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Human 4E-T is an eIF4E-binding protein (4E-BP) present in processing (P)-bodies that represses translation and
regulates decay of mRNAs destabilized by AU-rich elements and microRNAs (miRNAs). However, the underlying
regulatory mechanisms are still unclear. Here, we show that upon mRNA binding 4E-T represses translation and
promotes deadenylation via the recruitment of the CCR4–NOT deadenylase complex. The interaction with CCR4–
NOT is mediated by previously uncharacterized sites in the middle region of 4E-T. Importantly, mRNA decapping
and decay are inhibited by 4E-T and the deadenylated target is stored in a repressed form. Inhibition of mRNA
decapping requires the interaction of 4E-T with the cap-binding proteins eIF4E/4EHP. We further show that regu-
lation of decapping by 4E-T participates inmRNA repression by themiRNA effector protein TNRC6B and that 4E-T
overexpression interferes with tristetraprolin (TTP)- and NOT1-mediatedmRNA decay. Thus, we postulate that 4E-
Tmodulates 5′-to-3′ decay by swapping the fate of a deadenylatedmRNA from complete degradation to storage. Our
results provide insight into themechanism ofmRNA storage that controls localized translation andmRNA stability
in P-bodies.
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Ribosome recruitment in eukaryotes requires the assem-
bly of the eukaryotic initiation factor (eIF)4F complex at
the 5′ cap structure of themessenger (m)RNA (Topisirovic
et al. 2011). This heterotrimeric complex is formed
through the interaction of the scaffold eIF4G with the
cap-binding protein eIF4E and the RNA helicase eIF4A.
Together, these proteins trigger a series of events that re-
sult in the recruitment of the preinitiation complex, com-
posed of the 40S ribosomal subunit and associated factors,
and in the initiation of translation (Hashem and Frank
2018; Merrick and Pavitt 2018).
The function of eIF4F in translation initiation is tightly

regulated by the eIF4E-binding proteins (4E-BPs). This
group of translational repressors share with eIF4G canon-
ical and noncanonical binding motifs that recognize a
common surface on eIF4E (Peter et al. 2015; Grüner
et al. 2016, 2018). Consequently, 4E-BPs compete with
eIF4G for eIF4E binding, disrupting eIF4F assembly and
blocking translation (Haghighat et al. 1995; Mader et al.
1995).
The eIF4E-transporter protein (4E-T), or eukaryotic

translation initiation factor 4E nuclear import factor 1
(EIF4ENIF1), is a nucleocytoplasmic shuttling 4E-BP re-
quired for the localization of eIF4E to the nucleus (Dostie

et al. 2000). However, in cells, 4E-T is predominantly lo-
cated to processing (P)-bodies (Andrei et al. 2005; Fer-
raiuolo et al. 2005). P-bodies are dynamic cytoplasmic
granules that form by the phase separation of RNA de-
cay-associated proteins bound to translationally inactive
transcripts (Standart and Weil 2018; Ivanov et al. 2019).
These granules are thought to buffer the proteome
through translational control and storage of mRNAs cod-
ing for regulatory proteins (Hubstenberger et al. 2017;
Standart and Weil 2018).
In P-bodies, 4E-T establishes multiple interactionswith

proteins involved in mRNA turnover. In addition to the
cap-binding proteins eIF4E and eIF4E homologous protein
(4EHP), known 4E-T-binding partners include the cold-
shock domain protein upstream of N-Ras (UNR), the
RNA-dependent ATPase DDX6, the decapping factors
LSM14A and PatL1, and the CCR4–NOT deadenylase
complex (Kubacka et al. 2013; Kamenska et al. 2014;
Ozgur et al. 2015; Brandmann et al. 2018). Several of these
interactions are thought to be essential for P-body forma-
tion and to contribute to the control of translation and
turnover of adenine and uracil (AU)-rich mRNAs destabi-
lized by tristetraprolin (TTP) or transcripts repressed by
micro (mi)RNAs (Ferraiuolo et al. 2005; Kamenska et al.
2014, 2016; Nishimura et al. 2015; Chapat et al. 2017;
Jafarnejad et al. 2018).
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In mammals, 4E-T is an important component of re-
pressor complexes that regulate the expression of pro-
neurogenic factors during neurogenesis (Yang et al.
2014; Amadei et al. 2015; Zahr et al. 2018). In addition,
4E-T is essential for meiosis in oocytes (Pfender et al.
2015), and mutations in the gene have been associated
with female infertility (Kasippillai et al. 2013; Zhao
et al. 2019). However, the mechanism by which 4E-T af-
fects these developmental processes is unclear.

In this study,we examined themolecular effects of 4E-T
in gene expression. Our work demonstrates that 4E-T co-
ordinates deadenylation with the suppression of decap-
ping to store mRNAs targeted by the CCR4–NOT
complex in silenced messenger ribonucleoprotein parti-
cles (mRNPs).

Results

4E-T represses translation and promotes mRNA
deadenylation

To study the mechanism by which 4E-T represses mRNA
expression, we used a reporter assay in human cells. 4E-T
fused to the bacteriophage MS2 coat protein and an HA
(hemagglutinin) tag (MS2-HA-4E-T) was tethered to a
Renilla (R-Luc) luciferase reporter containing six MS2-
binding sites in the 3′ untranslated region (UTR; R-Luc-
6xMS2bs) (Supplemental Fig. S1A). A plasmid encoding
firefly luciferase (F-Luc-GFP) served as a transfection and
normalization control. In HEK293T cells, MS2-HA-4E-T
strongly reduced R-Luc activity compared with MS2-
HA-GFP (Supplemental Fig. S1B, protein, black bars), as
observed previously (Ferraiuolo et al. 2005; Kubacka
et al. 2013; Kamenska et al. 2014). The abundance of the
R-Luc mRNA did not significantly vary in the presence
of 4E-T, as determined by Northern blotting (Supplemen-
tal Fig. S1B, mRNA, blue bars and S1C and D), indicating
that 4E-T represses translation in the absence of mRNA
decay. Furthermore, in cells expressing MS2-HA-4E-T
the R-Luc mRNA migrated faster, resembling the tran-
script lacking the poly(A) tail (Supplemental Fig. S1C,
lane 2, A0). Deadenylation, or removal of the poly(A)
tail, by the multisubunit CCR4–NOT complex (acting of-
ten in combination with PAN2/3) is the first step in cyto-
plasmic mRNA turnover (Wahle and Winkler 2013).
Importantly, 4E-T had no effect on the F-Luc-GFP control
or an R-Luc reporter lacking the MS2 binding sites (Sup-
plemental Fig. S1E–G).

We also tethered 4E-T to reporter mRNAs containing
distinct coding sequences, F-Luc and β-GLOBIN (Fig.
1A; Supplemental Fig. S1H), or five BoxB elements in
the 3′ UTR (R-Luc-5xBoxB) (Supplemental Fig. S1K;
Lykke-Andersen et al. 2000; Pillai et al. 2004). We ob-
served that independently of the reporter mRNA 4E-T in-
duced translational repression and deadenylation without
major changes in transcript abundance (Fig. 1B–D; Supple-
mental Fig. S1I,J,L–N).

We then performed an oligo(dT)-targeted ribonuclease
H (RNase H) cleavage assay to verify that the 4E-T-bound
mRNAs are in fact deadenylated. In cells expressingMS2-

HA-GFP, the BGG-6xMS2bs and BGG-GAP (control lack-
ing the MS2bs) transcripts migrated faster after poly(A)
tail cleavage (Fig. 1E, lanes 2 vs. 1, A0). In contrast, the
4E-T-bound BGG-6xMS2bs mRNA migrated like the
deadenylated transcript before and after cleavage by RN-
ase H (Fig. 1E, lanes 3,4). Moreover, in cells expressing
MS2-HA-4E-T, the poly(A) tail of the control BGG-GAP
mRNAwas only removed after RNase H and oligo(dT) ad-
dition (Fig. 1E, lanes 4 vs. 3). Thus, we conclude that hu-
man 4E-T induces deadenylation of a bound mRNA.

4E-T-mediated mRNA deadenylation requires
the CCR4–NOT complex

To determine whether the CCR4–NOT complex is in-
volved in 4E-T-mediated mRNA deadenylation, we in-
hibited the deadenylase activity of the complex by
overexpressing a catalytically inactive form of the
NOT8 enzyme (NOT8∗; D40A, E42A) in human cells.
The mutant enzyme impedes CCR4–NOT-dependent
mRNA deadenylation in a dominant-negative manner
(Piao et al. 2010). The inactive NOT8, but not HA-MBP,
blocked mRNA deadenylation targeted by 4E-T as the
BGG-6xMS2bs reporter accumulated as a polyadenylated
(An) mRNA (Fig. 1F [lanes 4 vs. 2], G,H). Our results show
that mRNA deadenylation induced by 4E-T requires the
CCR4–NOT complex.

4E-T blocks decapping of bound mRNA

In the 5′–3′ mRNA degradation pathway, removal of the
poly(A) tail is followed by decapping and ultimately 5′–3′

exonucleolytic degradation by XRN1 (Franks and Lykke-
Andersen 2008). The unusual accumulation of deadeny-
lated mRNA in the presence of 4E-T could result from in-
hibition of decapping or, alternatively, inhibition of XRN1
activity after decapping. To investigate whether the dead-
enylated BGG-6xMS2bs mRNA was capped, we used the
Terminator nuclease, a 5′–3′ exonuclease that degrades
uncapped monophosphorylated RNA (Braun et al. 2012).
The Terminator nuclease did not degrade the BGG-
6xMS2bs reporter bound to MS2-HA-GFP or MS2-HA-
4E-T (Fig. 1I), nor the BGG-GAP mRNA, indicating that
these are capped transcripts. In contrast, the uncapped
18S rRNAwas fully degraded upon addition of the Termi-
nator nuclease (Fig. 1I, lanes 2,4). Our data suggest that 4E-
T protects the deadenylated target mRNA from degrada-
tion by blocking decapping.

4E-T-dependent mRNA repression is independent of
UNR, DDX6, PatL1, and LSM14A

4E-T is a largely disordered protein with well-character-
ized short linear motifs (SLiMs) that mediate binding to
DDX6,UNR, LSM14A, andPatL1 (Fig. 2A). Tounderstand
whether the interactions of 4E-T with these proteins are
important to deadenylate and prevent decapping of a
bound transcript, wemade use of mutant proteins lacking
each of the binding sites (ΔDDX6, ΔUNR, and ΔLSM14A)
(Supplemental Table S1; Kamenska et al. 2014, 2016;
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Nishimura et al. 2015; Brandmann et al. 2018). The inter-
action of 4E-TwithDDX6, UNR, and LSM14Awas specif-
ically abolished upon the deletion of the corresponding
SLiMs, as assessed in pull-down assays following transient
expression of the mutant proteins in human cells (Supple-
mental Fig. S2). In detail, deletion of the UNR binding site
(ΔUNR, residues 131–161) prevented the interaction with
UNR without affecting binding of 4E-T to eIF4E, DDX6,
PatL1, and LSM14A (Supplemental Fig. S2A,B). Removal
of the CUP homology domain (CHD, ΔDDX6, residues
219–240) only abrogated the association of 4E-T with
DDX6 (Supplemental Fig. S2A,B). On the other hand, the
interaction with LSM14A was strongly reduced upon the
simultaneous deletion of two LSM14A binding sites pre-
sent in 4E-T (residues 448–490 and 940–985, ΔLSM14A),
whereas single deletion mutants (Δ448–490 or 1–939)
had decreased binding to LSM14A (Supplemental Fig.
S2B,C). The ΔLSM14A 4E-T protein still copurified with
UNR, DDX6, PatL1, and eIF4E (Supplemental Fig. S2A,B).

PatL1 has been shown to interact with the C-terminal
region of 4E-T (Fig. 2A; Kamenska et al. 2014, 2016). To
define more precisely the binding site of PatL1, we tested
whether a region of 4E-T spanning amino acids 695–713
was required for the interaction. This region is conserved
in 4E-T proteins and contributes to P-body localization
(Supplemental Fig. S2D; Kamenska et al. 2014). Indeed,
its deletion (ΔPatL1) abolished 4E-T binding to PatL1
without affecting the interaction with other protein part-
ners (Supplemental Fig. S2A,B).
We then examined the subcellular localization of the

4E-T mutant proteins in HeLa cells. GFP-4E-T colocal-
ized with the P-body marker and decapping factor
EDC4, as judged by antibody staining (Supplemental
Fig. S3A; Kedersha and Anderson 2007). Since none of
the amino acid deletions altered the nuclear localization
(NLS) or the nuclear export signals (NES) in 4E-T, the
mutant proteins were mainly cytoplasmic (Fig. 2A; Sup-
plemental Fig. S3B–H). However, while the ΔUNR,
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Figure 1. 4E-T promotes mRNA deadenylation and
blocks decapping of a bound mRNA. (A) β-GLOBIN re-
porters used in this study. (BGG) β-GLOBIN. The
BGG-GAP reporter contains a truncated version of the
GAPDH (GAP) gene to distinguish it from the BGG-
6xMS2bs reporter by size (Lykke-Andersen et al. 2000).
The BGG-6xMS2bs reporter contains six MS2 binding
sites in the 3′ UTR. (B) Northern blot analysis of a teth-
ering assay using the BGG-6xMS2bs reporter and MS2-
HA-4E-T in HEK293T cells. A plasmid expressing
BGG-GAP served as a transfection control and lacks
the MS2-binding sites. The position of the deadenylated
BGG-6xMS2bs reporter mRNA is marked with A0,
whereas the position of the reporter mRNA with an in-
tact poly(A) is indicated as An. (C ) BGG-6xMS2bs
mRNAlevels determined byNorthernblottingwerenor-
malized to those of BGG-GAP and set to 1 in cells
expressing MS2-HA-GFP. Mean values ± standard devia-
tion (SD) are shown (n =3). (∗) P <0.05, paired t-test. (D)
Western blot showing the expression levels of the
tethered proteins. (E) RNA samples isolated from cells
expressing MS2-HA-GFP or MS2-HA-4E-T, BGG-
6xMS2bs, and BGG-GAP were treated with oligo(dT)15
in thepresence (+) or absence (−) ofRNaseHandanalyzed
byNorthernblot.Note that uponRNaseH treatment the
poly(A) tails of theBGGreporters are removed in thepres-
ence of oligo(dT). A0, deadenylated and An, polyadeny-
lated reporter mRNAs. (F–H) Tethering assay with the
BGG-6xMS2bs, BGG-GAP and MS2-HA-GFP, or MS2-
HA-4E-T performed in cells expressing HA-MBP or the
catalytic inactive mutant of NOT8 (HA-NOT8∗). In the
Northern blot depicted in F, A0 indicates the position of
the deadenylated BGG-6xMS2bs mRNA while An indi-
cates the position of the adenylated reporter mRNA.
The graph in G depicts the relative quantification of the
BGG-6xMS2bs mRNA levels, as described in B (n =3).
(∗)P <0.05; (ns) not significant, paired t-test.A representa-
tive Western blot showing the expression of all the pro-
teins used in the assay is present in H. (I ) RNA samples

isolated from cells expressing MS2-HA-GFP or MS2-HA-4E-T, the BGG-6xMS2bs and the BGG-GAP reporters were incubated with Ter-
minator 5′-phosphate-dependent exonuclease and analyzed by Northern blotting. 18S ribosomal RNA (rRNA) served as uncapped RNA
control. (A0) Deadenylated reporter mRNAs;(An) polyadenylated reporter mRNAs.

4E-T protects repressed mRNAs from degradation
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ΔDDX6 and ΔPatL1 4E-T proteins also localized to P-
bodies, the ΔLSM14A mutant (and thus the 4E-T 4xΔ
protein that lacks the binding sites for UNR, DDX6,
PatL1, and LSM14A) was dispersed throughout the cyto-
plasm and the nucleus (Supplemental Fig. S3B–H). These
results indicate that LSM14A binding regulates 4E-T P-
body localization.

We also observed that in the absence of single or com-
bined (4xΔ mutant) interactions with UNR, DDX6,
LSM14A, or PatL1, 4E-T still retained the ability to induce
deadenylation and protect mRNA from decay upon teth-
ering to the BGG-6xMS2bs reporter (Supplemental Fig.
S4A–F). Moreover, all mutants still repressed the transla-
tion of the R-Luc-6xMS2bs reporter (Supplemental Fig.
S4G,H).

The Mid region of 4E-T interacts with CCR4–NOT

As our results highlighted mRNA deadenylation as a key
event in the control of gene expression by 4E-T, we stud-
ied its interaction with the CCR4–NOT complex. In hu-

man cells, streptavidin-binding protein (SBP)-V5-4E-T
copurified with the NOT1 and NOT2 subunits of
CCR4–NOT, suggesting an association with the fully as-
sembled complex (Fig. 2B). This interactionwas notmedi-
ated by UNR, DDX6, LSM14A, and PatL1, as the
corresponding 4E-T deletion mutants still associated
with HA-NOT1 in pull-down assays (Fig. 2C).

Experimental evidence reported in the literature sug-
gests that DDX6 bridges the interaction of 4E-T with
NOT1 (Ozgur et al. 2015;Waghray et al. 2015). Our results
indicate that 4E-T can also bind to the CCR4–NOT com-
plex in the absence of an interaction with DDX6 (Fig. 2C).
To confirm that 4E-T has additional interactions with the
CCR4–NOT complex, we performed binding assays in
DDX6-null HEK293T cells (Hanet et al. 2019). In cells de-
pleted of DDX6, SBP-V5-4E-T still interacted with HA-
NOT1 (Supplemental Fig. S5A). Thus, 4E-T establishes
multiple and possibly redundant interactions with
CCR4–NOT.

To delineate the region of 4E-T critical for the interac-
tion with CCR4–NOT, we divided the protein into an
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Figure 2. 4E-T interacts with the CCR4–NOT complex via its Mid region. (A) Schematic overview of the domain architecture and bind-
ing regions of 4E-T. The N-terminal (N-term) region of 4E-T contains two eIF4E-binding motifs ([C] canonical eIF4E-binding motif; [NC]
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N-terminal (N-term) fragment comprising the eIF4E and
theUNRbinding sites (residues 1–194), amiddle fragment
(Mid) containing the DDX6 and the first LSM14A-binding
sites (residues 212–612), and a C-term fragment encom-
passing the PatL1 and the second LSM14A-binding sites
(residues 639–985) (Fig. 2A; Supplemental Table S1).
These 4E-T fragments were then tested for the ability to
bind to HA-NOT1. We observed that the interaction of
4E-T with HA-NOT1 is mediated by its Mid fragment
(Fig. 2D, lane 9).
To obtain additional insight into this interaction, we in-

vestigated the region of NOT1 responsible for binding to
4E-T. Using a similar approach, we tested in coimmuno-
precipitation assays the binding of 4E-T to N-term (resi-
dues 1–1089), Central (residues 1085–1605), and C-term
(residues 1595–2376) (Supplemental Table S1; Supple-
mental Fig. S5B) fragments of NOT1 known to assemble
in discrete CCR4–NOT subcomplexes (Raisch et al.
2019). The NOT1 C-term, which associates with the
NOT2 and NOT3 subunits of the deadenylase complex
(Bhaskar et al. 2013; Boland et al. 2013), was sufficient
to bind to 4E-T. TheNOT1N-term andCentral fragments
did not or only weakly interacted with 4E-T (Supplemen-
tal Fig. S5C, lanes 6–8).

The Mid region of 4E-T represses the expression of target
mRNAs

We then separately used each 4E-T fragment in tethering
assays. Remarkably, binding of 4E-T Mid to the BGG-
6xMS2bs transcript triggered efficientmRNAdegradation

(Fig. 3A [lane 4], B,C). In contrast, theN-termhad no effect
on the reporter while the C-term partially reducedmRNA
levels (Fig. 3A [lanes 2,3,5], B,C). All 4E-T fragments were
dispersed in the cytoplasm and in the nucleus and com-
promised P-body integrity (Supplemental Fig. S3I–K).
Consistent with the ability to bind CCR4–NOT, we ob-
served that inhibition of decapping in cells overexpressing
a catalytically inactive form of DCP2 (DCP2∗, E148Q)
(Wang et al. 2002; Chang et al. 2014) blocked decay in-
duced by 4E-T Mid and resulted in the accumulation of
the deadenylated reporter mRNA (Fig. 3A [lanes 7,9], B,
C). Thus, the Mid region alone is able to trigger the decay
of 4E-T-bound mRNAs through recruitment of CCR4–
NOT. The reduction in reporter mRNA levels caused by
theC-termwas blocked in the presence ofDCP2∗. Howev-
er, the C-term-bound mRNA was not deadenylated (Fig.
3A [lane 10], B).

Binding of 4E-T to eIF4E/4EHP inhibits decapping
of deadenylated mRNA targets

In the context of full-length 4E-T,mRNAdecay is blocked
so that bound mRNAs are only deadenylated and not de-
capped and degraded by XRN1. In contrast, when in isola-
tion, the 4E-T Mid region elicits the decay of a bound
transcript. These observations indicate that the ability of
4E-T to protect an mRNA from decapping resides outside
of itsMid region. As binding of cap-binding proteins to the
cap protects the mRNA from 5′–3′ decay (Schwartz and
Parker 2000), we addressed whether 4E-T interaction
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Figure 3. The Mid region of 4E-T promotes
mRNA deadenylation. (A,B) HEK293T cells
were transfected with plasmids coding for
BGG-6xMS2bs, BGG-GAP, MS2-HA-GFP or
MS2-HA-4E-T (WT or fragments) and F-Luc-
GFP as a control or the catalytic inactive
mutant of the decapping enzyme DCP2 (GFP-
DCP2∗). Northern blot analysis of repre-
sentative RNA samples is shown in A. A0,
deadenylated and An, polyadenylated reporter
mRNAs. Quantification of reporter mRNA
levels was performed as described in Figure
1C and is depicted in B (n= 3). (∗) P <0.05; (ns)
not significant, paired t-test. (C ) Expression
levels of the proteins used in the tethering as-
say as analyzed by Western blotting.
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with eIF4E/4EHP regulates the stability of its target
mRNAs. To this end, we generated 4E-Tmutants carrying
alanine substitutions in the canonical eIF4E-bindingmotif
(C; Y30A, L35A) (Supplemental Table S1; Supplemental
Fig. S6A; Dostie et al. 2000). These amino acid substitu-
tions disrupted binding of 4E-T to eIF4E and 4EHP but
not to NOT1, DDX6, PatL1, HA-UNR, or LSM14A (Fig.
4A; Supplemental Fig. S6B–D). 4E-T P-body localization
was also independent of eIF4E and 4EHP binding (Supple-
mental Fig. S3L; Ferraiuolo et al. 2005; Kamenska et al.
2014).

We next examined whether 4E-T was still able to pro-
mote deadenylation and protect the BGG-6xMS2bs

mRNA from decapping when impaired in eIF4E/4EHP
binding. In contrast to wild-type protein, tethering of the
4E-T C mutant severely reduced the abundance of the
BGG-6xMS2bs reporter (Fig. 4B [lane 3 vs. 2], C,D). The
4E-T Cmutant induced 5′–3′ decay as indicated by the ac-
cumulation of deadenylated mRNA upon inhibition of
decapping in cells coexpressing catalytically inactive
DCP2 (DCP2∗) (Fig. 4B [lanes 5,6], C,D). Thus, binding of
4E-T to eIF4E/4EHP blocks decapping of deadenylated
mRNA. These observations also indicate that 4E-T can
promote deadenylation and degradation of the reporter
mRNA in the absence of an interaction with eIF4E/
4EHP. This function is then mediated by 4E-T’s Mid
region.

CUP is aDrosophila-specific 4E-BP that promotes dead-
enylation and inhibits decapping of its target mRNAs.
The mRNA protective function of CUP requires its non-
canonical eIF4E-binding motif (Igreja and Izaurralde
2011). In contrast to CUP, the canonical motif of 4E-T is
indispensable to protect the deadenylated mRNA from
decay (Fig. 4B,C). To determinewhether the noncanonical
motif of 4E-T is also necessary to protect associated
mRNAs from decapping, we introduced aspartate substi-
tutions in two conserved tryptophans located C-terminal
to the canonical motif (NC;W61D,W66D) (Supplemental
Table S1; Supplemental Fig. S6A). TheNCmutant had re-
duced binding to eIF4E (Supplemental Fig. S6E), indicating
that human 4E-T also uses a bipartite binding mode to in-
teract with the cap-binding protein. Moreover, the BGG-
6xMS2mRNAwas degraded upon binding to the NCmu-
tant of 4E-T (Supplemental Fig. S6F–H). We conclude that
both the canonical and noncanonical eIF4E-binding mo-
tifs of human 4E-T are required to protect the deadeny-
lated mRNA from degradation.

Distinct roles for the cap-binding proteins in the
regulation of deadenylation and decapping by 4E-T

Tounderstandwhichof the cap-bindingproteins is usedby
4E-T to inhibit mRNA decapping, we tethered 4E-T to the
BGG-6xMS2 reporter in the absence of eIF4E or 4EHP.
eIF4E partial depletion using short RNA (shRNA)-mediat-
ed knockdown (Supplemental Fig. S7A) increased the deg-
radation of the 4E-T-bound reporter; however, relative to
cells treated with a scramble (Scr) shRNA, the reduction
in mRNA levels was not significant (P = 0.054) (Supple-
mental Fig. S7B,C). As complete depletion of the cap-bind-
ing protein results in decreased cellular viability, these
results suggest that eIF4E binding most likely contributes
to the protection of deadenylated transcripts associated
with 4E-T. Moreover, since 4E-T may still associate with
4EHP in the absence of eIF4E, destabilization of the 4E-
T-bound mRNA is less prominent than upon disruption
of its interaction with both cap-binding proteins (eIF4E-
binding mutants of 4E-T) (Fig. 4; Supplemental Fig. S6).

Toaddress the importanceof4EHPbinding,wegenerated
a 4EHP-null HEK293T cell line using CRISPR-Cas9 gene
editing (Supplemental Fig. S7D). 4EHP-null cells proliferat-
ed slower compared with control (Ctrl) cells but had no
obvious changes in general translation, as assessed by

A

Input Streptavidin
pulldown

1 2 3 4 5 6

MBP
WT C

70
100

130

250

55

MBP
WT C

NOT1 250

25eIF4E

4E-T4E-T

V5-SBP-MBP

V5-SBP-4E-T

kDa

B

F-Luc-
GFP

GFP-
DCP2*

WTGFP
CHA-MS2- GFP

CWT

BGG-GAP

BGG-6xMS2bs

1 432 65

A0

An

4E-T 4E-T

D

GFP

70

55

100
130
250

35

70
100

WTGFP
C WTGFP

C

F-Luc-GFP
GFP-DCP2*

1 432 65

kDa

4E-T4E-T

MS2-HA-4E-T

MS2-HA-GFP

F-Luc-
GFP

GFP-
DCP2*

C

0
0.2
0.4
0.6
0.8
1.0

**

* *1.2
1.4
1.6
1.8

GFP WT C
4E-T

GFP WT C
4E-T

MS2-HA-

6x
M

S2
bs

 / 
G

A
P 

m
R

N
A

F-Luc-GFP
GFP-DCP2*

Figure 4. The 4E-T-eIF4E/4EHP interaction protects deadeny-
lated mRNAs from degradation. (A) Streptavidin-based pull-
down assays showing the association of V5-SBP-4E-T WT or ca-
nonical mutant (C) with eIF4E and NOT1. V5-SBP-MBP served
as a negative control. The input (20% for the V5-SBP-tagged pro-
teins and eIF4E, 2% for NOT1) and bound fractions (10% for the
V5-SBP-tagged proteins and eIF4E, 40% for NOT1) were analyzed
byWestern blotting using the indicated antibodies. (B–D) Tether-
ing assay using the plasmids coding for BGG-6xMS2bs, BGG-
GAP, MS2-HA-GFP, or MS2-HA-4E-T (WT or the canonical
eIF4E-binding motif mutant, C ) in cells expressing F-Luc-GFP
or mutant GFP-DCP2∗. Northern blot analysis of representative
RNA samples is shown in B. A0, deadenylated andAn, polyadeny-
lated reporter mRNAs. Quantification of mRNA levels was per-
formed as described in Figure 1C and is represented in the graph
depicted in C (n=3). (∗) P< 0.05, paired t-test. (D) Western blot
analysis demonstrating the expression of the proteins used in
the tethering assay.
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polysome profiling analysis (Supplemental Fig. S7E). In the
absenceof4EHP, tethered4E-Twasstill able todeadenylate
and protect the reporter mRNA from further degradation
(Supplemental Fig. S7F,G). In contrast to eIF4E depletion,
the 4E-T-bound mRNA had a heterogeneous poly(A) tail
in 4EHP-null cells, with a large fraction of the mRNA re-
maining polyadenylated (Supplemental Fig. S7F, lane 4 vs.
2). This observation suggests that deadenylation of the 4E-
T-bound mRNA is lessened in the absence of 4EHP.
Overall, these results indicate that 4E-T protects a

bound and deadenylated mRNA from degradation when
in the presence of eIF4E or 4EHP.

Involvement of 4E-T in TNRC6B-mediated mRNA
repression

Our results indicate that 4E-T protects deadenylated and
repressed mRNAs from degradation. As 4E-T contributes

to miRNA-mediated gene silencing (Kamenska et al.
2014, 2016; Nishimura et al. 2015; Jafarnejad et al.
2018), we explored the possibility that 4E-T could influ-
ence the fate of deadenylated miRNA targets from decay
to storage. Interestingly, the miRISC-associated TNRC6B
protein regulates gene expression using a combination of
translation repression, deadenylation, and mRNA degra-
dation (Lazzaretti et al. 2009). In fact, upon tethering of
TNRC6B to an R-Luc reporter, about 40% of the bound
transcripts are not degraded and remain silenced in the
deadenylated form (Lazzaretti et al. 2009). To investigate
whether stabilization of the TNRC6B-bound reporter
requires 4E-T, we tethered MS2-HA-TNRC6B to the
BGG-6xMS2bs reporter in the presence or absence of 4E-
T. Relative toMS2-HA-GFP, 50% of the BGG-6xMS2bs re-
porter was degraded upon TNRC6B binding (Fig. 5A,B). As
observedbefore, a fractionof the transcripts alsoaccumulat-
ed in the deadenylated form in cells expressing TNRC6B
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Figure 5. Inhibition of decapping by 4E-T
participates in TNRC6B-mediated mRNA
repression. (A,B) Tethering of MS2-HA-
TNRC6B or MS2-HA-GFP to the BGG-
6xMS2bs reporter in control, scramble
(Scr) shRNA, and 4E-T-depleted (4E-T
shRNA) HEK293T cells expressing V5-
SBP-MBP or shRNA resistant V5-SBP-4E-
T. BGG-GAP was used as a transfection
control. A representative Northern blot
analysis is shown in A. (A0) Deadenylated
reporter mRNAs; (An) polyadenylated re-
porter mRNAs. (B) BGG-6xMS2bs mRNA
levels were normalized to that of BGG-
GAP and set to 1 in the experimental con-
ditions using MS2-HA-GFP. Mean values ±
SD are shown (n =3). (∗) P<0.05, paired t-
test. (C ) Western blot analysis showing
the expression of V5-SBP-MBP, V5-SBP-
4E-T, MS2-HA-GFP, and MS2-HA-
TNRC6B proteins used in the assay de-
scribed in A. (Top panel) The samples
were also analyzed with anti-4E-T antibod-
ies to show the decrease in endogenous 4E-
T expression upon shRNA-mediated deple-
tion. (Bottom panel) TUBULIN was used
as a loading control. (D,E) Scramble
shRNA and 4E-T shRNA-treated cells
were treated with actinomycin D (ActD)
and harvested at the indicated time points.
(D) RNA samples were analyzed by North-
ern blotting. The same membrane was in-
cubated with 32P-labeled probes specific
for the BGG mRNA and the 18S rRNA.
Band intensities were quantified by Phos-
phorImager. (E) BGG-6xMS2bs mRNA lev-
els were normalized to that of 18S rRNA
and set to 1 for time point zero. The values
at the remaining time points were calculat-
ed relative to time point zero and plotted
as a function of time after ActD addition.
Error bars represent the SD from three in-

dependent experiments. The half-lives of the BGG-6xMS2bs mRNA in the different experimental conditions are shown below the
Northern blot panels and are represented as the mean± SD.
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(Fig. 5A [lanes 2 vs. 1], B). shRNA-mediated knockdown
(KD) led to a pronounced decrease of 4E-T protein levels
without affecting MS2-HA-TNRC6B expression (Fig. 5C).
4E-Tdepletioncompromised the accumulationof the dead-
enylated TNRC6B-bound reporter, which was thenmostly
degraded (Fig. 5A [lane 4], B). The levels of the deadenylated
TNRC6B-bound reporter were restored upon coexpression
of a V5-SBP-tagged and shRNA-resistant version of 4E-T
(Fig. 5A [lane 6], B,C).

To determine the decay rate of the reporter bound to
TNRC6B in the presence and absence of 4E-T, we blocked
transcription with actinomycin D. Reporter mRNA levels
were determined in Scr shRNA and 4E-T shRNA-treated
cells at different time points upon actinomycin D addition.
We observed that BGG-6xMS2bs mRNA was destabilized
in the absence of 4E-T. The half-life of the reporter mRNA
decreased to 1.8 h±0.18 h in 4E-T-depleted cells compared
with 5.1 h±1.5 h in Scr shRNA-treated cells (Fig. 5D,E).
Moreover, the stability of the BGG-6xMS2bs reporter
bound to TNRC6B was restored to 4.9 h±1.7 h upon re-
expression of V5-SBP-4E-T (Fig. 5D,E).

Collectively, these data support the role of 4E-T in pro-
tecting TNRC6B-targeted mRNAs from decapping and
further decay.

4E-T overexpression blocks decay of transcripts
destabilized by TTP and NOT1

To broaden its role as a decapping inhibitory factor, we ad-
dressed the consequences of 4E-T overexpression in hu-
man cells, a condition that could mimic the localized
and enriched presence of the protein in P-bodies (Hubsten-
berger et al. 2017) or the high expression levels observed in
oocytes (Villaescusa et al. 2006; Minshall et al. 2007). In
this context, we investigated steady-state levels of a β-
GLOBIN (BGG) reporter mRNA targeted to degradation
by TTP due to the presence of the FOS AU-rich element
(ARE) in the 3′ UTR (BGG-ARE) (Fig. 6A; Ferraiuolo
et al. 2005). Overexpression of TTP in HEK293T cells re-
sulted in a reduction of the BBG-ARE mRNA levels to
50% relative to cells expressing MBP (Fig. 6B [lane 3 vs.
1], C). Coexpression of 4E-T inhibited TTP-mediated de-
cay of the BGG-ARE reporter, which accumulated as a
deadenylated decay intermediate (Fig. 6B [lane 4], C,D).
These results are consistent with a role of 4E-T in block-
ing deadenylation-dependent mRNA decapping. In con-
trol cells, the abundance of the polyadenylated BGG-
ARE reporter increased in the presence of 4E-T (Fig. 6B
[lanes 2 vs. 1], C), indicating that 4E-T also inhibits
TTP-independent degradation of an mRNA destabilized
by the FOS ARE.

We also tested the effect of 4E-T overexpression on the
decay of mRNAs directly targeted by the CCR4–NOT
complex. Therefore, we tethered MS2-HA-NOT1 to the
BGG-6xMS2bs reporter in the presence or absence of
V5-SBP-4E-T. Relative to MS2-HA-GFP, this reporter is
degraded to 30% when bound by NOT1 (Fig. 6E [lanes 3
vs. 1], F,G). Overexpression of 4E-T blocked NOT1-depen-
dent decapping and the deadenylated reporter accumulat-
ed in cells (Fig. 6F,G, lanes 4 vs. 3).

In conclusion, our data supports the notion that 4E-T, in
complex with eIF4E or 4EHP, stabilizes deadenylated
mRNAs by interfering with decapping.

Discussion

Just as germ cell granules, neuronal granules or stress
granules, P-bodies coordinate the storage of translation-
ally inactivemRNAs in the cell cytoplasm (Bhattacharyya
et al. 2006; Voronina et al. 2011; Hutten et al. 2014; Hub-
stenberger et al. 2017; Schütz et al. 2017; Ivanov et al.
2019). In this study, we describe 4E-T, an essential P-
body component and a 4E-BP, as a regulator ofmRNAstor-
age. 4E-T-bound mRNAs are translationally repressed,
deadenylated, and protected from decapping-dependent
decay. We show that regulation of deadenylation and
decapping by 4E-T relies on specific protein partners.
mRNA deadenylation is a consequence of the interaction
of 4E-T’s Mid region with the CCR4–NOT complex,
whereas inhibition of decapping and subsequent degrada-
tion requires interaction with the cap-binding proteins
eIF4E/4EHP. Our data also highlights that posttranscrip-
tional regulation by 4E-T is of significance in the context
of mRNAs targeted by the miRNA effector TNRC6B.

4E-T is a binding platform for multiple RNA-associated
factors

The human 4E-T protein is a large disordered protein with
multiple low-complexity regions that confer binding to
translation, deadenylation, and decapping factors (Kamen-
ska et al. 2016).Here,we reveal that in addition to thebind-
ing sites identified for eIF4E, UNR, DDX6, and LSM14A
(Dostie et al. 2000; Ozgur et al. 2015; Kamenska et al.
2016; Brandmann et al. 2018), other short linear motifs
(SLIMs) present in 4E-T convene independent binding to
PatL1 and possibly to the CCR4–NOT complex as well.
A conserved sequence motif in the C-term and previously
known to be important but not essential for the localiza-
tion of 4E-T to P-bodies (Kamenska et al. 2014) mediates
the interaction with PatL1 (Fig. 2A; Supplemental Fig.
S2). On the other hand, the interaction of 4E-T with the
CCR4–NOT is confined to the Mid region of the protein
(Fig. 2). Attempts to narrow down and identify the SLIMs
involved in CCR4–NOT interaction within this region
were unsuccessful, asmultiple sequences seemed to be re-
quired (data not shown). Further work on the architecture
of 4E-T complexeswill be necessary to determinewhether
these protein interactions occur simultaneously or con-
secutively, and their role in cells.

One important finding in our studies is that the interac-
tion with the CCR4–NOT complex induces deadenyla-
tion of the bound mRNA and accounts for one of
the eIF4E-independent mechanisms involved in 4E-T me-
diated mRNA repression (Kamenska et al. 2014). As 4E-T
participates in posttranscriptional events regulated by
miRNAs and AU-rich element binding proteins (Fer-
raiuolo et al. 2005; Kamenska et al. 2014; Nishimura
et al. 2015; Chapat et al. 2017), its interaction with the
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deadenylase complex most likely contributes to and/or
sustains the repressed state of the targeted transcript.

4E-T blocks decapping by binding eIF4E/4EHP

Another important observation in this work is that, simi-
lar to the fly-specific 4E-BP CUP (Igreja and Izaurralde
2011), interaction of 4E-T with eIF4E/4EHP protects the

deadenylated target mRNA from decapping-dependent
decay. In the absence of eIF4E and 4EHP-binding,
mRNA deadenylation promoted by theMid region causes
the decay of the 4E-T-boundmRNA (Fig. 4). Although the
mechanism is still unclear, inhibition of decapping by 4E-
T could be achieved by increasing eIF4E or 4EHP affinity
for the cap structure. The direct interaction between 4E-
T and 4EHP enhances binding to the cap structure and is
a requisite for competition with the eIF4F complex during
repression of translation initiation by miRNAs (Chapat
et al. 2017). Similarly, binding of CUP to eIF4E increases
the affinity of the latter to the cap (Kinkelin et al. 2012)
and contributes to the translational regulation of localized
mRNAs during early Drosophila development (Wilhelm
et al. 2003; Nakamura et al. 2004; Zappavigna et al. 2004).
Additional mechanisms used to block decapping could

involve the competition of 4E-T with unknown proteins
that facilitate eIF4E or 4EHP dissociation from the cap
structure. Similar to eIF4G, direct or indirect RNA-bind-
ing activity of 4E-T could also play a role in anchoring
eIF4E or 4EHP to the mRNA and increase their associa-
tion with the cap structure (Yanagiya et al. 2009).
Independent of the mechanism that prevents decap-

ping, the interaction of 4E-T with eIF4E or 4EHP could
be subject to regulation by posttranslational modifica-
tions or binding partners, so that 4E-T-bound mRNAs
can be either stored in a repressed and deadenylated
form in P-bodies or fully degraded depending on their se-
quence and binding proteins. For example, 4E-T-associat-
ed transcripts targeted by miRNAs and 4EHP (Chapat
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Figure 6. Overexpression of 4E-T blocks deadenylation-depen-
dent decapping. (A) Schematic representation of the BGG-ARE re-
porter used in this study. A copy of the ARE sequence present in
the 3′ UTRof the FOSmRNAwas cloned downstream from the β-
GLOBIN ORF. The FOS ARE is recognized by tristetraprolin
(TTP) to promote target mRNA decay upon recruitment of the
CCR4–NOT complex (Fabian et al. 2013; Bulbrook et al. 2018).
(B,C ) HEK293T cells were transfected with the BGG-ARE report-
er and plasmids expressing λN-HA-MBP or λN-HA-TTP, V5-SBP-
MBP, or V5-SBP-4E-T. The BGG-GAP reporter served as a trans-
fection and normalization control. A representative Northern
blot is shown in B. (A0) Deadenylated reporter mRNAs; (An) poly-
adenylated reporter mRNAs. (C ) BGG-ARE mRNA levels were
normalized to those of the BGG-GAP and set to1 in cells express-
ing λN-HA-MBP. Mean values ± SD are shown (n =3). (∗) P <0.05,
paired t-test. (D) Expression levels of the proteins used in B andC
analyzed byWestern blotting. TUBULIN served as a loading con-
trol. (E,F ) Tethering of MS2-HA-NOT1 or MS2-HA-GFP to the
BGG-6xMS2bs reporter in cells overexpressing V5-SBP-4E-T or
V5-SBP-MBP. BGG-GAP was used as a transfection control. A
representativeNorthern blot analysis is shown in E. A0, deadeny-
lated andAn, polyadenylated reportermRNAs. (F ) BGG-6xMS2bs
mRNA levels were normalized to those of BGG-GAP and set to 1
in the experimental condition using MS2-HA-GFP and V5-SBP-
MBP. Mean values ± SD are shown (n=3). (∗) P<0.05; (ns) not sig-
nificant, paired t-test. (G) The expression levels of the proteins
used in E and F were verified using Western blotting. TUBULIN
served as a loading control. Proteins were detected using anti-
HA, anti-4E-T, anti-V5, and anti-TUBULIN antibodies.
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et al. 2017) or TNRC6B (this work) undergo translational
repressionwhilemRNAs targeted by 4E-T and the CCR4–
NOT are degraded (Nishimura et al. 2015).

We also observed that cellular depletion of each cap-
binding protein has distinct effects on the 4E-T-bound
mRNA. Reduction of eIF4E expression appeared to sensi-
tize the mRNA to further degradation. In contrast, 4EHP
loss affected the initiation of deadenylation by 4E-T.
The molecular details associated with these differences
remain unclear but may be associated with distinct com-
position of the 4E-T mRNA–protein complexes.

4E-T as a coordinator of P-body-associated mRNA
repression

The molecular mechanisms underlying selective transla-
tional regulation in P-bodies remain largely unknown. 4E-
T is an essential P-body component (Andrei et al. 2005;
Ferraiuolo et al. 2005) and thus emerges as an important
regulator of the expression of transcripts present in these
RNA granules. As a binding platform for various proteins,
4E-T coordinates the repression and protection of P-body-
associated mRNAs. The interaction of 4E-T with eIF4E or
4EHP brings the cap binding proteins into P-bodies (Fer-
raiuolo et al. 2005; Kubacka et al. 2013), promotes transla-
tional repression (Ferraiuolo et al. 2005; Kamenska et al.
2014) and prevents decapping (this study). Moreover, 4E-
T association with CCR4–NOT likely sustains the deade-
nylated and repressed state of the mRNA (this work and
Waghray et al. 2015). Interestingly, P-bodies contain dead-
enylases, lack PABP, and associated mRNAs have been
suggested to contain either a heterogeneous or no poly
(A) tail (Cougot et al. 2004; Andrei et al. 2005; Kedersha
et al. 2005; Aizer et al. 2014; Hubstenberger et al. 2017).
Additionally, the interaction of 4E-T with DDX6 is also
required for P-body assembly and translational repression
(Kamenska et al. 2016).

4E-T localization to P-bodies is also subject to regula-
tion. Our study highlights that binding to LSM14A is im-
portant for the recruitment of 4E-T, and consequently of
eIF4E, 4EHP, and associated mRNAs, to P-bodies (Supple-
mental Fig. S3). Arginine methylation controls LSM14A
recruitment to P-bodies (Matsumoto et al. 2012) and
thus it may regulate the presence of 4E-T in these cyto-
plasmic RNA granules. 4E-T itself is posttranslationally
modified by phosphorylation under arsenite-induced oxi-
dative stress. In these conditions, P-body size increases
(Cargnello et al. 2012). Interestingly, the majority of the
phospho-regulated sites are in the Mid region of the pro-
tein that is responsible for the interaction with CCR4–
NOT. The significance of these regulatory events to the
function of 4E-T-containingmRNPs or to the dynamic na-
ture of P-bodies remains uncharacterized.

4E-T driven mRNA storage in germinal and neuronal
granules

The role of 4E-T in the specification of alternative fates for
bound mRNAs (i.e., storage in a deadenylated, repressed
form for later use, or complete degradation) has important

biological implications. Spatial and temporal control of
mRNA translation is a common posttranscriptional
mechanism operating in oocytes, eggs, and early embryos
of many organisms and in neuronal cells (Martin and Eph-
russi 2009; Jung et al. 2014; Formicola et al. 2019). Interest-
ingly, 4E-T is a component of germinal and neuronal
granules and regulates oocyte and neuronal development
via poorly understood mechanisms (Villaescusa et al.
2006; Minshall et al. 2007; Kasippillai et al. 2013; Yang
et al. 2014; Amadei et al. 2015; Pfender et al. 2015; Zahr
et al. 2018; Zhao et al. 2019). In somatic cells, 4E-T has
also documented roles inmiRNA-mediated gene silencing
and in the control of the expression of AU-rich mRNAs
(Kamenska et al. 2014; Nishimura et al. 2015; Chapat
et al. 2017). Thus, the identification of the target mRNAs
andmechanismsused andgoverning4E-T function in cells
will advance our knowledge on the control of gene expres-
sion in fundamental developmental processes.

Furthermore, the current view that cytoplasmic gran-
ules such as P-bodies are reservoirs of repressed transcripts
opens the possibility that, according to the cellular needs
or developmental stage, specificmRNAs can bemobilized
into the translating pool. Reactivation of silenced tran-
scripts has been described during oocytematuration, early
embryonic development,mitotic cell cycle progression, in
neurons, following stress relief or associated to the rhyth-
mic expression of clock-controlled genes (Vassalli et al.
1989; Simon et al. 1992; Gebauer et al. 1994; Wu et al.
1998; Oh et al. 2000; Bhattacharyya et al. 2006; Novoa
et al. 2010; Carbonaro et al. 2011; Kojima et al. 2012, Uda-
gawa et al. 2012; Aizer et al. 2014). The mechanisms in-
volved in translational activation following P-body
storage most likely require remodeling and processing
(e.g., polyadenylation) of the repressedmRNA.The repres-
sor machinery must be replaced by factors that promote
translation and polyadenylation of the stored transcripts.
4E-T, again, can play a crucial role in this mechanism, as
regulation of the interactions with its protein partners
might control the assembly and disassembly of the repres-
sor complex, such as evidenced by the decay of the 4E-T-
bound mRNA in the absence of interaction with eIF4E
and 4EHP. This topic merits further investigation as mul-
tiple and redundant interactions (RNA–protein and pro-
tein–protein) operate in the control of gene expression in
P-bodies.

Overall, our findings highlight 4E-T as a coordinator
of mRNA turnover. As a binding platform for cap-
binding proteins, the CCR4–NOT deadenylase complex
and decapping factors, 4E-T guarantees that silenced
mRNAs are protected from degradation in cyto-
plasmic granules associated with germline and neuronal
development.

Materials and methods

DNA constructs

The DNA constructs used in this study are described in the Sup-
plemental Material and listed in Supplemental Table S1. All con-
structs and mutations were confirmed by sequencing.
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Tethering assays in human cells

All the conditions used in the tethering assays are described in
the Supplemental Material.

Knockdown and complementation assays

HEK293T cells (0.8 × 106 cells perwell) were transfected 24 h after
seeding in six-well plates with 3 μg of plasmid expressing scram-
ble (control), 4E-T, or eIF4E shRNA using Lipofectamine 2000
(Invitrogen). Forty-eight hours after transfection, the cells were
transfected a second time. In the TNRC6B tethering assay, the
transfection mixtures contained 0.5 μg of BGG-6xMS2bs, 0.5 μg
of BGG-GAP, 0.4 μg of MS2-HA-TNRC6B, 0.15 μg of V5-SBP-
MBP or 0.3 μg of V5-SBP-4E-T (shRNA resistant), and 1 μg of vec-
tor expressing 4E-T shRNA. Following eIF4E depletion with 1 μg
of the respective shRNA, cells were transfected with 0.5 μg of
BGG-6xMS2bs, 0.5 μg of BGG-GAP, 0.4 μg of MS2-HA-4E-T or
MS2-HA-GFP, and 1 μg of eIF4E shRNA. Total RNAwas isolated
with TRIzol (Thermo Scientific) and analyzed as described above.

Half-life experiments

To determine reportermRNAdecay rates, cells were treatedwith
actinomycinD (10 µg/mL final concentration) 24 h after transfec-
tion and collected at the indicated time points. mRNA levels de-
termined by Northern blotting were normalized to the levels of
18S rRNA. To determine the half-lives (t1/2 = 50% of remaining
mRNA) indicated below the panels in the figures, the normalized
BGG-6xMS2bs mRNA levels were set to 1 at time point zero and
plotted against time.

RNase H digestion

Tenmicrograms of RNAwere incubated with 3 μL of 5 U/µL RN-
ase H (New England Biolabs) and 6 μMoligo(dT) 15-mer in 100 μL
of H2O for 1 h at 37°C. The RNaseH-treated RNAwas purified by
phenol-chloroform extraction and analyzed byNorthern blotting.

Terminator assay

Tenmicrograms of RNA treated with 1 μL of Terminator 5′-phos-
phate-dependent exonuclease 1 U/μL (Epicentre) in 20 μL of H2O
for 1 h at 37°C was purified by phenol-chloroform extraction and
analyzed via Northern blotting.

Coimmunoprecipitation (co-IP) and pull-down assays

The conditions used in the co-IP and pull-down assays are de-
scribed in the Supplemental Material. All antibodies used in the
co-IP and pull-down assays are listed in Supplemental Table S2.

Immunofluorescence

Immunofluorescence was performed as described in Lazzaretti
et al. (2009). Details are included in the Supplemental Material.

Generation of the 4EHP-null cell line

Clonal cell lines were obtained and confirmed for gene editing as
described previously (Peter et al. 2017). Details are described in
the Supplemental Material.

Polysome profiling

Polysome profiles for HEK293T wild-type and 4EHP-null cells
were performed as described before (Kuzuoğlu-Öztürk et al.
2016).

Statistics

Experiments were done in triplicates and all data is reported as
the mean± the standard deviation (SD) represented as error bars.
Statistical analyses were performed with a two-tailed paired
Student’s t-test. P-values < 0.05 were considered statistically
significant.
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