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ABSTRACT

The eIF4E-homologous protein (4EHP) is a transla-
tional repressor that competes with eIF4E for binding
to the 5′-cap structure of specific mRNAs, to which
it is recruited by protein factors such as the GRB10-
interacting GYF (glycine-tyrosine-phenylalanine do-
main) proteins (GIGYF). Several experimental evi-
dences suggest that GIGYF proteins are not merely
facilitating 4EHP recruitment to transcripts but are
actually required for the repressor activity of the
complex. However, the underlying molecular mech-
anism is unknown. Here, we investigated the role of
the uncharacterized Drosophila melanogaster (Dm)
GIGYF protein in post-transcriptional mRNA regula-
tion. We show that, when in complex with 4EHP, Dm
GIGYF not only elicits translational repression but
also promotes target mRNA decay via the recruit-
ment of additional effector proteins. We identified
the RNA helicase Me31B/DDX6, the decapping ac-
tivator HPat and the CCR4–NOT deadenylase com-
plex as binding partners of GIGYF proteins. Recruit-
ment of Me31B and HPat via discrete binding motifs
conserved among metazoan GIGYF proteins is re-
quired for downregulation of mRNA expression by
the 4EHP–GIGYF complex. Our findings are consis-
tent with a model in which GIGYF proteins addition-
ally recruit decapping and deadenylation complexes
to 4EHP-containing RNPs to induce translational re-
pression and degradation of mRNA targets.

INTRODUCTION

During translation initiation, the small ribosomal subunit
is recruited to mRNA by the eukaryotic initiation factor 4F
(eIF4F) complex, a heterotrimeric complex that recognizes
the cap structure at the 5′ end of the mRNA. Cap binding is

accomplished by the eIF4E subunit of the complex, a direct
binding partner of the scaffold subunit eIF4G that in turn
associates with the RNA helicase eIF4A. eIF4G also medi-
ates recruitment of the preinitiation complex, consisting of
the 40S ribosomal subunit and associated factors, to trig-
ger a series of steps leading to initiation of protein synthesis
(1,2).

Several translational control mechanisms regulate assem-
bly of the eIF4F complex at the mRNA cap structure (1,2).
The eIF4E-homologous protein (4EHP or eIF4E-2), is a
cap-binding protein that, unlike eIF4E, is unable to inter-
act with eIF4G and thus blocks translation initiation (3,4).
4EHP regulates translation in a transcript-specific manner
as it is recruited via interactions with specific RNA-binding
proteins (RBPs). These interactions are mediated by the
conserved motif YXYX4L� (where Y, X, L and � repre-
sent Tyr, any amino acid, Leu, and hydrophobic residue, re-
spectively), termed the canonical (C) 4EHP-binding motif,
present on 4EHP-binding proteins (5,6).

In metazoans, 4EHP complexes regulate mRNA expres-
sion in a variety of biological processes. Translational con-
trol by 4EHP is crucial for the specification of Drosophila
melanogaster (Dm) embryonic patterning (5,7), for viabil-
ity and for completion of development (8). During fly em-
bryogenesis, the RBPs Bicoid and Brain Tumor recruit
4EHP to repress the translation of caudal and hunchback
mRNAs, respectively, at precise spatial locations in the
embryo (5,7). Murine 4EHP binds to Prep1 and inhibits
the translation of Hoxb4 mRNA during oogenesis (9).
4EHP was also shown to associate with the mammalian
miRNA-induced silencing complex (miRISC) together with
the 4EHP-interaction partner known as eIF4E-transporter
(4E-T) and the CCR4–NOT deadenylase complex (10,11).

4EHP also forms a translational repressor complex with
the GIGYF1/2 proteins [Grb10-interacting GYF (glycine-
tyrosine-phenylalanine) protein 1 and 2]. Metazoan GI-
GYF proteins were first described as regulators of the in-
sulin signaling pathway (12) and are characterized by the
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presence of a small globular GYF domain that binds to
proteins containing the proline-rich motif PPGF [where
F is any hydrophobic amino acid with the exception of
Trp (13)]. To bind specifically to 4EHP, GIGYF1/2 pro-
teins use, in addition to the canonical 4EHP-binding motif,
noncanonical (NC) and auxiliary (A) motifs that interact
with three binding surfaces on 4EHP [dorsal (D), lateral (L)
and 4EHP-specific (S), respectively; Supplementary Figure
S1A; (14)]. Like 4EHP, GIGYF1/2 are required for proper
embryonic development as gene disruption causes perinatal
lethality in mice (6,15).

The mammalian 4EHP–GIGYF complex can be re-
cruited to target mRNAs via association with proteins
containing PPGF motifs. Namely, the zinc finger protein
ZNF598 directs the complex to mRNAs essential for nor-
mal mouse development (6). Moreover, binding of 4EHP–
GIGYF2 to tristetraprolin (TTP) modulates the expression
of mRNAs with AU-rich elements in the 3′ untranslated re-
gion [UTR; (16,17)]. GIGYF2 has also been identified as
a miRISC-associated factor that binds to TNRC6 proteins,
facilitating the repression of miRNA-targets (18,19).

Recent evidence suggests that GIGYF1/2 proteins do
not act solely as 4EHP mRNA recruiting factors but can
directly participate in the repressor function of the com-
plex. In fact, regulation of translation initiation by 4EHP
is compromised in GIGYF1/2-null cells (14). Human GI-
GYF2 also binds directly to a subset of mRNAs and re-
cruits the CCR4–NOT complex to control their expres-
sion (20). Therefore, a detailed knowledge of the molecular
mechanisms mediated by GIGYF proteins would provide
valuable insight into the alternative regulation of transla-
tion initiation by the cap binding protein 4EHP.

In this work, we investigated the molecular functions of
the uncharacterized Dm 4EHP–GIGYF repressor complex
and demonstrate that it couples translational repression
with the regulation of mRNA stability. In this context, the
GIGYF protein is essential for the repressor function of the
complex as it acts as a scaffold protein that mediates inter-
actions with multiple effector proteins. In addition to 4EHP,
GIGYF recruits the RNA helicase Me31B/DDX6, the de-
capping activator HPat and the CCR4–NOT deadenylase
complex to induce translational repression and decay of a
target mRNA. We further report that recruitment of these
effector proteins is conserved among metazoan GIGYF
proteins and mediated by discrete binding motifs. Our data
suggest a conserved and previously unappreciated mecha-
nism for the regulation of translation initiation and mRNA
decay by the 4EHP–GIGYF repressor complex.

MATERIALS AND METHODS

DNA constructs

Plasmids for the expression of green fluorescent pro-
tein (GFP)-tagged and �N-hemagglutinin (HA)-tagged Dm
4EHP were obtained by inserting the cDNA corresponding
to the 4EHP ORF into the EcoRI and XbaI restriction sites
of the pAC5.1B-EGFP and pAC5.1B-�N-HA vectors. Plas-
mids for the expression of GFP-tagged and �N-HA-tagged
Dm GIGYF were obtained by inserting the cDNA corre-
sponding to the GIGYF ORF into the EcoRI and NotI

restriction sites of the pAC5.1B-EGFP and pAC5.1B-�N-
HA vectors. GIGYF N-terminal (residues M1-N640) and
C-terminal (residues I641-P1574) fragments were amplified
by PCR, using the plasmid containing full length (FL) GI-
GYF as a template, and cloned into the same vectors and
restriction sites as the FL construct. Double-stranded RNA
(dsRNA)-resistant GIGYF proteins were obtained by in-
sertion of an optimized (resistant to the GIGYF dsRNA)
synthetic cDNA fragment (GeneArt), composed of the first
700 bp of GIGYF sequence, into the pAC5.1B-�N-HA-
GIGYF vector by site directed mutagenesis. This mutage-
nesis reaction also removed the �N sequence from the fi-
nal DNA construct (HA-GIGYF dsRNA resistant). The
plasmid for the expression of GFP-tagged Dm Bicoid was
obtained by inserting the cDNA corresponding to the Bi-
coid ORF into the EcoRV and XhoI restriction sites of
the pAC5.1B-EGFP vector. The plasmid for the expres-
sion of �N-HA-tagged Dm Brat was obtained by insert-
ing the cDNA of the corresponding ORF into the HindIII
and NotI restriction sites of the pAC5.1B-�N-HA vec-
tor. The plasmid for the expression of GFP-tagged Dm
Tis11 was obtained by inserting the corresponding cDNA
into the EcoRI and NotI restriction sites of the pAC5.1B-
EGFP vector. The plasmid for the expression of GFP-
tagged ZNF598 was obtained by inserting the correspond-
ing ORF cDNA into the EcoRV and NotI restriction sites of
the pAC5.1B-EGFP vector. The plasmids used for expres-
sion of the luciferase reporters and the GFP-, V5- or HA-
tagged subunits of the Dm CCR4–NOT and PAN2-PAN3
deadenylase complexes, the decapping factors, Dm XRN1,
MBP, Dm GW182, Dm 4E-T, MS2-HA-Hs GIGYF2 or Hs
PATL1 were previously described (14,21–28).

The plasmid for the expression of V5-Streptavidin bind-
ing protein (SBP)-tagged Hs GIGYF1 was obtained by in-
serting the corresponding cDNA into the XhoI and EcoRI
restriction sites of the pT7-V5-SBP-C1 vector. The V5-SBP-
Hs GIGYF2 construct was obtained by inserting the cor-
responding cDNA into the XhoI and BamHI sites of the
pT7-V5-SBP-C1 vector. The plasmid for the expression of
the MS2-HA-Hs GIGYF1 construct was obtained by in-
serting the corresponding cDNA into the XhoI and NotI
sites of the pcDNA3.1-MS2-HA vector.

To generate plasmids for expression in Escherichia coli,
DNA fragments coding for the Dm GIGYF GYF do-
main (residues P553-H621) were inserted into the NdeI and
NheI restriction sites of the pnYC-NpG-GB1 vector. This
construct expresses the GIGYF GYF domain fused N-
terminally to a Glutathione S-Transferase (GST)-tag cleav-
able by the HRV3C protease (29) and C-terminally, fol-
lowing a ASG (Ala-Ser-Gly) linker, to the DNA encod-
ing the B1 domain of immunoglobulin-domain protein G
(GB1). The DNA sequence coding for the P-rich region of
Dm HPat (P-reg; residues G57-Y499) was cloned into the
NdeI and NheI restriction sites of the pnEA-NpM-GB1
vector which allows the expression of HPat P-reg with an
N-terminal MBP tag cleavable by the HRV3C protease (29),
and a C-terminal ASG peptide fused to the GB1 domain.

All of the mutants used in this study were generated
by site-directed mutagenesis using the QuikChange Site-
Directed Mutagenesis kit (Stratagene). All of the constructs
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and mutations were confirmed by sequencing and are listed
in Supplementary Table S1.

Tethering assays and dsRNA interference

For the �N-tethering assay, 2.5 × 106 S2 cells were cotrans-
fected in 6-well plates, using Effectene (Qiagen). The trans-
fection mixtures contained 0.1 �g of reporter plasmid [fire-
fly luciferase (F-Luc)-5BoxB, F-Luc-V5 or F-Luc-5BoxB-
A95C7-HhR)], 0.4 �g of the Renilla luciferase (R-Luc)-A90-
HhR control reporter and different amounts of the plas-
mids expressing the �N-HA-fusion proteins. In the exper-
iments with the �N-HA-4EHP fusion proteins the follow-
ing amounts were used: 0.05 �g of wild-type (WT), 0.08
�g of D*, L* and S* mutants and 0.05 �g of the CAP*
mutant. The �N-HA-GIGYF plasmids were transfected to-
gether with the F-Luc-5BoxB or the F-Luc-V5 reporters ac-
cording to the following amounts: 0.01 �g of WT, C-term
and C*, GYF*, C*+GYF*, �MBM or �MBM+GYF*
mutants, and 0.005 �g of N-term. In the experiments con-
taining the F-Luc reporter with an internal poly(A) tail,
0.005 �g of all plasmids expressing the �N-HA-GIGYF
proteins were used in the transfection reaction. In the exper-
iment shown in Figure 2E and F, the transfection mixtures
also contained plasmids expressing �N-HA-GW182 (0.01
�g), GFP-V5 (0.025 �g) or the V5-tagged DCP1 GSSG-
mutant (1.0 �g). The R-Luc control reporter (R-Luc-A90-
HhR) contains an internal polyadenosine stretch of 90 nu-
cleotides followed by a self-cleaving hammerhead ribozyme
in place of the cleavage and polyadenylation site to prevent
deadenylation and mRNA decay (25).

In the complementation assay presented in Figure 5, 0.03
�g of the plasmid expressing WT or a mutant dsRNA-
resistant version of the GIGYF proteins was added to the
transfection mixture.

Knockdowns using dsRNA were performed as previ-
ously described (21). Cells were harvested three days after
transfection and the F-Luc and R-Luc luciferase activities
were measured using the Dual-Luciferase Reporter Assay
System (Promega), and total RNA was isolated using Tri-
Fast (Peqlab Biotechnologie). RNA samples were analyzed
by northern blot as described previously (21).

To measure the mRNA half-lives, cells were treated with
actinomycin D (5 �g/ml final concentration) three days
post-transfection and collected at the indicated time points.
mRNA reporter levels were normalized to the levels of en-
dogenous rp49 mRNA. These values were set to 100 at time
point zero. Data points from three independent experiments
were plotted in a graph with logarithmic scale in the y axis.

Coimmunoprecipitation assays and Western blotting

For coimmunoprecipitation (coIP) assays, S2 cells (2.5 ×
106 cells per well in six-well plates and two wells per con-
dition) were transfected using Effectene reagent (Qiagen).
Cells were harvested three days after transfection and coIP
assays were performed in the presence of RNaseA as de-
scribed previously (22). The majority of our Dm coIP assays
were performed with a homemade polyclonal anti-GFP an-
tibody with the exception of Supplementary Figures S1H,
S4F and G and S7A. In Supplementary Figure S4F and G,

we used an anti-V5 antibody to immunoprecipitate as baits
the low abundant Dm DCP2 and XRN1 proteins. These
proteins have an increased stability and expression levels in
S2 cells when tagged with V5 compared to GFP (our un-
published data). All Western blots were developed with the
ECL Western Blotting Detection System (GE Healthcare)
according to the manufacturer’s recommendations. Anti-
bodies used in this study are listed in Supplementary Table
S2. All coIP and pulldown assays in HEK293T cells were
performed in the presence of RNaseA as described previ-
ously (28).

Pulldown assays

The pulldown assays were performed as previously de-
scribed (30,31). Briefly, bacterial lysates expressing recom-
binant GST-Dm GIGYF GYF-GB1 were incubated with
glutathione agarose beads (Macherey-Nagel) for 30 min in
buffer containing 50 mM sodium phosphate (pH 7.5), 200
mM sodium chloride, 2 mM of �-mercaptoethanol and 40
mM imidazole. The immobilized GST-GIGYF GYF was
then incubated for 30 min with bacterial lysates expressing
the Dm HPat P-rich region tagged N-terminally with MBP
and C-terminally with GB1 or MBP alone as a control. The
proteins associated with GIGYF GYF domain were eluted
with glutathione and analysed by SDS-PAGE followed by
Coomassie Blue staining.

RESULTS

Dm 4EHP represses translation and induces decay of bound
mRNAs

To investigate the mechanism by which Dm 4EHP–GIGYF
inhibits the expression of target mRNAs, we made use of a
reporter assay. We tethered 4EHP fused to the N protein
from the bacteriophage � (�N-HA-4EHP) to a firefly lu-
ciferase (F-Luc) reporter mRNA. The reporter contains five
BoxB hairpins (5BoxB) in the 3′ UTR to which the �N pep-
tide binds with high affinity (32). Expression of the F-Luc-
5BoxB mRNA in Drosophila S2 cells was analyzed in the
absence (�N-HA) and the presence of the �N-HA-4EHP
fusion protein by monitoring protein levels (F-Luc activity,
green bars in the graphs) and steady-state mRNA levels (F-
Luc mRNA, blue bars in the graphs). In all experiments a
plasmid encoding Renilla luciferase (R-Luc) was included
as a transfection and normalization control. We found that
in the presence of �N-HA-4EHP F-Luc activity was re-
pressed to 20% relative to that of �N-HA alone (set to 100%;
Figure 1A). The repression was specific as the expression of
a similar F-Luc reporter lacking the BoxB hairpins (F-Luc-
V5), or of the R-Luc reporter, were unaffected by �N-HA-
4EHP (Supplementary Figure S1B–E). Thus, under these
experimental conditions, 4EHP cannot repress translation
without recruitment to mRNA. Interestingly, the reduction
in F-Luc activity was accompanied by a 50% decrease in F-
Luc mRNA steady-state levels, as determined by northern
blotting (Figure 1A and B, lanes 2 versus 1), suggesting that
4EHP also elicits degradation of the tethered mRNA. How-
ever, the reduction in F-Luc mRNA levels (50%) was not as
strong as the decrease in F-Luc activity (to 20%; Figure 1A)
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Figure 1. Dm 4EHP requires Dm GIGYF to downregulate reporter mRNA expression. (A) Tethering assay using the firefly luciferase (F-Luc)-5BoxB
reporter and the indicated �N-HA-tagged proteins in control [Ctrl knockdown (KD): neomycin dsRNA-treated cells] or GIGYF-depleted Dm S2 cells
(GIGYF KD). A plasmid expressing Renilla luciferase (R-Luc)-A90-HhR served as a transfection control. The F-Luc activity (green bars) and mRNA
levels determined by northern blotting (blue bars) were normalized to those of the R-Luc transfection control and set to 100% in cells expressing the
�N-HA peptide (black bar). Bars represent the mean values and error bars denote the standard deviation from at least three independent experiments. (B)
Northern blot analysis of a representative tethering experiment shown in (A). (C) Western blot showing the expression levels of the tethered proteins. (D)
Immunoprecipitation assay showing the interaction between GFP-tagged 4EHP WT or the indicated mutants (dorsal: D*; lateral: L*; and 4EHP-specific:
S*) and HA-tagged GIGYF N-term. The proteins were immunoprecipitated using an anti-GFP antibody. GFP-MBP (maltose binding protein) served as a
negative control. The input (2.8% of the total lysate) and bound fractions (10%) were analyzed by western blotting using anti-GFP and anti-HA antibodies.

indicating that 4EHP might primarily act as a translational
repressor.

Dm 4EHP requires GIGYF to repress translation and induce
mRNA decay

We then tested the association of overexpressed and tagged
4EHP (either HA or GFP)- with known binding partners
using coIP assays. Specifically, we analyzed whether Dm
4EHP can associate with Dm Bicoid, Dm Brat, or the fly or-
thologs of human 4E-T and GIGYF1/2 (5–7,33). In Dm S2
cells, 4EHP efficiently interacted with Dm GIGYF, which is
21/23% identical and 32/36% similar to human GIGYF1
and GIGYF2, respectively [CG11148; Supplementary Fig-
ures S1F, lane 8 and S1G, lane 6; DRSC Integrative Or-
thologue Prediction Tool, Harvard Medical School; (34)].
In contrast, Dm 4EHP did not bind to Brat, Bicoid and
only weakly with 4E-T (Supplementary Figure S1F–H).
The binding of Bicoid and Brat to 4EHP in embryos is likely
to be indirect (7,14) and possibly mediated by a protein that
is absent in S2 cells. Human 4E-T binds both eIF4E and
4EHP (33,35). In our coIP assay, overexpressed Dm 4E-
T preferentially interacted with HA-eIF4E (Supplementary

Figure S1H). It is unclear why the Dm and the human 4E-T
proteins differ in terms of binding to 4EHP.

In an attempt to disrupt binding of 4EHP to GIGYF,
we introduced specific mutations in the dorsal (D*), lat-
eral (L*) and 4EHP-specific (S*) binding surfaces using the
crystal structure of the human 4EHP–GIGYF complex as
a model [Supplementary Figures S1A and S2A; (14)]. All
the substitutions disrupted the interaction of GFP-tagged
4EHP with an N-terminal (N-term) fragment of GIGYF
which contains the 4EHP-binding region (Figure 1D, lanes
7 versus 8–10 and Figure 2A). These results indicate that
Dm GIGYF interacts with 4EHP via distinct binding motifs
termed canonical, noncanonical and auxiliary, as observed
for the human homologous proteins [Supplementary Figure
S1A; (14)].

To test if the interaction with Dm GIGYF was required
for 4EHP to regulate expression of the reporter mRNA,
we tethered the 4EHP D* mutant to the F-Luc-5BoxB re-
porter. We observed that this mutant was strongly impaired
in its ability to reduce F-Luc protein and mRNA levels
(Figure 1A and B, lanes 3 versus 1 and 2). We also ex-
amined if cap binding was necessary for 4EHP to regulate
the expression of the reporter mRNA. Therefore, we used
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a 4EHP protein carrying amino acid changes in the cap-
binding pocket [CAP*; Supplementary Figure S2A, (7)].
Tethering the 4EHP CAP* mutant protein, which still in-
teracts with GIGYF (Supplementary Figure S2B, lane 8),
reduced F-Luc activity and induced mRNA degradation as
efficiently as the WT protein (Figure 1A and B, lanes 4 ver-
sus 1). All 4EHP proteins were expressed at comparable lev-
els (Figure 1C, lanes 1–3) and did not affect the expression
of the F-Luc reporter missing the BoxB elements (Supple-
mentary Figure S1B–E). Recruitment of 4EHP to the F-Luc
reporter mRNA via the BoxB elements probably circum-
vents its RNA/cap-binding function, a property that might
be essential when considering natural mRNA targets. Upon
mRNA binding, the interaction of 4EHP with GIGYF then
leads to translational repression and mRNA decay. These

results therefore suggest that 4EHP requires direct binding
to GIGYF to control mRNA expression.

To investigate if GIGYF is the only 4EHP-binding part-
ner mediating translational repression and mRNA decay,
we examined the repressive function of 4EHP in cells de-
pleted of endogenous GIGYF [GIGYF knockdown (KD)].
As there are no antibodies against Dm GIGYF, we esti-
mated the efficacy and specificity of the knockdown by ana-
lyzing the expression of HA-tagged GIGYF in cells treated
with dsRNA targeting either neomycin as the control (Ctrl)
or the Dm GIGYF mRNA (Supplementary Figure S2C). In
cells depleted of GIGYF, tethered 4EHP was unable to re-
press expression of the F-Luc-5BoxB reporter (F-Luc activ-
ity and mRNA levels) to the same extent as in control cells,
even though �N-HA-4EHP levels did not change. In fact,
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F-Luc activity decreased only to 70% instead of the 20% ob-
served in the presence of GIGYF (Figure 1A–C). Further-
more, the 4EHP CAP* mutant also repressed F-Luc activity
and induced mRNA degradation in a GIGYF-dependent
manner (Figure 1A–C). Thus, our results suggest that Dm
GIGYF is essential for the function of the 4EHP–GIGYF
complex as a repressor of mRNA expression, as seen in hu-
man cells (14,20).

Dm GIGYF represses translation and triggers mRNA degra-
dation

To investigate the role of GIGYF in 4EHP-mediated regu-
lation of mRNA expression, we tethered �N-HA-GIGYF
to the F-Luc 5BoxB reporter. We observed that GIGYF ef-
ficiently reduced F-Luc activity and mRNA levels (Figure
2B–D) in a manner that was comparable to the tethering of
4EHP. The binding of GIGYF to the reporter mRNA de-
creased F-Luc activity to 25% and the abundance of the re-
porter mRNA to 50% (Figure 2B and C) relative to the �N-
HA control protein. Reporter mRNA repression was spe-
cific, as it required binding to the target mRNA and could
not be observed for an F-Luc reporter lacking the BoxB
hairpins (Supplementary Figure S3A and B).

To determine whether the reduction of reporter mRNA
levels by GIGYF was a consequence of reduced mRNA sta-
bility rather than transcriptional blockage, we treated the
transfected cells with a transcriptional inhibitor (actino-
mycin D) and monitored the levels of F-Luc-5BoxB mRNA
over time. The stable rp49 mRNA was used as a normal-
ization control. In the presence of GIGYF the half-life of
the F-Luc-5BoxB mRNA was significantly shorter (17 ± 4.0
min) than the half-life of the same RNA in cells expressing
the control �N-HA (130 ± 26.5 min; Supplementary Figure
S3C and D). Together, these results indicate that Dm GI-
GYF represses translation and accelerates the degradation
of a bound mRNA.

The N-terminal fragment of GIGYF defines the effector re-
gion of the protein

GIGYF proteins consist of a mainly unstructured N-
terminal half, comprising the 4EHP-binding region (4EHP-
BR) and the GYF-domain, and a long �-helical C-terminal
half (Figure 2A). We analyzed the potential of separate N-
or C-terminal (C-term) protein fragments to repress the ex-
pression of F-Luc-5BoxB reporter (Figure 2A and Supple-
mentary Table S1). We observed that the N-term reduced
F-Luc activity (to less than 20%) and reporter mRNA lev-
els (to 40%) to a similar extent as full length GIGYF (Fig-
ure 2B and C). The C-term GIGYF fragment, expressed
at a comparable level, reduced expression of the reporter
mRNA only partially (to 70%) and had a similar effect
on F-Luc activity and mRNA levels (Figure 2B–D). None
of the proteins repressed an F-Luc reporter lacking the
BoxB structures (Supplementary Figure S3A and B). Since
full length (WT) and the N-term of GIGYF induced a
stronger reduction in F-Luc activity compared to mRNA
level, which was also observed for 4EHP (Figure 2B, F-Luc
activity versus F-Luc mRNA), it appears that the N-term
of Dm GIGYF defines the major effector region of the pro-
tein.

GIGYF promotes deadenylation-dependent mRNA decap-
ping

One of the mRNA decay mechanisms operating in the cy-
toplasm of eukaryotic cells involves the shortening of the
poly(A) tail at the 3′ end of the mRNA by the CCR4–NOT
deadenylase complex and the hydrolysis of the cap structure
through the activity of the decapping complex (which in-
cludes the decapping enzyme DCP2 and its associated fac-
tors). Once decapped, mRNAs are rapidly degraded by the
exonuclease XRN1 in a 5′-to-3′ direction (36).

As human GIGYF2 controls the expression of a subset
of mRNAs via the recruitment of the CCR4–NOT com-
plex (20), we hypothesized that Dm GIGYF might cause
deadenylation-dependent decapping of bound mRNAs. To
test this possibility, we performed tethering assays in cells
overexpressing a mutant version of the decapping activa-
tor DCP1 (DCP1 GSSG, Supplementary Table S1), which
blocks DCP2 activity in a dominant negative manner (27).
In these cells, degradation of the reporter mRNA by tether-
ing GIGYF or GW182 [the latter acting as a positive con-
trol known to trigger deadenylation-dependent decapping
(21,37)] was inhibited and resulted in the accumulation of
a mRNA decay intermediate lacking the poly(A) tail (A0,
Figure 2E and F, lanes 2–3 versus 5–6). The deadenylated
reporter mRNA was therefore translationally silenced (Fig-
ure 2E and Supplementary Figure S3E).

Dm GIGYF interacts with deadenylation and decapping fac-
tors

Given that GIGYF triggers decay of a bound reporter
mRNA, we performed coIP experiments to analyze its inter-
action with endogenous or overexpressed proteins involved
in cytoplasmic mRNA deadenylation and decapping.
We observed that overexpressed Dm GIGYF associated
with several decapping activators, namely, Me31B/DDX6,
HPat, EDC3 and EDC4 (Figure 3A, Supplementary Fig-
ure S4A and D, Supplementary Table S3), and different
subunits of the CCR4–NOT deadenylase complex such as
NOT1, NOT3 and POP2 (Figure 3B, Supplementary Fig-
ure S5A and B and Supplementary Table S3). Notably, these
interactions are conserved, as the human GIGYF1 and GI-
GYF2 proteins also bind to the decapping factors PatL1
(Dm HPat ortholog, Supplementary Table S3 and Supple-
mentary Figure S4B and C) and DDX6 [Dm Me31B or-
tholog, Supplementary Table S3 and Supplementary Fig-
ure S5C and (20)], and to the CCR4–NOT complex sub-
units CNOT1, CNOT2 and CNOT3 [Supplementary Table
S3 and Supplementary Figure S5C and (20)]. In agreement
with its role in mRNA decay, Dm GIGYF weakly coim-
munoprecipitated other components of the deadenylation
complexes, such as CCR4, NOT2, PAN2 and PAN3 (Sup-
plementary Table S3 and Supplementary Figure S5B and
D). Dm GIGYF however did not bind to DCP1, DCP2 and
XRN1 as well as CAF40 (Supplementary Table S3, Supple-
mentary Figure S4E–G and Supplementary Figure S5E).

Next, we defined the regions of GIGYF that mediate in-
teractions with the deadenylation and decapping factors.
We observed that GIGYF N-term, the effector region of
the protein, was capable of binding endogenous Me31B and
HPat (Figure 3A), although binding to HPat was reduced
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Figure 3. Dm GIGYF interacts with components of the decapping and deadenylation machineries. (A) Immunoprecipitation assay showing the interaction
between GFP-GIGYF full length (WT), and the indicated fragments, and endogenous HPat and Me31B. The proteins were immunoprecipitated in the
presence of RNaseA using an anti-GFP antibody. GFP-F-Luc-V5 served as a negative control. The input (3% for GFP-tagged proteins, 0.2% for HPat and
0.4% for Me31B) and bound fractions (30% for GFP-tagged proteins and HPat, and 40% for Me31B) were analyzed by western blotting using anti-GFP,
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and anti-HA antibodies. (C) Sequence alignment of the MBM present in Drosophila melanogaster (Dm) GIGYF and human (Hs) GIGYF1 and 2 proteins
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GFP-tagged GIGYF proteins (WT and indicated mutants) and endogenous Me31B. The proteins were immunoprecipitated using anti-GFP antibodies.
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compared to full length (WT) GIGYF. We were unable to
determine the regions of GIGYF required for the interac-
tion with NOT1 as both the N- and C-term of the pro-
tein bound only weakly (Figure 3B), indicating that GIGYF
uses multiple NOT1 interacting elements to achieve efficient
binding. Thus, the effector N-term region of GIGYF inter-
acts with 4EHP, Me31B, HPat and possibly NOT1. These
interactions link GIGYF to translational inhibition and
mRNA degradation, providing a plausible mechanism for
the repressor function of the protein.

The GIGYF effector region contains a conserved Me31B-
binding motif (MBM)

Interestingly, an alignment of GIGYF proteins reveals a
conserved motif (residues L331-K374) in the effector re-
gion of Dm GIGYF that has sequence similarity with the
CUP-homology domain (CHD) present in 4E-T-like pro-
teins (Figures 2A and 3C). The CHD of 4E-T mediates
the interaction with Me31B/DDX6 [Supplementary Table
S3; (38,39)]. To determine if this conserved motif consti-
tutes a Me31B-binding motif (MBM), we generated a GI-
GYF deletion mutant (�MBM, Supplementary Table S1)
and performed coIP assays. Indeed, the interaction of Dm
GIGYF with Me31B was abolished when the MBM was
removed (Figure 3D, lanes 7 versus 6). Importantly, the
same deletion did not affect the interaction of GIGYF with
HPat or NOT1 (Figure 3E, lanes 7 versus 6), two known
Me31B/DDX6-binding proteins (24,40,41), indicating that
these proteins bind to GIGYF independently of Me31B.

HPat is a GYF-domain binding protein

The GYF domain of GIGYF proteins forms a hydropho-
bic pocket that constitutes the binding site for a proline-rich
motif (PPG�, where F is any hydrophobic amino acid with
the exception of Trp) present in GYF-domain interacting
proteins (13). Interestingly, Dm HPat contains two PPGF
motifs. We introduced point mutations in the GYF domain
of GIGYF to prevent binding to GYF-domain interacting
proteins [GYF* mutant, Supplementary Table S1; (13)] and
tested the interaction with HPat. These amino acid substi-
tutions compromised the interaction of GIGYF with HPat
without affecting binding to NOT1 or Me31B (Figure 3D
and E). Likewise, an HPat protein without the PPGF mo-
tifs (PPGF mutant, PPGF*) showed reduced binding to the
GIGYF N-term compared to WT HPat (Figure 3F) and the
GYF domain of Dm GIGYF bound directly to the P-rich
region (P-reg) of Dm HPat in pulldown assays using recom-
binant proteins (Supplementary Figure S4H).

We also tested the interaction of Dm GIGYF with other
GYF-domain binding proteins known to recruit human
GIGYF1/2 to specific mRNAs: TTP [Dm Tis11, Supple-
mentary Table S3; (17)], ZNF598 (6) and GW182 (18). In
contrast to human GIGYF1/2, none of the proteins were
able to interact with Dm GIGYF (Supplementary Figure
S6A–C). Analysis of the protein sequence revealed that Dm
TTP/Tis11 differs from the human TTP as it does not
contain the proline-rich motifs that mediate the interac-
tion with the GYF domain; thus, it is not surprising that
it could not interact with Dm GIGYF. Dm ZNF598 con-
tains two PPG� motifs (PPPGF and PPGL), whereas only

one PPG� motif (PPPGL) is present in GW182. However,
they did not bind to Dm GIGYF in our assays. Our findings
point to the decapping activator HPat as the only known in-
teractor of the GYF domain of Dm GIGYF.

GIGYF requires both Me31B and HPat to block translation
and induce mRNA decay

To identify which protein partners determine the repressor
function of the GIGYF effector region, we performed a se-
ries of tethering assays with different GIGYF mutant pro-
teins. To test the effect of 4EHP-binding, we also introduced
substitutions into the canonical motif of GIGYF (C*, Sup-
plementary Table S1) that disrupt the GIGYF–4EHP inter-
action [Supplementary Figure S7A, lanes 8 versus 7, (6,14)].
We observed that the GIGYF C*, GIGYF GYF* and the
combined C* + GYF* proteins repressed F-Luc activity
and induced degradation of the reporter mRNA to the same
extent as the WT protein, although the GYF* mutants were
marginally less active (Supplementary Figure S7B and C).
None of the mutants affected the expression of the reporter
mRNA without the BoxB hairpins (Supplementary Figure
S7D–F). Therefore, tethered Dm GIGYF can repress trans-
lation and induce reporter mRNA decay in the absence of
interactions with 4EHP or HPat.

The GIGYF protein that no longer interacts with Me31B
(�MBM mutant, Supplementary Table S1) was impaired in
its repressor function. Importantly, when bound to the re-
porter mRNA, this mutant protein or a combined Me31B-
and HPat-binding mutant (�MBM+GYF* mutant, Sup-
plementary Table S1) were less active and reduced F-Luc
activity to 40–50% instead of the 20% observed with WT
GIGYF (Supplementary Figure S8A–C). F-Luc mRNA
was also less degraded (Supplementary Figure S8A and B).
This result indicates that Me31B contributes to GIGYF-
mediated translational repression and mRNA decay. Since
none of the mutations in the binding sites completely
blocked the repressor function of GIGYF, it is likely that
redundancy in the network of protein-protein interactions
or additional factors, e.g. the CCR4–NOT complex (20), or
yet unknown proteins binding to the GIGYF C-term also
participate in the repressive mechanism.

We also tested the ability of GIGYF to regulate mRNA
expression in cells depleted of Me31B and HPat. Single de-
pletions of Me31B or HPat (Me31B KD or HPat KD) had
only minor effects on degradation of the GIGYF-bound
reporter, which remained translationally silenced (Supple-
mentary Figures S8D-K and S9A-C). Nevertheless, in the
absence of both decapping factors (Me31B+HPat KD),
GIGYF-mediated translational repression and mRNA de-
cay were significantly compromised; compared to control
cells, both a two-fold increase in F-Luc activity and a re-
duction in reporter mRNA decay were observed (Supple-
mentary Figure S9D–F). Likewise, in the absence of Me31B
(Me31B KD), inhibition of F-Luc activity and decay of the
reporter mRNA by the GIGYF GYF* protein were also
less efficient than WT GIGYF (Supplementary Figure S8D
and E). The repressor function of the GIGYF �MBM pro-
tein was slightly reduced in Me31B KD cells relative to con-
trol cells (Supplementary Figure S8H-K). These data indi-
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cate that both Me31B and HPat act in concert with GIGYF
to regulate reporter mRNA expression.

Both Me31B and HPat participate in GIGYF-mediated
translational repression

In the experiment where mRNA degradation was blocked
by overexpression of the DCP1 GSSG mutant (Figure 2E
and F), the reporter mRNA is deadenylated and transla-
tionally silenced in the presence of GIGYF. This experi-
ment suggests that in the absence of mRNA decay GIGYF
still acts as a translational repressor. However, this repressor
function is altered in cells codepleted of Me31B and HPat
(Supplementary Figure S9D). As the data pointed towards
a role of Me31B and HPat in GIGYF-mediated transla-
tional repression, we examined the translational regulation
of an F-Luc-5BoxB reporter mRNA that cannot be dead-
enylated and degraded by GIGYF. This reporter, F-Luc-
5BoxB-A96-HhR, is refractory to deadenylation-dependent
decapping because the cleavage and polyadenylation sites
were replaced by an internal polyadenosine stretch of 96
nucleotides, followed by seven cytosine bases and a self-
cleaving hammerhead ribozyme (26). Tethering of GIGYF
efficiently reduced F-Luc protein levels (F-Luc activity)
without changes in the reporter mRNA levels (Figure 4A
and B). Deletion of the Me31B-binding motif (�MBM) or
single depletion of Me31B (Me31B KD) impaired GIGYF-
mediated regulation of F-Luc activity, which increased to
40% compared to 20% in control conditions (Figure 4A
and D). These results indicate that Me31B is an impor-
tant player in the mechanism of translational repression
by GIGYF. Furthermore, interfering with the binding of
GIGYF to both Me31B and HPat, such as when tether-
ing a combined GIGYF �MBM+GYF* mutant (Figure
4A), tethering the GIGYF GYF* mutant in Me31B KD
cells (Figure 4D) or tethering GIGYF in cells codepleted of
Me31B and HPat (Figure 4F), the repression of F-Luc ac-
tivity by GIGYF decreased to 60–80% instead of the 20%
observed in control conditions. Once again, mRNA lev-
els did not change (Figure 4A-G). A combined GIGYF
C+�MBM+GYF* mutant repressed F-Luc activity to the
same extent as the GIGYF �MBM+GYF* mutant (Sup-
plementary Figure S10A and B). Additionally, we observed
that in cells depleted of Me31B, the GIGYF �MBM mu-
tant repressed F-Luc translation to ∼50% compared to
the 40% observed in control cells (Supplementary Figure
S10C–F). This data indicates that Me31B contributes to
GIGYF-mediated translational repression via direct bind-
ing to the MBM and indirectly via the association to other
GIGYF-binding partners, such as HPat or the CCR4–NOT
complex.

In contrast, single depletion of HPat (HPat KD) or teth-
ering of GIGYF GYF* mutant had not effect or only
weakly interfered with the regulation of mRNA transla-
tion by GIGYF, respectively (Figure 4D and Supplemen-
tary Figure S10G and H).

Altogether, our data indicate that both Me31B and HPat
are recruited by GIGYF to induce translational repression.

GIGYF links 4EHP to Me31B and HPat

Our results show that GIGYF recruits multiple proteins to

mediate translational repression, deadenylation and decay
of a bound mRNA target. To understand if the multiple in-
teractions established by GIGYF are required for the func-
tion of the 4EHP–GIGYF complex as a translational re-
pressor, we tethered �N-HA-4EHP to the F-Luc-5BoxB-
A96-HhR reporter in control or GIGYF-depleted cells (GI-
GYF KD) and assessed the ability of 4EHP to repress trans-
lation in cells complemented with WT or mutant GIGYF
proteins (C*, �MBM+GYF* or N-term). Upon tethering,
4EHP efficiently reduced translation of the F-Luc-5BoxB-
A96-HhR reporter (Figure 5A). Once more, in the absence
of GIGYF (GIGYF KD), 4EHP-mediated translational re-
pression was strongly impaired (Figure 5A and B). Tran-
sient expression of the WT HA-tagged GIGYF or the ef-
fector region (N-term), but not of the GIGYF canonical
mutant (C*), restored the ability of 4EHP to suppress F-
Luc activity (Figure 5A and B). Notably, 4EHP was also
less efficient in the inhibition of F-Luc activity in cells ex-
pressing the GIGYF �MBM+GYF* mutant (Figure 5A
and B). Thus, 4EHP requires GIGYF, which in turn recruits
Me31B and HPat, to repress mRNA translation.

In agreement with these findings, we observed that over-
expressed GFP-4EHP does not efficiently coimmunopre-
cipitate with endogenous Me31B and HPat unless HA-
GIGYF is coexpressed (Figure 5C, lanes 8 versus 7). The as-
sembly of the 4EHP–GIGYF–Me31B–HPat complex is de-
pendent on GIGYF, as overexpression of HA-GIGYF mu-
tants that no longer bind to GFP-4EHP (C*) or to Me31B
and HPat (�MBM+GYF*) do not allow GFP-4EHP to ef-
ficiently coimmunoprecipitate the full complex (Figure 5C,
lanes 9, 10 versus 8). Hence, GIGYF bridges 4EHP to the
decapping factors Me31B and HPat.

In parallel, we also observed that depletion of Me31B and
HPat also strongly impaired the ability of tethered 4EHP to
repress translation of the F-Luc-5BoxB-A96-HhR reporter
(Figure 5D and E), suggesting that both Me31B and HPat
are important players in the control of translation by 4EHP.

Overall, our results indicate that GIGYF adds additional
mechanisms to the control of gene expression by the cap-
binding protein 4EHP. Translational repression of a 4EHP-
bound mRNA occurs not only through competition with
eIF4E for cap binding, as reported previously (5,7) but also
via the interaction with GIGYF, Me31B and HPat. The re-
pressed mRNA is further deadenylated and degraded to en-
sure the shutdown of mRNA expression (Figure 5F).

DISCUSSION

Through direct competition with eIF4E for cap binding,
4EHP blocks the interaction of the eIF4F complex with
mRNA, thus inhibiting translation (3,4,42). Here, we show
that independent of cap binding, the interaction of Dm
4EHP with GIGYF promotes translational repression and
induces deadenylation and decay of bound mRNA targets.
Moreover, in the absence of interaction with GIGYF, teth-
ered 4EHP loses its repressor function [this study and (14)].

Previous work has shown that GIGYF proteins bind sev-
eral proteins known to elicit translational repression and
mRNA decay such as the miRISC components Ago2 and
TNRC6C or the CCR4–NOT deadenylase complex (18–
20). Moreover, GIGYF proteins also link 4EHP to specific
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Figure 4. Translational repression by GIGYF requires the decapping factors Me31B and HPat. (A–C) S2 cells were transfected with the F-Luc-5BoxB
reporter in which the cleavage and polyadenylation signal were replaced by a polyadenosine stretch of 96 residues followed by seven cytosines and a self-
cleaving Hammerhead ribozyme (F-Luc-5BoxB-A96-HhR). �N-HA-GIGYF WT, Me31B-binding mutant (�MBM), or double �MBM+GYF* mutant
and the transfection control R-Luc-A90-HhR plasmids were cotransfected with the F-Luc reporter. Luciferase activity and mRNA levels were analyzed
as described in Figure 1A. The P value (***P < 0.0005) was determined using the two-tailed Student’s t test between WT GIGYF and the other GIGYF
proteins. A representative northern blot is shown next to the corresponding graph (B). Panel C shows expression levels of the tethered proteins as analyzed
by western blotting. (D–G) S2 cells were treated with the indicated dsRNAs and transfected with a mixture of three plasmids coding for F-Luc-5BoxB-
A96-HhR, R-Luc-A90-HhR and the indicated �N-HA-tagged proteins. In panels D and F, F-Luc activity and mRNA levels were normalized to that of
R-Luc in the presence of the different tethered proteins. Panels E and G show representative northern blots. The P value (**P < 0.005, ***P < 0.0005)
was determined using the two-tailed Student’s t test between WT GIGYF in Ctrl KD and GIGYF proteins in the other experimental conditions.
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Figure 5. GIGYF recruits Me31B and HPat to 4EHP-repressor complexes. (A) A complementation assay using the F-Luc-5BoxB-A96-HhR reporter and
�N-HA-4EHP was performed in Ctrl and GIGYF-depleted cells expressing HA-GIGYF proteins (dsRNA-resistant and either WT, mutants or the N-
term). A plasmid expressing R-Luc-A90-HhR served as a transfection control. Samples were analyzed as described in Figure 1A. (B) Western blot analysis
showing the expression of the �N-HA-4EHP, HA-GIGYF and F-Luc-V5 proteins used in the complementation assay. (C) Interaction of GFP-4EHP with
endogenous Me31B and HPat proteins assayed by anti-GFP immunoprecipitation in the presence or absence of HA-GIGYF (WT or mutants). GFP-F-
Luc-V5 was used as a negative control. The inputs (4% for GFP- and HA-tagged proteins and 0.1% for Me31B and HPat) and bound fractions (5% for
GFP- and HA-tagged proteins and 20% for Me31B and HPat) were analyzed by western blotting using anti-GFP, anti-HA, anti-Me31B and anti-HPat
antibodies. (D, E) S2 cells were treated with dsRNA targeting neomycin (Ctrl KD) or Me31B and HPat mRNAs (Me31B+HPat KD) and transfected with
a mixture of three plasmids coding for F-Luc-5BoxB-A96-HhR, R-Luc-A90-HhR and the indicated �N-HA-tagged proteins. In panel D, F-Luc activity and
mRNA levels were normalized to that of R-Luc in the presence of the different tethered proteins. Samples were analyzed as described in Figure 1A. Panel
E shows a representative northern blot. The P value (***P < 0.0005) was determined using the two-tailed Student’s t test. (F) Model for the assembly of a
4EHP-repressor complex. 4EHP (orange) is the cap-binding protein that blocks eIF4F mRNA recruitment. GIGYF (red) provides binding sites for 4EHP
(4EHP-BR), Me31B (MBM), HPat (GYF domain) and the CCR4–NOT deadenylase complex. Additionally, GIGYF might also bind an unknown RNA-
binding protein (X) or directly interact with the target mRNA. HPat and the CCR4–NOT complex also can interact with Me31B (24,40,41). The formation
of this complex ensures that multiple mechanisms are employed to robustly suppress target mRNA expression: translational repression, deadenylation and
decapping, which is subsequently followed by degradation of the mRNA.

mRNAs via interaction with RNA-binding proteins such
as TTP and the ZNF598 (6,17). In this study, we identi-
fied novel Dm GIGYF binding partners: the RNA helicase
Me31B, the decapping activator HPat and different sub-
units of the CCR4–NOT deadenylase complex. These inter-
actions are required for post-transcriptional mRNA regula-
tion and reveal a new mechanism employed by the 4EHP–

GIGYF complex to regulate the expression of its mRNA
targets at the level of protein synthesis.

Regulation of translation and mRNA decay by GIGYF pro-
teins

Human GIGYF2 was recently described as an RBP, which
regulates mRNA expression by two distinct mechanisms.
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Recruitment of the 4EHP–GIGYF2 complex by RBPs
promotes cap-dependent translational repression, whereas
4EHP-independent and direct mRNA binding of GIGYF
leads to recruitment of the CCR4–NOT complex and sub-
sequent mRNA degradation (20). Our studies on the un-
characterized Dm 4EHP–GIGYF complex support a re-
vised model in which binding of the 4EHP–GIGYF com-
plex to an mRNA, either directly or indirectly, leads to
translational repression followed by mRNA decay (Figure
5F). This mechanism of downregulation of mRNA expres-
sion is possible because GIGYF proteins engage in multiple
protein interactions that are mediated by distinct binding el-
ements. In fact, we describe for the first time that GIGYF
bridges 4EHP to Me31B, HPat and the CCR4–NOT com-
plex to repress mRNA expression. These multiple interac-
tions provide redundancy and link translational repression
to mRNA decay, ensuring an efficient inhibition of mRNA
expression. Notably, the fact that the binding elements and
interactions identified in this study for Dm GIGYF are pre-
served by human homologous proteins and protein com-
plexes [this work and (20)], indicates a conservation of the
mechanism by which the 4EHP–GIGYF complex represses
mRNA expression across metazoans.

Repression of translation by the 4EHP–GIGYF complex re-
lies on Me31B and HPat

Our data further highlight that the concurrent interaction
of Dm GIGYF with Me31B and HPat via the effector re-
gion is crucial for induction of translational repression of
a 4EHP–GIGYF-bound mRNA. In fact, the effector re-
gion of Dm GIGYF is sufficient to rescue 4EHP-mediated
translational repression in S2 cells depleted of GIGYF.
Moreover, codepletion of Me31B and HPat significantly
impaired the function of 4EHP and GIGYF as transla-
tional repressors (Figures 4 and 5). In the absence of in-
teraction with only one of these factors, the repression of
the mRNA by 4EHP and GIGYF is only slightly changed,
probably reflecting the redundancy of the protein interac-
tions mediating the repression mechanism.

Although the mechanism by which Me31B and HPat re-
press translation is still unclear, both proteins have been im-
plicated in the control of translation (43–45). For instance,
recruitment of Me31B orthologs by different translational
repressors and RNA-associated proteins is a common
mechanism for the control of translation and mRNA stabil-
ity in different pathways, including microRNA (miRNA)-
mediated gene silencing (40,41,46–49). In particular, bind-
ing of human DDX6 to the translational repressor eIF4E-
Transporter (4E-T), which also associates with 4EHP (33),
is promoted by the miRISC/CCR4–NOT complex to in-
duce translational repression and decay of miRNA tar-
gets (10). Therefore, the functional cooperation of 4EHP
and Me31B orthologs in different RNPs appears to be
a widespread mechanism associated with several post-
transcriptional regulatory pathways. On the other hand,
Pat1 proteins are also key factors in the regulation of post-
transcriptional gene expression. They act as scaffold or
remodeling proteins in multiple RNPs and induce trans-
lational repression, deadenylation and decay [reviewed in
(44,45)]. Although the interaction of each protein with GI-

GYF is independent of the other, HPat and Me31B bind
to each other (Figure 5F). Additional studies are necessary
to understand whether Me31B and HPat function as com-
plex to repress translation or if each protein independently
blocks translation by different but redundant mechanisms
(Figure 5F).

Even though Me31B and HPat are recruited by Dm GI-
GYF to induce translational repression of a bound mRNA,
additional factors also appear to contribute to the repres-
sor function of the 4EHP–GIGYF complex. In the absence
of interactions with Me31B and HPat, the repressor func-
tion of Dm 4EHP and GIGYF is not completely abolished.
Additional factors that might explain the remaining GI-
GYF repressor function include the CCR4–NOT deadeny-
lase complex [this work and (20)] or other proteins that may
bind to its C-term which was partially active in our assays.

GIGYF proteins contain discrete sequence elements to medi-
ate DDX6- and HPat binding

In this study we reveal that Dm GIGYF binds to Me31B via
a sequence motif that is only partially similar to the CHD of
4E-T [Figure 3C; (39)]. The presence of the Me31B/DDX6-
binding motif (MBM) in GIGYF proteins suggests that GI-
GYF and 4E-T have mutually exclusive interactions with
the RNA helicase and are part of distinct RNPs, as ob-
served for the large majority of Me31B-binding proteins
(50). The MBM is conserved in GIGYF proteins from ne-
matodes to humans and agrees with large proteomic inter-
action studies that have identified the human GIGYF2 or
4EHP as members of Me31B/DDX6 RNPs (10,20,51).

Our data also describe Dm HPat as a novel Dm GIGYF
GYF-domain binding protein and identified in Dm HPat
the PPGF motifs that mediate the interaction (Figure 3E
and F). Although this protein-protein interaction is con-
served in human cells (Supplementary Figure S4B and C),
human PatL1 does not contain the PPGF motifs to bind to
the GYF domain of the GIGYF1/2 proteins. Thus, bind-
ing to PatL1 might be mediated by a different sequence
motif or another GIGYF1/2-interacting partner. Human
GIGYF1/2 proteins instead are recruited to specific mR-
NAs upon binding to GYF-domain interacting proteins
such as TTP, ZNF598 and GW182 (6,17,18). Despite the
presence of PPG� in Dm ZNF598 and Dm GW182, Dm
GIGYF also differs from the human orthologs as it does
not associate with these GYF-domain interacting proteins
(Supplementary Figure S6). Although the precise mecha-
nism is unknown, post-translational modifications or other
protein factors may control binding to the GYF domain
of Dm GIGYF. In the absence of interactions with these
RNA-associated proteins, it is also unclear how the Dm
4EHP–GIGYF complex is specifically recruited to mRNA
targets or how it is regulated. Thus, new studies are required
to determine if the GYF domain of Dm GIGYF interacts
with other proteins besides HPat, as observed for the human
GIGYF1/2. Alternatively, similar to human GIGYF2, Dm
GIGYF can also directly bind to mRNA (20).

The biological role of Dm GIGYF

We show that GIGYF proteins are regulators of mRNA
translation and stability using reporter assays in Dm cells.
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However, the consequences and the natural targets of
GIGYF-mediated mRNA regulation are still poorly char-
acterized. In Dm cells, GIGYF associates with centrosomes
during mitosis (52). GIGYF-null flies have locomotor de-
fects and a short life span due to the dysregulation of au-
tophagy that causes accumulation of ubiquitinated proteins
and dysfunctional mitochondria in neuronal and muscle tis-
sues (53). However, these cellular functions have not been
shown to be related to the control of mRNA expression
described in this or other studies (6,13,17,20). Elucidation
of the Dm 4EHP–GIGYF mRNA targets and functions in
different tissues or developmental stages would clarify the
cellular functions of this repressor complex. Moreover, it
is also possible that GIGYF proteins have additional func-
tions unrelated to translational repression and mRNA de-
cay. For example, in this study we have not addressed the
role of the C-term of the protein which is almost 1000 amino
acids long and predicted to be �-helical. This long pro-
tein region might function in coupling RNA metabolism to
other regulatory pathways.

Altogether, we show for the first time that the recruit-
ment of two decapping activators (Me31B and HPat) by GI-
GYF proteins to induce translational repression adds a new
layer to the mechanistic understanding of the inhibition of
mRNA expression by the 4EHP cap-binding protein.
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