Luc-5BoxB transcripts associated with CUP Mutl were
indeed deadenylated, as shown using an oligo(dT) targeted
ribonuclease H (RNase H) cleavage assay (Fig. 1E, lanes 7-9).
In contrast, Mut2 or Mutl+2 reduced the abundance of the
F-Luc-5BoxB mRNA (Fig. 2D,E). Although for these two
mutants the reduction of mRNA levels contributes to the
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reduction in protein production, a net decrease in F-Luc
activity was nevertheless observed (Fig. 2F). All mutants
were expressed at comparable levels (Fig. 2G) and did not
affect the expression of an F-Luc reporter lacking the BoxB
hairpins (Supplemental Fig. S1D).

Two important conclusions can be drawn from these
observations. First, the noncanonical eIF4E-binding motif
(4E-BM2) is required to protect the deadenylated mRNA
reporter from degradation. Indeed, reporter mRNA was
degraded when bound to a CUP mutant carrying amino
acid substitutions in 4E-BM2 (Fig. 2D [lanes 4,5], E). Sec-
ond, a CUP mutant carrying amino acid substitutions in
the canonical eIF4E-binding motif (4E-BM1) represses re-
porter mRNA expression as efficiently as wild-type CUP,
even though this mutant is strongly impaired in eIF4E
binding (Fig. 2B,C,F). Thus, according to this assay, the
canonical elF4E-binding motif is dispensable for CUP to
repress the expression and promote deadenylation of the
mRNA reporter.

Our finding that 4E-BM1, and thus eIF4E binding, is
dispensable for CUP-mediated repression contrasts with
previous studies suggesting that CUP inhibits translation
by binding to eIF4E and competing with elF4G (Wilhelm
et al. 2003; Nakamura et al. 2004; Nelson et al. 2004). It
was therefore important to investigate whether tethered
CUP was able to displace eIF4G from the mRNA target.
We observed that eIF4G association with the F-Luc-5BoxB
mRNA was reduced when the reporter was bound to CUP
(Supplemental Fig. S2A-C). These results suggest that
elF4G displacement takes place and may contribute
to, but is not necessary for, CUP-mediated translational
repression.

CUP Mid and Q-rich regions are required for mRNA
repression and deadenylation

To more precisely map the domains in CUP that are
required to repress translation and promote target mRNA

Figure 2. CUP represses mRNA expression independently of
elF4E binding. (A) Domain organization of CUP protein. CUP
contains an N-terminal regulatory domain (N-term) containing
two elF4E-binding motifs (4E-BM1 and 4E-BM2), a middle region
(Mid), and a glutamine-rich C-terminal region (Q-rich). The Mid
and Q-rich regions define the effector domain. The bottom panel
shows the CUP point mutants used in this study and a summary
of their activities. (stabil.) mRNA stabilization; (repres.) repres-
sion of protein production; (dead.) deadenylation; (decay) degra-
dation of the mRNA body. (B) Interactions between HA-CUP
wild type or mutants and endogenous eIF4E. Proteins were
immunoprecipitated from cell lysates using a monoclonal anti-
HA antibody. An HA-tagged version of maltose-binding protein
(MBP) served as negative control. Inputs (1%) and immunopre-
cipitates (10%) were analyzed by Western blotting using anti-
HA and anti-eI[F4E antibodies. (C-F) The activity of CUP
mutants relative to wild type was tested in tethering assays
using the F-Luc-5BoxB reporter and analyzed as described in
Figure 1. The mean values + standard deviations from three
independent experiments are shown. (G) Wild-type CUP and
mutants were expressed at comparable levels. R-Luc-V5 served
as a transfection control.



deadenylation, we generated a series of deletion mutants
lacking the N-term, Mid, or Q-rich regions individually or
in combination (Fig. 3A). We observed that an N-terminal
fragment of CUP (N-term) that contains the two eIF4E-
binding motifs but lacks the Mid and Q-rich regions did
not repress the expression of the F-Luc-5BoxB reporter
and failed to promote its deadenylation (Fig. 3B-D; Sup-
plemental Fig. S2D-F). However, this protein fragment
retained the ability to bind to eIF4E (Fig. 3E, lane 11) and
stabilized the mRNA reporter, leading to an increase in
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Figure 3. The Mid and Q-rich regions define the CUP effector
domain. (A) Schematic representation of CUP deletion mutants
used in this study and a summary of their activities, as described
in Figure 2A. (B-D) The activities of CUP deletion mutants
relative to wild type were tested using the F-Luc-5BoxB reporter
as described in Figure 1. (E) The interaction between HA-tagged
wild-type or mutant CUP protein and endogenous eIF4E was
analyzed by coimmunoprecipitation as described in Figure 2B.
(F) Wild-type and mutant CUP proteins were expressed at
comparable levels. R-Luc-V5 served as a transfection control.

CUP represses target mRNAs by multiple mechanisms

both protein expression and mRNA levels (Fig. 3B-D,
lane 3; Supplemental Fig. S2D-F). In contrast, full-length
CUP causes a similar increase in reporter mRNA levels
but represses protein expression and promotes mRNA
deadenylation (Fig. 3B-D). As for full-length CUP, the
ability of the N-term fragment to stabilize the mRNA re-
porter depends on the presence of the 4E-BM2; when this
motif was mutated, the N-terminal fragment no longer
stabilized the mRNA (Supplemental Fig. S2D-F).
Notably, deleting either the Mid or Q-rich regions (N+Q
or N+Mid) also abrogated the translational repression and
deadenylation of the F-Luc-5BoxB reporter (Fig. 3-D,
lanes 6,10, respectively), although these deletion mutants
were expressed at comparable levels and still interacted
with eIF4E (Fig. 3E,F). These findings provide further
evidence that CUP binding to eIF4E is not sufficient to
promote the translational repression and deadenylation
of CUP-associated mRNAs. A second important conclu-
sion from these results is that the Mid and Q-rich regions
are both required to repress translation and promote
deadenylation, as deletion of either of these regions in-
hibits CUP function. Therefore, we conclude that these
regions act together to repress and deadenylate mRNA
targets and collectively define the effector domain of CUP.

The CUP effector domain is a potent trigger
of mRNA degradation

As stated above, the CUP Mid and Q-rich regions (the
effector domain) are both required for CUP-mediated
mRNA repression and deadenylation. We were therefore
interested to determine whether these regions were suf-
ficient for CUP function. Remarkably, binding of the
CUP effector domain to the F-Luc-5BoxB reporter trig-
gered efficient mRNA degradation (Mid+Q) (Fig. 3B-D).
Further analyses showed that either the Mid or the
Q-rich region alone was sufficient to efficiently degrade
the mRNA reporter (Figs. 3B-D). All three protein frag-
ments were expressed at comparable levels (Fig. 3F) and
none affected the expression of an F-Luc reporter lack-
ing BoxB elements (Supplemental Fig. S1D). Thus, the
CUP effector domain elicits degradation of its associated
mRNAs.

Given the strong degradative activity of the effector
domain, it is remarkable that this activity is counter-
acted by the N-terminal region in the context of full-
length CUP so that bound mRNAs are deadenylated but
not degraded further. Similarly, although the isolated
Mid or Q-rich regions are able to trigger efficient target
mRNA degradation, fusion of either of these regions to
the N-terminal domain (e.g.,, CUP N+Q or N+Mid) in-
hibits this activity. We conclude that the CUP N-terminal
domain prevents the effector domain from degrading the
target mRNA after deadenylation. The inhibitory effect
of the N-terminal domain requires the 4E-BM2 motif;
however, additional N-terminal sequences also contrib-
ute to the inhibition because CUP Mut2 and Mutl+2 are
less active in promoting mRNA degradation than the iso-
lated effector domain or the Mid and Q-rich regions (Figs.
2E vs. 3C].
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CUP represses the expression of a reporter
containing the oskar mRNA 3" UTR

CUP is recruited to natural mRNA targets (e.g., oskar and
nanos mRNAs) via interactions with RNA-binding pro-
teins (Wilhelm et al. 2003; Nakamura et al. 2004; Nelson
et al. 2004; for review, see Piccioni et al. 2005). One such
protein is Bruno, which recruits CUP to multiple Bruno
response elements (BREs) present in the oskar mRNA 3’
UTR (Kim-Ha et al. 1995; Castagnetti and Ephrussi 2003;
Nakamura et al. 2004). To validate the observations ob-
tained using the tethering assay, we generated an F-Luc
reporter containing the oskar 3' UTR. We observed that,
individually, neither CUP nor Bruno repressed this re-
porter (Fig. 4A-C). However, in the presence of both CUP
and Bruno, the oskar reporter was repressed, although
mRNA levels increased (Fig. 4A-C). Furthermore, the
transcripts accumulated in a deadenylated form, as observed
in the tethering assay (Fig. 4D). Importantly, the effects of
wild-type CUP and the CUP mutants on this natural 3’
UTR were similar to those observed in the tethering assay.
In particular, a CUP mutant carrying substitutions in the
canonical eIlF4E-binding motif (Mutl) repressed the expres-
sion of the F-Luc-oskar mRNA (Fig. 4E-GJ, albeit less
efficiently than wild-type CUP, indicating that eIF4E bind-
ing may contribute to, but is not necessary for, CUP
to repress a natural target. As observed in the tethering
assay, both CUP and Mutl caused an increase in reporter
mRNA levels (Fig. 4EH). Moreover, the effector domain,
which confers binding to Bruno, strongly reduced reporter
mRNA abundance, as shown in tethering assays (Fig. 4FH).
In summary, in isolation, the effector domain of CUP causes
strong mRNA degradation independent of whether it is
directly tethered to the mRINA or recruited via interactions
with Bruno. In the context of full-length CUP, however, the
degradative activity of the effector domain is suppressed by
the N-terminal regulatory domain.

The CUP effector domain interacts with components
of the deadenylase and decapping complexes

It has been reported that CUP interacts with decapping
activators, including Me31B, DCPI1, and Trailer hitch
(Tral) (Nakamura et al. 2004; Wilhelm et al. 2005;
Tritschler et al. 2008). The finding that CUP triggers
deadenylation of bound mRNA raised the possibility that
it may also interact with components of the deadenylase
complex. Supporting this hypothesis is the observation
that CUP copurifies with the CAF1-CCR4-NOT com-
plex isolated from D. melanogaster embryonic extracts
(Temme et al. 2010). We performed coimmunoprecipita-
tion assays to determine whether these interactions also
occur in S2 cells. CUP coimmunoprecipitated with all
core components of the D. melanogaster CAF1-CCR4—
NOT deadenylase complex (POP2, CCR4, NOT2, NOT3/
5,and NOT1) (Fig. 5A-C; Temme et al. 2004, 2010). These
interactions were observed in the presence of RNase A,
suggesting that they are not mediated by RNA (Fig. 5A,B). As
a control, and consistent with previous studies (Nakamura
et al. 2004; Wilhelm et al. 2005; Tritschler et al. 2008),
CUP also coimmunoprecipitated endogenous Me31B and
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Figure 4. CUP represses an mRNA reporter containing the oskar
3’ UTR. (A-D) S2 cells were transfected with a mixture of three
plasmids: one expressing the F-Luc-oskar reporter, another
expressing the Renilla luciferase (R-Luc) as a transfection control,
and a third expressing GFP or CUP. Additionally, transfection
mixtures contained a plasmid expressing GST or Bruno as in-
dicated. (A) Firefly luciferase activity was normalized to Renilla
luciferase and set to 100 in control cells (i.e., expressing GFP and
GST). (B) F-Luc-oskar mRNA levels were normalized to those of
the Renilla mRNA and set to 100 in control cells. Mean values *
standard deviations from three independent experiments are
shown. (C) F-Luc activity was normalized to the mRNA levels.
(D) Northern blot analysis of RNA samples corresponding to those
shown in B. (E-H) S2 cells were transfected with a mixture of
three plasmids: one expressing the F-Luc-oskar reporter, another
expressing the Renilla luciferase (R-Luc) as a transfection control,
and a third expressing MBP or CUP. Additionally, all transfection
mixtures contained a plasmid expressing Bruno. Luciferase activ-
ity and mRNA levels were analyzed as described in A-D.

Tral in RNase A-treated extracts (Fig. 5D,E). In contrast,
wild-type CUP or mutants (Mutl, Mut2, and Mutl+2)
failed to coimmunoprecipitate EDC4, DCP2, and XRN1
(Supplemental Fig. SBA-D), suggesting large ribonucleo-
protein complexes such as P-bodies are not coimmuno-
precipitated under the conditions used here.

We next defined the domains of the CUP protein re-
quired for its interaction with deadenylation and decapping
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Figure 5. The effector domain of CUP confers binding to
deadenylase and decapping complexes. (A,B) Interaction be-
tween HA-CUP and GFP-tagged subunits of the CAF1-CCR4~
NOT complex. Cell lysates were immunoprecipitated using
a polyclonal anti-GFP antibody (A) or a monoclonal anti-HA
antibody (B). When indicated, cell lysates were treated with
RNase A before immunoprecipitation. F-Luc-GFP and HA-MBP
served as negative controls. (C-E) Interactions between wild-
type CUP or the indicated CUP fragments with binding part-
ners. (C) Interaction of CUP and GFP-NOT1. (D,E) Interactions
of HA-CUP with endogenous Me31B or Tral.

factors. We observed that the CUP Mid region was ca-
pable of binding NOT1, Me31B, and Tral (Fig. 5C-E), al-
though binding to NOT1 and Tral was reduced compared
with full-length CUP (Fig. 5C,E). NOT1 also interacted
with the CUP Q-rich region (Fig. 5C, lane 10). Thus, CUP
interacts with subunits of the deadenylase and decapping
complexes through the effector domain, providing one
plausible mechanism for how this domain could mediate
efficient target degradation.

The CUP effector domain elicits
deadenylation-dependent decapping

Given that the effector domain interacts with compo-
nents of both the deadenylase and decapping complexes

CUP represses target mRNAs by multiple mechanisms

(Fig. 5; Nakamura et al. 2004; Wilhelm et al. 2005;
Tritschler et al. 2008), we hypothesized that this domain
directs bound mRNAs to the 5’-to-3’ mRNA decay path-
way. In this pathway, mRNAs are first deadenylated and
then decapped by DCP2, which requires additional cofac-
tors for full activity and/or stability (Franks and Lykke-
Andersen 2008). In metazoans, these cofactors include
DCP1, EDC3, EDC4 (also known as Ge-1), Pat, and the
DEAD-box protein RCK/Me31B. Once decapped, mRNAs
are ultimately degraded by the major cytoplasmic 5'-to-3’
exonuclease XRN1 (Franks and Lykke-Andersen 2008).

To determine whether the effector domain promotes
deadenylation-dependent decapping, we performed the re-
porter tethering assay in cells in which decapping was in-
hibited. For this assay, we used CUP Mut2 because this
mutant differs from wild-type CUP by only two amino
acids in 4E-BM2, but in contrast to wild-type CUP, trig-
gers mRNA degradation. We inhibited decapping by over-
expressing a catalytically inactive DCP2 mutant (E361Q)
in cells depleted of endogenous DCP2. In these cells, de-
gradation caused by tethered CUP Mut2 was inhibited,
leading to the accumulation of deadenylated transcripts
(Fig. 6A, lane 2 vs. 5). Similar results were obtained with
tethered GW182 (Fig. 6A, lane 3 vs. 6), which triggers
deadenylation-dependent decapping and thus served as a
positive control (Behm-Ansmant et al. 2006). For both pro-
teins, we observed no net increase in F-Luc activity (Fig.
6B,C), most likely because the accumulated transcripts
are deadenylated and thus are not efficiently translated.
The accumulation of deadenylated transcripts upon de-
capping inhibition indicates that CUP Mut2 promotes
deadenylation that is normally followed by decapping.

It is important to note that the translational repression
and deadenylation mediated by wild-type CUP is not af-
fected in cells in which decapping factors such as Me31B
or Tral were depleted, consistent with the conclusion that
mRNAs associated with CUP are deadenylated but not
decapped (Supplemental Fig. S4A-C).

Collectively, our results indicate that a CUP mutant
carrying two amino acid substitutions in 4E-BM2 pro-
motes deadenylation that is followed by decapping and
degradation of the mRNA body. In the context of wild-
type CUP, however, target mRNAs are deadenylated but
not degraded, reinforcing the conclusion that 4E-BM2
interferes with decapping and subsequent mRNA deg-
radation.

CUP-mediated mRNA deadenylation requires
the CAF1-CCR4-NOT complex

Having established that CUP elicits deadenylation and
associates with the CAF1-CCR4-NOT complex, we sought
to determine whether this complex is involved in dead-
enylating mRNAs associated with CUP. We also explored
whether mRNA translational repression and deadenyla-
tion were mediated directly by tethered CUP or indirectly
through the recruitment of Bruno or Smaug. Indeed, both
proteins interact with CUP, and Smaug is also known to
interact with the CAF1-CCR4-NOT complex; thus, Smaug
could have acted as a bridging factor in our assays (Nelson
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Figure 6. CUP Mut2 promotes deadenylation-dependent
decapping. (A-C) A tethering assay with CUP Mut2 or GW182
was performed in control cells (treated with GST dsRNA and
expressing GFP) and in cells depleted of DCP2 (DCP2 knock-
down; KD) and expressing a catalytically inactive GFP-DCP2
mutant (E361Q). Samples were analyzed as described in Figure 1.
The dashed line in A indicates the position of the deadenylated
F-Luc-5BoxB mRNA.

et al. 2004; Semotok et al. 2005; Zaessinger et al. 2006;
Tadros et al. 2007).

First, we established that neither Bruno nor Smaug de-
pletion had an effect on CUP-mediated repression or dead-
enylation of the F-Luc-5BoxB mRNA, indicating that CUP
activity is independent of Bruno and Smaug in tethering
assays (Supplemental Fig. S5A-F). Next, we performed
the tethering assay in cells depleted of two components
of the CAF1-CCR4-NOT complex (NOT1 and the D.
melanogaster CAF1 ortholog POP2) that have been shown
to be required for deadenylation in S2 cells (Temme et al.
2004, 2010; Behm-Ansmant et al. 2006). Codepletion of
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POP2 and NOT1 partially suppressed CUP-mediated dead-
enylation, reducing the pool of fast-migrating (i.e., dead-
enylated) transcripts (Fig. 7A, lane 2 vs. 5). These results
indicate that CUP requires the CAF1-CCR4-NOT com-
plex to deadenylate bound mRNAs. Similar results were
obtained for CUP Mutl (Fig. 7A, lane 3 vs. 6), which
behaves similarly to wild-type CUP in all assays. In POP2-
and NOT1-depleted cells, NOT1 levels were reduced be-
low 50% of wild-type levels (Fig. 7B). Importantly, the
restoration of the mRNA poly(A) tail was not accompa-
nied by a corresponding increase in firefly luciferase ac-
tivity, indicating that the F-Luc-5BoxB mRNA was still
translationally repressed (Fig. 7C,D). On the basis of these
results, we conclude that deadenylation mediated by teth-
ered CUP is independent of Bruno and Smaug and involves
the CAF1-CCR4-NOT complex.

CUP can promote translational repression
in the absence of deadenylation

The above observations suggest that CUP represses trans-
lation even when deadenylation is partially blocked. We
therefore analyzed whether CUP could repress the ex-
pression of mRNAs lacking a poly(A) tail. In these exper-
iments, we use F-Luc-5BoxB reporters in which the cleav-
age and polyadenylation signal had been replaced by a
histone H4 3'-terminal stem-loop or a self-cleaving ham-
merhead ribozyme (HhR) (Eulalio et al. 2009). Remark-
ably, these reporters were repressed by CUP as well as by
the CUP mutants Mutl, Mut2, and Mutl+2 (Fig. 8A,B),
although Mutl was impaired relative to wild-type CUP.
Furthermore, tethered CUP or Mutl stabilized the repor-
ters lacking a poly(A) tail, resulting in fourfold to sixfold
increase in mRNA levels (Fig. 8C-F). Again, this stabili-
zation required 4E-BM2 and was not as prominent when
this motif was mutated (CUP Mut2 or Mut1+2) (Fig. 8C-F).

In contrast to the results observed with the polyadeny-
lated reporter, however, the tethering of CUP Mut2 or
Mutl+2 to nonadenylated reporters did not cause mRNA
decay (Fig. 8C-F). Nevertheless, CUP Mut2 and Mutl+2
efficiently repressed the expression of these reporters (Fig.
8A,B), suggesting that translational repression can occur
in the absence of deadenylation or mRNA destabilization.

To further define the regions in CUP that are required
for translational repression in the absence of deadenyla-
tion, we tethered either the CUP N-terminal or the ef-
fector domains to the nonadenylated reporters. We observed
that the N-terminal domain slightly increased reporter
expression and mRNA abundance (Fig. 8A-D). In con-
trast, tethering the effector domain strongly repressed re-
porter expression in the absence of mRNA destabilization
(Fig. 8A-F).

The analysis of the nonadenylated reporters yielded three
important observations. First, the canonical 4E-BM1 may
contribute to, but is not essential for, CUP-mediated trans-
lational repression. Second, the noncanonical 4E-BM2 is
required for the stabilization of mRNAs associated with
CUP. This stabilization occurs even for mRNAs that do
not undergo deadenylation, supporting the idea that 4E-
BM2 exerts its stabilizing effect by preventing decapping.



Third, CUP can promote translational repression indepen-
dently of deadenylation and eIF4E binding (e.g., Mutl+2);
this activity resides in the effector domain.

Discussion

CUP is an eIF4E-binding protein that is recruited to target
mRNAs through interactions with RNA-binding proteins
and is thought to repress the translation of these mRNAs
by blocking the elF4E—eIF4G interaction (Wilhelm et al.
2003; Nakamura et al. 2004; Nelson et al. 2004; Zappavigna
et al. 2004; for review, see Piccioni et al. 2005). In this
study, we show that CUP not only represses translation,
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CUP represses target mRNAs by multiple mechanisms

but also promotes mRNA deadenylation. However,
binding to eIF4E is not required for CUP-mediated trans-
lational repression and deadenylation of target mRNAs.
Instead, the Mid and Q-rich regions, which we collectively
termed the CUP effector domain, are essential for these
functions. The isolated effector domain is a potent trig-
ger of mRNA degradation and promotes deadenylation-
dependent decapping and subsequent decay of the mRNA.
In the context of full-length CUP, however, the N-terminal
domain counteracts the activity of the effector domain, al-
lowing deadenylation to occur but inhibiting mRNA decapp-
ing and subsequent degradation. The protective function
of the N-terminal domain requires the noncanonical 4E-
BM2 motif, which contributes to, but is not essential for,
elF4E-binding. Taken together, our results show that CUP
uses multiple mechanisms to regulate protein output of
its targets and further reveal unexpected functions for the
noncanonical eIF4E-binding motif (4E-BM2) and the Mid
and Q-rich regions in this regulation.

The CUP effector domain

In this study, we show that CUP consists of two func-
tional domains: a regulatory N-terminal domain and a
C-terminal effector domain. The effector domain consists
of the Mid and Q-rich regions and elicits mRNA degra-
dation. Although the isolated Mid and Q-rich regions are
also able to trigger mRNA degradation (Fig. 3C,D), in the
context of full-length CUP, these regions are both re-
quired for translational repression and mRNA deadeny-
lation; a protein containing the N-terminal region but
lacking either the Mid or Q-rich region does not repress
translation or promote deadenylation (Fig. 3B). Thus, the
Mid and Q-rich regions act together as a single effector
domain. This domain serves as a binding platform for
deadenylating and decapping factors. Further work will
be required to determine whether the effector domain
interacts with these factors directly, and whether these
interactions occur simultaneously or consecutively.

One important observation from our studies is that the
effector domain can repress translation in the absence of

Figure 7. The CAF1-CCR4-NOT complex deadenylates
mRNAs associated with CUP. (A,B) S2 cells were treated with
the indicated dsRNAs on days 0 and 4. Control cells were
treated with an unrelated dsRNA targeting Neomycin. On day
6, cells were cotransfected with a mixture of three plasmids: one
expressing the F-Luc-5BoxB mRNA, another expressing Renilla
luciferase (R-Luc), and a third expressing the indicated AN-HA-
tagged proteins. (A) Northern blot analysis of representative
RNA samples. (B) Western blot analysis of control and NOT1-
depleted cells. a-Tubulin served as a loading control. Dilutions
of control cell lysates were loaded in lanes 1-4 to estimate the
efficacy of the depletion. (C) Firefly luciferase activity was
normalized to that of Renilla luciferase. For each condition,
the normalized values of F-Luc activity were set to 100 in cells
expressing the AN-HA tag. Mean values *+ standard deviations
from three independent experiments are shown. (D) The nor-
malized F-luc activity values were divided by the corresponding
normalized mRNA levels for each condition. These ratios were
set to 100 in cells expressing AN-HA.

GENES & DEVELOPMENT 1963



Igreja and Izaurralde

A F-Luc-5BoxB-HSL protein B F-Luc-5BoxB-HhR protein

> 150 = > 150
2 s
8 8
%] o
_,:" 100 _I:I’ 100
['4 ©
S S
3 3
- -
w504 w50
o 3
2 2
& &
[} [
L © ol
IR NN
R o @\; & \&1‘8( RS & @\; & \&3‘8(
C F-Luc-5BoxB-HSL mRNA D E-Luc-5BoxB-HhR mRNA
800+ 800 =
< <
=z 4
['4 ['4
F)' 600 ‘7,1 600
~ ~
S S
3 4004 3 4004
L c
g g
% 200 % 2004
: Qg i
’ gs ST P ’ Eé &&&eg
[ éé& \s\b [\ @\‘&\ é‘b
E Northern blot - HSL F Northern blot - HhR

o
I QL&
T PP P ¢
F-Luc F-Luc
S RN —“_ S e TN
w -
7SL 7SL
- e P —
= - = o ]

12 3 45 6 7 8 9

[e3
Q Do R &
DO P &

1 2 3 45 6 7 8 9

Figure 8. Deadenylation is not required for CUP-mediated
mRNA repression. (A-F) S2 cells were transfected with F-Luc5BoxB
reporters in which the cleavage and polyadenylation signal had
been substituted with either a histone H4 3’-terminal stem-loop
(HSL; A,C,E) or a self-cleaving hammerhead ribozyme (HhR; B,D,F).
Plasmids expressing Renilla luciferase (R-Luc) or 7SL RNA served
as transfection controls. Firefly luciferase activity and mRNA
levels were analyzed as described in Figure 1. A Northern blot
analysis of representative RNA samples is shown below the
corresponding graphs.

deadenylation, suggesting that deadenylation is required
not to establish repression, but rather to sustain the re-
pressed state. This observation is consistent with pre-
vious studies showing that deadenylation contributes to,
but is not essential for, the repression of nanos and oskar
mRNAs (Lie and Macdonald 1999; Chekulaeva et al. 2006;
Jeske et al. 2006, 2011).

A second important finding is that CUP can promote
deadenylation independent of Smaug. This finding pro-
vides one explanation for the observation that the repres-
sion of oskar mRNA involves deadenylation (Tadros et al.
2007), even though Smaug is not involved in the repres-
sion of this mRNA. Our results suggest that CUP could
be responsible for the observed deadenylation of unlocal-
ized oskar mRNA, maintaining it in a repressed state. In
agreement with this possibility, the deadenylation of oskar
mRNA is catalyzed by CCR4 (Benoit et al. 2005). Fur-
thermore, the translation activation of oskar mRNA at
the posterior pole requires polyadenylation mediated by
Orb, the Drosophila homolog of cytoplasmic polyadeny-
lation element-binding protein (CPEB) and Drosophila
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poly(A) polymerase (PAP) (Chang et al. 1999; Juge et al.
2002; Castagnetti and Ephrussi 2003; Benoit et al. 2005),
reinforcing the hypothesis that oskar mRNA repression
involves deadenylation.

The canonical eIF4E-binding motif

The model that CUP inhibits translation by competing
with elF4G for binding to eIF4E is supported in vivo by
the observation that a CUP mutant (CUPA212) that lacks
N-terminal residues, including the canonical eIF4E-binding
motif, fails to repress the expression of unlocalized oskar
mRNA in Drosophila oocytes (Nakamura et al. 2004).
Thus, our observation that the 4E-BM1 motif is not re-
quired for CUP-mediated repression is contrary to the
current model for CUP function. However, the results
obtained with CUPA212 mutant (which is thought to ini-
tiate translation at Met348) are difficult to interpret be-
cause this mutant lacks a large portion of the N-terminal
region of the protein, the function of which remains un-
known. Moreover, it is important to note that direct
evidence that CUP binding to eIF4E is required for trans-
lational repression is lacking; for example, it has not been
directly shown that point mutations in the canonical 4E-
BMI1 relieve CUP-mediated translational repression (for
review, see Piccioni et al. 2005).

Furthermore, in agreement with our findings, several
lines of evidence indicate that the mRNA 5’ cap structure,
and thus eIF4E binding, is not essential for CUP-mediated
translational repression (Lie and Macdonald 1999; Nakamura
et al. 2004; Chekulaeva et al. 2006; Jeske et al. 2011).
First, the A212 mutation does not impair CUP function
during oogenesis and only affects oskar mRNA expres-
sion in the embryo, whereas other CUP alleles have strong
effects on oocyte maturation and ovary development, lead-
ing to female sterility (Schiipbach and Wieschaus 1991;
Keyes and Spradling 1997; Verrotti and Wharton 2000;
Nakamura et al. 2004). Second, oskar mRNA was re-
pressed in Drosophila embryo extracts isolated from flies
carrying the A212 mutation (Chekulaeva et al. 2006), al-
though it is not clear whether this repression was me-
diated by the N-terminal-truncated form of CUP. Third,
the repression of oskar and nanos mRNA reporters was
independent of the presence of a 5’ cap structure in cell-
free extracts (Chekulaeva et al. 2006; Jeske et al. 2011).
Fourth, mRNA reporters containing a nanos 3’ UTR, the
translation of which was initiated in a cap-independent
manner (by the cricket paralysis virus IRES), were repressed
in vitro (Jeske et al. 2011). Finally, our results show that
the 4E-BM1 motif is dispensable for the repression of a
reporter containing the oskar 3’ UTR to which CUP was
recruited through interactions with Bruno, indicating that
binding to eIF4E may contribute to, but is neither neces-
sary nor sufficient for, CUP repression of its targets.

Thus, it is possible that the 4E-BM1 motif has other
functions. For example, through its binding to eIF4E, this
motif may stabilize eIF4E binding to localized mRNAs
so that translation can resume immediately after CUP-
mediated repression is relieved. Consistent with this in-
terpretation, the posterior localization of eIF4E has been



shown to depend on CUP (Wilhelm et al. 2003; Zappavigna
et al. 2004). Thus, the effects of the A212 mutation may
be partially related to a defect in eIF4E localization and/or
on eIlF4E phosphorylation (CUP also controls the eIF4E
phosphorylation status in the ovary) (Wilhelm et al. 2003;
Nakamura et al. 2004; Zappavigna et al. 2004). A role for
the canonical 4E-BM1 motif in recruiting e[F4E to mRNA
targets is also supported by the observation that CUP
can recruit eIF4E to mRNAs that lack an m’G cap struc-
ture (Chekulaeva et al. 2006; Jeske et al. 2011). Thus, the
4E-BM1 motif may enable eIF4E to piggyback on trans-
ported mRNAs.

Role of the regulatory domain
and the noncanonical eIF4E-binding motif

The noncanonical 4E-BM2 motif also contributes to e[F4E
binding, although to a lesser extent than the canonical 4E-
BM1 (Fig. 2B; Nelson et al. 2004). This observation raised
the question of whether this motif plays a role in trans-
lational repression. A major finding in the present study is
that this motif is required to inhibit the potent decapping
and degradative activity of the CUP effector domain in
tethering assays. However, additional sequences within
the N-terminal regulatory domain also contribute to pro-
tect CUP-associated mRNAs from degradation, as the iso-
lated effector domain exhibits a stronger degradative activity
than CUP Mut2 and Mutl+2.

It is unclear how the regulatory domain and the 4E-
BM2 motif can counteract the activity of the effector do-
main. One possible mechanism could be that the regula-
tory domain and 4E-BM2 block decapping indirectly by
making the cap structure less accessible to DCP2. This
protection could be achieved by increasing eIF4E affinity
for the cap structure or, alternatively, competing with un-
known proteins that facilitate eIF4E dissociation. How-
ever, the interaction of 4E-BM2 with eIF4E is weak (Fig.
2B; Nelson et al. 2004), suggesting that the inhibitory
activity of 4E-BM2 may be independent of eIF4E binding.
Another possible mechanism could be that the regulatory
domain and/or 4E-BM2 directly antagonizes DCP2 re-
cruitment and/or activation at mRNAs associated with
CUP. This possibility is consistent with the observation
that when the regulatory domain is deleted or 4E-BM2 is
mutated, CUP promotes the decapping of deadenylated
targets, indicating that DCP2 is recruited to and activated
at CUP-associated mRNAs in the absence of the regula-
tory domain or the 4E-BM2 motif. It is also possible that
the regulatory domain or 4E-BM2 directly interferes with
the activity of the effector domain. However, we consider
this possibility unlikely because the regulatory domain of
CUP is sufficient to stabilize bound mRNAs (Fig. 3C).
Finally, neither wild-type CUP nor a 4E-BM2 mutant
(Mut2) interacted with DCP2, EDC4, or XRN 1, indicating
that 4E-BM2 does not inhibit decapping by directly pre-
venting the interaction between CUP and decapping
enzymes.

Regardless of the specific mechanism, the observation
that the regulatory domain and the 4E-BM2 motif inhibit
decapping of associated mRNAs suggest that their activ-

CUP represses target mRNAs by multiple mechanisms

ity could be subject to regulation, possibly via post-
translational modifications or binding partners, so that
mRNAs associated with CUP could be either fully de-
graded (e.g., if unlocalized) or stored in a repressed dead-
enylated form.

More generally, the finding that the regulatory domain
and the 4E-BM2 motif can block mRNA decapping in cis
is both striking and unprecedented. This result opens up
the exciting possibility that similar domains and motifs
are present in other proteins, where they could specify
alternative fates for bound mRNAs: complete degradation
or storage in a deadenylated, repressed form for translation
at a later time point. Therefore, our study has important
implications for the understanding of translational regu-
lation by 4EBPs. This topic warrants further investiga-
tion, as the repression of 4EBP targets may also be achieved
through diverse, potentially 4E-independent mechanisms.

Materials and methods

DNA constructs

Luciferase reporters and plasmids for expression of GFP-, V5-, or
HA-tagged ¢cDNAs encoding full-length DCP2, DCP2 catalytic
mutant (E361Q), GW182, MBP, and GST were described pre-
viously (Behm-Ansmant et al. 2006; Tritschler et al. 2008; Haas
et al. 2010). An F-luc-oskar reporter was generated by inserting
the oskar 3’ UTR into the Nhel and Sall sites of plasmid pAc5.1-
F-Luc. A plasmid for the expression of XRN1-V5 was obtained by
inserting the XRN1 ORF into the Notl and Xbal sites of the
pAc5.1A vector. The GFP-NOT1 construct was obtained by in-
serting the corresponding cDNA into the pAc5.1B-EGFP vector
using EcoRI and Xbal restriction sites. A cDNA fragment cor-
responding to the Bruno ORF was cloned into the EcoRI and Xhol
sites of pAc5.1B-EGFP. Plasmids for the expression of additional
subunits of the deadenylase complex were described previously
(Haas et al. 2010). Plasmids for the expression of HA- or GFP-
tagged wild-type or mutant CUP were obtained by inserting the
corresponding cDNAs into the EcoRV and Notl sites of pAc5.1B-
AN-HA and pAc5.1B-EGFP vectors. Mutant D. melanogaster CUP
constructs were generated by site-directed mutagenesis using
the QuickChange Mutagenesis kit from Stratagene. CUP mu-
tants Mutl, Mut2, and Mutl+2 carry alanine substitutions of
residues Y342 and L347 (Mutl); L379 and L383 (Mut2); or Y342,
L347, 1379, and L383 (Mutl+2). For expression of the 7SL RNA,
a fragment of 1200 base pairs (bp), including the 7SL enhancer,
promoter, and terminator sequences, was amplified from geno-
mic DNA and cloned in vector pAc5.1A.

Functional assays, dsRNAi, and RT-PCR analysis

For the A\N-tethering assay, 2 X 10° cells were cotransfected with
the following plasmids: 0.1 pg of reporter plasmid (F-Luc-5BoxB
or F-Luc), 0.4 ug of pAc5.1C-R-Luc-V5, 0.5 pg of 7SL reporter,
and 0.2 pg of plasmid expressing AN-HA or AN-HA-CUP protein
fusions. For the assay using F-Luc-oskar, 2 X 10° cells were
cotransfected with the following plasmids: 0.1 pg of reporter
plasmid (F-Luc-oskar), 0.4 ug of pAc5.1C-R-Luc-V5, 0.5 ng of 7SL
reporter, 0.2 pg of plasmid expressing MBP or CUP protein
fusions, and 0.1 pg of plasmid expressing GST or GFP-Bruno.
RNAI, Northern blotting, RNase H cleavage assays, and RT-
PCR analysis were performed as described (Behm-Ansmant
et al. 2006). Detailed procedures are provided in the Supplemen-
tal Material.
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Coimmunoprecipitation assays and Western blotting

For coimmunoprecipitation assays, S2 cells (10 X 10° to 12 x 10°
cells) were collected 3 d after transfection. Immunoprecipita-
tions were performed as described by Tritschler et al. (2008). HA-
tagged and GFP-tagged proteins were detected using an HRP-
conjugated monoclonal anti-HA antibody (1:5000; Roche 3F10)
and an anti-GFP antibody (1:2000; Roche 11814460001, respec-
tively. V5-tagged proteins were detected using anti-V5 antibodies
(1:5000; QED Bioscience, Inc.). Endogenous proteins were de-
tected with rat or rabbit polyclonal antibodies eIF4E (1:3000),
Tral (1:1000), EDC4 (1:500), NOT1 (1:1000), XRN1 (1:2000), and
Me31B (1:2000). All Western blots were developed with the ECL
Western blotting detection system (GE Healthcare) according to
the manufacturer’s recommendations. The association of the
F-Luc-5BoxB mRNA with elF4G was analyzed by coimmunopre-
cipitation followed by quantitative RT-PCR as described by Zekri
et al. (2009).
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