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Abbreviations 

4E-BP 4E-binding protein 

4EHP eIF4E homologous protein 

4E-T Eukaryotic translation initiation factor 4E transporter 

AGO Argonaute protein 

ARE AU-rich element 

BGG Beta globin gene 

CAF1/NOT7 CCR4-NOT transcription complex subunit 7 

CAF40/NOT9 CCR4-NOT transcription complex subunit 9 

cap 5  mRNA 7-methyl-guanosine 

CCR4/NOT6 CCR4-NOT transcription complex subunit 6 

CCR4-NOT Carbon catabolite repressor 4; Negative on TATA-less 

CPE Cytoplasmic polyadenylation element 

CPEB Cytoplasmic polyadenylation element binding protein 

CUP Protein cup 

DCP1 mRNA decapping enzyme 1 

DCP2 mRNA decapping enzyme 2 

DDX6 DEAD-box helicase 6 

DNA Deoxyribonucleic acid 

EDC1-4 Enhancer of decapping protein 1-4 

eIF4A Eukaryotic translation initiation factor 4A 

eIF4E Eukaryotic translation initiation factor 4E 

EIF4ENIF eIF4E nuclear import factor (gene of 4E-T) 

eIF4F Eukaryotic translation initiation factor 4F 

eIF4G Eukaryotic translation initiation factor 4G 

EJC Exon junction complex 

ELAVL1/HuR ELAV-like protein 1 

GIGYF GRB10-interacting GYF protein 

HEK293T Human embryonic kidney 293T cells 

HeLa Henrietta Lacks, cell line derived from cervical cancer cells 

HELZ Putative RNA Helicase with Zinc-finger 

kDa Kilodalton 
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LSM14A Protein LSM14 homolog A 

LSM1-7 Like Sm protein 1-7 

miRISC microRNA-induced silencing complex 

miRNA microRNA 

mRNA Messenger RNA 

mRNP Messenger ribonucleoprotein 

NGD No-go decay 

NMD Nonsense-mediated decay 

NOT1 CCR4-NOT transcription complex subunit 1 

NPC Nuclear pore complex 

NSD Nonstop mediated decay 

PABP Poly(A)-binding protein 

PABPC Cytoplasmic poly(A)-binding protein 

PAN2 PAN2-PAN3 deadenylation complex catalytic subunit PAN2 

PAN3 PAN2-PAN3 deadenylation complex catalytic subunit PAN2 

PatL1 Protein PAT1 homolog 1 

P-body Processing body 

poly(A) Poly-adenosine 

PTC Premature termination codon 

Pum2 Pumilio homolog 2 

RBP RNA binding protein 

RISC RNA-induced silencing complex 

RNA Ribonucleic acid 

SCD6 Yeast homolog of LSM14A 

Smaug2 Protein Smaug homolog 2 

TNRC6B Trinucleotide repeat-containing gene 6B protein 

TTP Tristetraprolin 

UNR/CSDE1 Cold shock domain-containing protein E1 

UTR Untranslated region 

XRN1 5 -3  exoribonuclease 1 
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Summary 

The eukaryotic initiation factor 4E (eIF4E) binds the cap structure of an mRNA as the 

first step of cap dependent translation. Together with the RNA helicase eIF4A and the 

scaffolding protein eIF4G, eIF4E forms the eIF4F complex, which recruits the 43S pre-

initiation complex to initiate translation. The eIF4E-transporter (4E-T) is an eIF4E-binding 

protein (4E-BP) responsible for the nucleocytoplasmic shuttling of eIF4E. Additionally, 4E-T 

prevents translation initiation by competing with eIF4G for binding to eIF4E. 4E-T is also a P-

body protein that contributes to mRNA decay triggered by AU-rich elements (ARE) and 

microRNAs (miRNAs).  

The work described in this thesis focuses on the molecular mechanisms and protein 

interaction partners used by 4E-T in the regulation of mRNA decay. To study the effects of 4E-

T on mRNA stability and translation, tethering assays with reporter transcripts coupled to 

northern blotting were performed in human cells. Binding of 4E-T to a reporter promoted 

CCR4-NOT dependent mRNA deadenylation. Unlike typical 5 -3  mRNA decay, the 4E-T 

bound mRNA was not decapped and degraded but remained stable as a deadenylated decay 

intermediate. Binding assays indicated that recruitment of the CCR4-NOT complex to an 

mRNA by 4E-T is mediated by the so far uncharacterized middle region of 4E-T and 

independent of the interaction partners described to date.  

The studies reported here also indicate that the interaction of 4E-T with the cap binding 

proteins eIF4E or 4EHP prevented decapping of the deadenylated mRNA. Furthermore, we 

found that inhibition of decapping by 4E-T participates in the regulation of gene expression by 

the microRNA effector protein TNRC6B, the CCR4-NOT scaffolding protein NOT1 and in the 

turnover of ARE containing reporter mRNAs. These results show that 4E-T can potentially 

stabilize mRNAs targeted for decay in a wide range of biological processes, including 

microRNA-mediated gene silencing.  

This work highlights that inhibition of decapping by 4E-T allows the storage of 

deadenylated and silenced mRNAs. To date, this is the first insight into the molecular 

mechanism of mRNA storage in human cells, which plays important yet poorly understood 

functions in oocyte and neuronal development.  
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Zusammenfassung 

Der eukaryotic initiation factor 4E (eIF4E) bindet die Cap-Struktur einer mRNA im ersten 

Schritt der Cap abhängigen Translation. Zusammen mit der Helikase eIF4A und dem 

verbindenden Protein eIF4G, bildet eIF4E den eIF4F Komplex, welcher den 43S 

Präinitiationskomplex zu einer mRNA rekrutiert, um die Translation zu initiieren. eIF4E-

transporter (4E-T) ist ein eIF4E-binding protein (4E-BP), dass eIF4E zwischen dem 

Zytoplasma und dem Nukleus transferiert. Darüber hinaus verhindert 4E-T die Initiierung der 

Translation, indem es mit eIF4G um die Binding von eIF4E konkurriert. 4E-T ist ein P-body 

Protein und wirkt bei mRNA Abbau, ausgelöst durch AU-reiche Elemente (ARE) und 

microRNAs (miRNAs), mit.  

Diese Arbeit konzentriert sich auf die molekularen Mechanismen und 

Interaktionspartner, die von 4E-T verwendet werden, um den mRNA Abbau zu regulieren. Zur 

Untersuchung welchen Effekt 4E-T auf die Stabilität und die Translation von mRNA hat, 

wurden Tethering assays mit Reporter-Transkripten zusammen mit Northern blots verwendet. 

Das Binden von 4E-T an die Reporter mRNA löste CCR4-NOT abhängige Deadenylierung aus. 

Im Gegensatz zu typischem 5  zu 3  mRNA Abbau, wurde von der 4E-T gebundenen mRNA 

nicht die Cap-Struktur entfernt. Daher blieb die mRNA stabil als ein deadenyliertes 

Abbauzwischenprodukt erhalten. Anhand von Bindungstests fanden wir heraus, dass 4E-T den 

CCR4-NOT Komplex mittels eines bisher nicht charakterisierten Bereichs in der mittleren 

Domäne zu einer mRNA bringt, unabhängig von bekannten Interaktionspartnern. 

Wir fanden heraus, dass 4E-T Decapping durch seine Interaktion mit den Cap-bindenden 

Proteinen eIF4E oder 4EHP (eIF4E homologous protein) blockiert. Des Weiteren konnten wir 

beobachten, dass das Blockieren von Decapping durch 4E-T in der Regulierung der 

Genexpression durch das miRNA Effektor Protein TNRC6B, das CCR4-NOT 

Verbindungsprotein NOT1 und bei ARE-enthaltenden Reporter mRNAs, eine Rolle spielt. 

Daher kann 4E-T wahrscheinlich mRNA vor Abbau beschützen, die in einer Vielzahl von 

biologischen Prozessen beteiligt ist. 

Diese Arbeit zeigt, dass das Blockieren von Decapping durch 4E-T es ermöglicht 

deadenylierte und stillgelegte mRNA zu lagern. Dies ist bisher der erste Einblick in den 

molekularen Mechanismus von mRNA Lagerung in menschlichen Zellen, ein wichtiger 

Mechanismus der kaum verstanden aber essenziell für Oozyten und neuronale Entwicklung ist. 
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1 Introduction 

1.1 Eukaryotic gene expression 

Protein synthesis is a fundamental process of all living beings. The information to 

combine amino acids in the right order is coded in genes in the DNA. In eukaryotic cells, 

reading of this information starts in the nucleus with the transcription of the DNA into pre-

messenger RNA (pre-mRNA) (Figure 1). The newly transcribed RNA gets modified at the 5  

end by the addition of the cap structure, a 7-methylguanosine linked to the RNA with a 

triphosphate bridge. This cap is important for nuclear export of the mRNA, translation initiation 

and protection from exonucleases, among others (Varani, 1997). At the 3  end the transcribed 

RNA gets cleaved and polyadenylated, which is directed by specific sequence elements close 

to the cleavage site (Mandel et al., 2008). This poly(A) tail consists of usually more than 100 

adenosines and protects the RNA from degradation from the 3  end, promotes translation and 

is required for export to the cytoplasm (Munroe and Jacobson, 1990). From the pre-mRNA 

 

 
Figure 1 Overview of eukaryotic gene expression. The DNA is first transcribed into a pre-mRNA by 
RNA polymerase II. Subsequent pre-mRNA processing includes 3  poly(A) tail and a 5  cap structure 
addition and splicing out of introns. The mature mRNA, bound by several RNA binding proteins (RBP), 
forms a messenger ribonucleoprotein (mRNP). This complex is exported out of the nucleus and into the 
cytoplasm through the nuclear pore complex (NPC). In the cytoplasm, different RBPs associate with the 
mRNA to promote recruitment of the ribosome and protein synthesis. At any step of its lifetime the 
mRNA can be degraded by several mRNA decay factors. 
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noncoding regions, named introns, get removed by splicing, a process performed by the large 

spliceosome complex, yielding the mature messenger RNA (mRNA). 

The mRNA, bound by several proteins forming a messenger ribonucleoprotein (mRNP), 

is then exported into the cytoplasm through the nuclear pore complex (NPC) (Stutz and 

Izaurralde, 2003). In the cytoplasm, upon remodeling of the mRNP and ribosome recruitment, 

the mRNA can be translated into proteins (Maquat et al., 2010; Rissland, 2017).  

 

1.2 Translation of mRNA 

Translation is the process of creating peptide chains by decoding the sequence 

information stored in an mRNA, which is facilitated by the ribosome. The first step of cap-

dependent translation is the assembly of the eukaryotic initiation factor 4F (eIF4F) complex on 

the cap structure of an mRNA. The eIF4F complex consists of the cap binding protein eIF4E, 

the RNA-Helicase eIF4A and the scaffolding protein eIF4G. This complex mediates the 

recruitment of the 43S pre-initiation complex, composed of the small ribosomal subunit, several 

initiation factors and the initiator Met-tRNA (methionine transfer RNA) to the mRNA. The pre-

initiation complex moves along the mRNA until it recognizes a start codon which leads to the 

joining of the large ribosomal subunit and thus the assembly of the full ribosome (Jackson et 

al., 2010). The ribosome catalyzes stepwise the formation of peptide bonds between amino 

acids brought to the ribosome by tRNAs, which recognize nucleotide triplets (codons) on the 

mRNA by base pairing. The nascent peptide chain gets thus extended until the ribosome 

encounters a termination codon, which triggers the hydrolysis and release of the peptide chain 

by several release factors (Schuller and Green, 2018). 

Translation must be precisely controlled to guarantee that the right amount of proteins is 

produced and to protect against faulty, potentially harmful products. Therefore, translational 

control mechanisms operate in eukaryotic cells on many stages of translation (Kozak, 1992). 

 

1.2.1 Regulation of translation by 4E-binding proteins 

Ribosome recruitment is tightly regulated by mechanisms that target different steps of 

translation initiation (Sonenberg and Hinnebusch, 2009). The eIF4E-binding proteins (4E-BPs), 

for instance, block translation initiation by disrupting the assembly of the eIF4F complex. They 

mimic the binding of eIF4G with eIF4E by using the same binding motifs, the so-called eIF4E-

binding motifs, to compete with eIF4G for the same surface on eIF4E (Haghighat et al., 1995). 

The canonical eIF4E-binding motif is characterized by Tyr-X4-Leu-
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ydrophobic residue) (Haghighat et al., 1995) whereas the non-canonical motifs, 

located 15-20 residues downstream of the canonical ones, show little conservation but greatly 

enhance eIF4E binding and thus competition with eIF4G (Igreja et al., 2014; Peter et al., 2015a, 

2015b).  

4E-BPs are important for synaptic plasticity and memory (Banko, 2005) and as a major 

effector of the mammalian target of rapamycin (mTOR) pathway 4E-BP1 controls a wide 

variety of processes like cell proliferation and cell cycle progression (Ma and Blenis, 2009). 

Due to their activity as translational repressors, 4E-BPs also act as tumor suppressors (Dowling 

et al., 2010; Martineau et al., 2013). 

 

 
Figure 2 Mechanism of translational repression by 4E-binding proteins (4E-BP). The eIF4F 
complex consisting of eIF(4G), eIF(4A) and the cap binding protein eIF(4E), is required for translation 
initiation. 4E-BPs compete with 4G for binding to 4E and thus prevent the assembly of the complex. 
This activity can be regulated by phosphorylation (P) of 4E-BP (Gingras et al., 1999). 

 

1.3 The poly(A) tail 

With the exception of most histone mRNAs, all eukaryotic mRNAs are 3  end 

polyadenylated (Davila Lopez and Samuelsson, 2007). The poly(A) tail facilitates export of the 

mRNA to the cytoplasm where it gets shortened to roughly 60 to 100 adenosines, in humans 

(Chang et al., 2014b; Eisen et al., 2020a). The tail length has long been associated with the 

translational status of an mRNA because in Xenopus laevis oocytes the extension of the poly(A) 

tail by cytoplasmic polyadenylation was found to be necessary for the translation of specific 

maternal mRNAs (Richter, 1999). Furthermore, synthetic poly(A) tails facilitated translation of 

c-mos mRNA, which is required for meiotic maturation (Barkoff, 1998). The poly(A) tail is 

bound by the poly(A) binding protein (PABP), which interacts with eIF4G and facilitates 

translation initiation, supposedly by promoting the circularization of mRNA (Weill et al., 

2012). In several organisms a correlation of poly(A) tail length with translation efficiency was 
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found in early development (Munroe and Jacobson, 1990). These observations have recently 

been confirmed by poly(A) tail sequencing coupled to ribosome profiling, which allows 

measuring the translation efficiency by calculating the ribosomes bound per mRNA (Subtelny 

et al., 2014). However, this correlation is lost in somatic cells, where translation efficiency only 

changes for mRNAs with poly(A) tail length below 20 adenosines (Park et al., 2016; Subtelny 

et al., 2014). Interestingly, this poly(A) tail length limit is roughly the number of adenosines 

required to bind a single PABP (~27) (Baer and Kornberg, 1983). This data suggests that the 

poly(A) tail length is in somatic cells not important for regulation of translation. However, it 

determines the stability of an mRNA by protecting it from decay. This assumption is based on 

the observation that removal of the poly(A) tail by deadenylases commits an mRNA to 

complete degradation (Chen and Shyu, 2011). Recently it was shown that the poly(A) tail is 

crucial for the decay rate of an mRNA, which is determined by its deadenylation rate (Eisen et 

al., 2020a). 

 

1.4 mRNA surveillance 

Cells have evolved surveillance mechanisms that sense and degrade faulty mRNAs. In 

eukaryotes, three pathways execute selective degradation of aberrant mRNAs: nonsense 

mediated decay (NMD), nonstop mediated decay (NSD) and no-go decay (NGD).  

NMD specifically promotes the degradation of mRNAs containing a premature 

termination/stop codon (PTC) upstream of an exon junction complex (EJC) (Maquat and Li, 

2001). The EJC and the NMD machinery form a complex with translation termination factors 

present at the PTC. This complex triggers the recruitment of the CCR4-NOT deadenylase 

complex to cause 5 -3  mRNA decay (Loh et al., 2013) or the endonuclease SMG6 which 

cleaves the mRNA, exposing it to decay by exonucleases (Eberle et al., 2009; Huntzinger et al., 

2008). Alternatively, NMD has been suggested to be triggered by an increase in length of the 

3  UTR due to a PTC (Shoemaker and Green, 2012). 

NSD targets mRNAs without a stop codon, such as truncated transcripts, transcripts 

shortened by alternative polyadenylation beyond the stop codon, or ones with a mutated stop 

codon. Stalling of the ribosome due to reaching the end of the mRNA or reading into the 

poly(A) tail leads to mRNA decay by recruiting the exosome followed by exonucleolytic or 

first endonucleolytic degradation (Hoof et al., 2002; Klauer and van Hoof, 2012; Schaeffer and 

van Hoof, 2011). 

NGD, another control mechanism that targets stalled ribosomes, has been found in yeast 

(Doma and Parker, 2006). Here, mRNAs with stalled ribosomes, due to strong secondary 
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structures in the coding sequence, get endonucleolytically cleaved and then degraded mainly 

by the activity of XRN1 (D’Orazio et al., 2019). 

 

1.5 mRNA decay 

mRNA degradation is a key step in the control of gene expression. It can occur at any 

step of an mRNA lifetime and it not only allows the destruction of faulty mRNAs but also 

influences the dynamics of mRNA abundance. The turnover rate is a major contributor to the 

steady state level of an mRNA (Wu and Brewer, 2012) and specific degradation of a subset of 

mRNA plays an essential role in many processes like the cell cycle dependent degradation of 

histone mRNA and inflammatory response (Schoenberg and Maquat, 2012). 

mRNAs can be actively cleared from cells by specific recruitment of the decay 

machineries. For example, RNA quality control mechanisms trigger the decay of faulty RNAs 

as described above. Moreover, mRNAs can also contain destabilization motifs, such as 

microRNA binding sites or AU-rich elements (ARE) in the 3  UTR, recognized by specific 

RNA binding proteins (RBPs) which induce degradation of the bound transcript by recruiting 

decay factors (Garneau et al., 2007). 

mRNA degradation in the cytoplasm is executed by exonucleases such as XRN1 (5 -3  

decay) or the RNA exosome (3 -5  decay) (Figure 3) (Chen and Shyu, 2011). Since the mRNA 

is protected from both ends by the cap structure and the poly(A) tail, one of these features must 

be removed to expose the mRNA to exonucleolytic cleavage. Alternatively, endonucleolytic 

cleavage by endonucleases also creates unprotected ends susceptible to exonucleases (Garneau 

et al., 2007). At the 3  end of the mRNA, removal of the poly(A) tail is accomplished by the 

consecutive actions of two deadenylase complexes, Pan2-Pan3 and CCR4-NOT (Yamashita et 

al., 2005). Pan2-Pan3 preferably removes poly(A) bound by oligomers of the cytoplasmic 

poly(A) binding protein (PABPC) and trims the poly(A) tail before the CCR4-NOT complex 

takes over to further shorten it (Schäfer et al., 2019). In the absence of a poly(A) tail, the mRNA 

is exposed to decay in the 3 -5  direction by the RNA exosome, or to decapping followed by 5 -

3  decay by XRN1 (Chen and Shyu, 2011; Schmid and Jensen, 2008). 

The RNA exosome is a multisubunit complex consisting of nine conserved core proteins 

and one active exonuclease, DIS3 (Dziembowski et al., 2007). It can be found in the nucleus 

and the cytoplasm where it is involved in several steps of RNA metabolism including rRNA 

processing and mRNA turnover (Schmid and Jensen, 2008).  
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Figure 3: Deadenylation dependent mRNA decay. The poly(A) tail of an mRNA gets shortened in 
the cytoplasm by the action of two deadenylase complexes: The PAN2-PAN3 and the CCR4-NOT 
complex. Recruitment of the CCR4-NOT complex to an mRNA leads to the rapid removal of the 
poly(A) tail by the deadenylase subunits. Subsequently, the mRNA can be degraded from 3  to the 5  
end by the exosome complex or the m7G cap of the mRNA can be removed by the decapping enzyme 
DCP2 and its cofactors. The unprotected mRNA is then degraded from 5  to 3  by the exonuclease 
XRN1. 

 

For the vast majority of transcripts, cytoplasmic turnover depends on deadenylation 

followed by decapping, which has been concluded based on the accumulation of adenylated or 

deadenylated intermediates upon compromising the CCR4-NOT complex or DCP2, 

respectively (Chen et al., 2009; Yamashita et al., 2005; Zheng et al., 2008). The 5 -3  mRNA 

decay pathway is usually triggered by recruiting the CCR4-NOT complex to an mRNA via 

specific RNA binding proteins (RBP). These RBP can interact with the various subunits of the 

complex (Miller and Reese, 2012).  

 

1.6 The CCR4-NOT complex 

The CCR4-NOT complex is a conserved multi protein assembly involved in several 

cellular processes. In the nucleus, it regulates transcription, histone modifications, mRNA 

quality control and export (Miller and Reese, 2012). In the cytoplasm, when recruited to an 

mRNA by various RNA binding proteins, it rapidly deadenylates the mRNA by the activity of 

various combinations of the deadenylases CCR4 (NOT6), NOT6L, NOT7 and NOT8 (Lau et 

al., 2009). The deadenylated mRNA gets subsequently decapped by DCP2 and 

exonucleolytically degraded by XRN1 from 5 -3  (Figure 3) (Chen and Shyu, 2011). When 
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recruited, the complex also represses translation independently of deadenylation. DDX6 and 

4E-T (in Xenopus) have been shown to be at least partly responsible for this repression 

.  

The CCR4-NOT complex is assembled around the scaffolding subunit NOT1. The N-

terminus of NOT1 binds to NOT10 and NOT11 which contribute to RNA binding and 

deadenylation (Bawankar et al., 2013; Raisch et al., 2019). The middle region of NOT1 binds 

the deadenylase subunits, the RNA helicase DDX6 (Chen et al., 2014; Mathys et al., 2014) and 

CAF40 (also known as NOT9), a binding platform for multiple RBPs (Bulbrook et al., 2018; 

Chen et al., 2014; Mathys et al., 2014; Sgromo et al., 2017, 2018) and the not-core subunit and 

E3 ubiquitin ligase NOT4 (Keskeny et al., 2019). The C-terminus of NOT1 forms together with 

NOT2 and NOT3 the NOT module which mediates the interaction with several RBP, stabilizes 

the complex and also contributes to deadenylation (Bhaskar et al., 2013; Boland et al., 2013; 

Raisch et al., 2019; Sgromo et al., 2017). 

Known RBPs that recruit the CCR4-NOT complex to specific mRNAs are the Nanos 1-

3 proteins (Bhandari et al., 2014; Raisch et al., 2016), Roquin (Sgromo et al., 2017, 2018), 

Bicaudal-C (Chicoine et al., 2007), Smaug (Semotok et al., 2005), (Rambout et al., 2016), 

HELZ (Hanet et al., 2019), the AU-rich element binding protein TTP (Bulbrook et al., 2018) 

and the miRNA-induced silencing complex-associated TNRC6 proteins (Chen et al., 2009, 

2014; Zipprich et al., 2009). 

 

1.7 mRNA decay triggered by AU-rich elements and microRNAs 

Two examples of mRNA sequence features that trigger deadenylation-dependent decay 

are adenosine/uridine-rich elements (ARE) and miRNA binding sites. ARE are motifs in the 3  

UTR with a high frequency of adenosines and uridines found in mRNAs encoding proteins 

critical for cell growth and immune response (LaMarre et al., 2004). They have been first 

described as destabilizing sequence motifs that reduce mRNA half-lives (Treisman, 1985). 

These sequences are recognized by RBPs which recruit factors of the mRNA decay machinery. 

One prominent ARE binding protein is tristetraprolin (TTP). Direct binding of TTP to the 

MIF4G domain of CNOT1 (Fabian et al., 2013) or NOT9 (Bulbrook et al., 2018) causes 

degradation of the bound mRNA. Alternatively, TTP can also recruit the exosome to degrade 

ARE containing mRNAs (Chen et al., 2001). The effect of ARE motifs on mRNA stability 

depends on which RBP binds it. So does ELAVL1 (also known as HuR), in contrast to TTP, 

inhibit decay of deadenylated mRNAs (Peng, 1998). 
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microRNAs (miRNA) are typically ~22 nucleotides long non-coding RNAs that upon 

binding to 3  UTR motifs trigger translational repression and 5 -3  mRNA decay (Izaurralde, 

2015). miRNAs are processed from a transcribed RNA by the microprocessor complex and 

Dicer. The processed miRNA is loaded into an Argonaute (AGO) protein and directs the 

miRNA-induced silencing complex (miRISC) to a target sequence (Bartel, 2004). In animals, 

they bind target sequences only with partial complementary and thus can have a broad range of 

targets involved in all biological processes (Bartel, 2009). The miRISC consists of AGO, the 

associated miRNA and a tri-nucleotide repeat-containing protein (TNRC6). The latter interacts 

via multiple tryptophan residues with NOT9 or directly with NOT1 to recruit the CCR4-NOT 

complex (Chekulaeva et al., 2011; Chen et al., 2014; Fabian and Sonenberg, 2012; Fabian et 

al., 2011). As a consequence, miRNA-mediated gene silencing elicits translational repression 

and 5 -3  mRNA decay (Chen et al., 2014; Fabian and Sonenberg, 2012). 

 

1.8 The decapping complex 

The removal of the 7-methyl-guanosine (m7G) cap structure commits an mRNA 

irreversibly to exonucleolytic degradation by XRN1 which is why this process has to be tightly 

regulated. The major decapping enzyme in human cells is DCP2. It hydrolyses the 5  cap 

structure and releases m7GDP and 5 -monophosphorylated mRNA by the activity of its Nudix 

domain (Wang et al., 2002). The conserved core of the decapping complex is formed by DCP2 

and DCP1, which enhances the enzymatic activity of DCP2 greatly by improving binding of 

the mRNA substrate (Steiger et al., 2003; Valkov et al., 2016). Several other factors also 

enhance DCP2 decapping activity. Known decapping activators include the enhancer of 

decapping (EDC)1-4 proteins, the LSM1-7 complex, DDX6, LSM14A, and PatL1 (Arribas-

Layton et al., 2013).  

EDC1 and 2 have not been found in eukaryotes other than budding yeast, while EDC3 is 

highly conserved in eukaryotes and EDC4 only in metazoan (Arribas-Layton et al., 2013). 

EDC3 can stimulate decapping in vitro by binding the decapping complex via its LSm domain 

(Fromm et al., 2012). EDC4 provides a scaffold for assembling DCP1 and DCP2 and 

furthermore binds XRN1, thus also potentially stimulating degradation of decapped mRNA 

(Chang et al., 2014a, 2019). The LSM1-7 complex forms a heptameric ring which binds 

preferably deadenylated mRNA close to the 3  end and promotes in conjunction with Pat1p 

decapping, which has been shown in yeast (Bouveret et al., 2000; Chowdhury et al., 2007; 

Tharun and Parker). 
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1.8.1 PatL1 

PatL1 has been identified as a decapping activator due to the accumulation of 

deadenylated and capped reporter mRNA upon depletion of the homologous Pat1p protein in 

yeast (Bouveret et al., 2000). In human cells, PatL1 localizes to P-bodies and promotes 

deadenylation and decapping of bound mRNA, as a result of its interaction with the CCR4-

NOT complex (Braun et al., 2010; Ozgur et al., 2010). PatL1 also interacts with the LSM1-7 

ring, which facilitates binding to deadenylated 3  ends of an mRNA (Chowdhury et al., 2007), 

with the decapping enzyme DCP2 and the decapping factors DDX6 and EDC4. These protein-

protein interactions place PatL1 at the interface between deadenylation and decapping, i.e. it 

forms a bridge between the CCR4-NOT and the decapping complex (Braun et al., 2010; Ozgur 

et al., 2010). Lack of PatL1 leads in yeast to reduced growth and viability and is lethal in C. 

elegans early development (Boag et al., 2008; Wang et al., 2002). Apart from its cytoplasmic 

role, PatL1 also shuttles to the nucleus where it interacts with the LSM2-8 complex and 

regulates splicing (Vindry et al., 2017). 

 

1.8.2 LSM14A 

LSM14A (also known as RAP55) shares with the LSM1-7 complex and EDC3 the 

conserved LSm domain. Similar to EDC3 but in contrast to LSM1-7, this domain in LSM14A 

does not mediate RNA binding but protein-protein interactions (Brandmann et al., 2018). In 

yeast, the LSM14A homolog SCD6 binds to DCP2 and enhances its decapping activity. Binding 

to DCP2 is mutually exclusive with EDC3 (Fromm et al., 2012). In addition, LSM14A also 

competes with EDC3 for binding to DDX6. Due to a strong overlap in interaction partners 

EDC3 and LSM14A have been suggested to be redundant (Decourty et al., 2008). However, 

LSM14A has distinct interaction partners like the translational repressor eIF4E-transporter (4E-

T) (Brandmann et al., 2018) and eIF4G. SCD6 interacts with eIF4G through its RGG domain 

which causes translation repression presumably by preventing eIF4F dependent 43S pre-

initiation complex recruitment (Rajyaguru et al., 2012). Furthermore, LSM14A is essential for 

P-body formation and its P-body localization is presumably directed via arginine methylation 

by PRMT1 (Matsumoto et al., 2012; Yang, 2006). 

 

1.8.3 DDX6 

DDX6 (Me31B in D. melanogaster, Dhh1 in budding yeast) is an RNA helicase which 

has been identified as a decapping activator in S. cerevisiae due to the accumulation of capped 



1  Introduction 
 

 15 

mRNA decay intermediates upon its depletion (Coller et al., 2001). DDX6 consists of two 

RecA-like domains and contains RNA binding elements conserved between DEAD-box 

helicases. However, its helicase activity seems to be more relevant for controlling RNA-protein 

complexes than for helicase typical RNA unwinding (Presnyak and Coller, 2013). Interestingly, 

DDX6 has mutually exclusive interactions with multiple decapping activators (EDC3, 

LSM14A and PatL1) and the translational repressors eIF4E-transporter (4E-T). All these 

proteins bind to a conserved surface on the RecA2 domain of the RNA helicase (Ozgur et al., 

2015; Sharif et al., 2013; Tritschler et al., 2009). In addition, DDX6 is able to bind the MIF4G 

domain of NOT1, which stimulates the DDX6 RNA helicase ATPase activity and is important 

for miRNA mediated translational repression (Mathys et al., 2014; Rouya et al., 2014). The 

interaction of NOT1 with DDX6 can occur simultaneously with 4E-T, but not with EDC3 or 

PatL1 (Chen et al., 2014; Ozgur et al., 2015). These observations, together with its high 

abundance in cells and on mRNA, suggests that DDX6 might be central to decision making 

over the fate of an mRNA (Ernoult-Lange et al., 2012). When recruited to an mRNA it promotes 

decapping, deadenylation dependent mRNA decay and translational repression independently 

of decay (Chen et al., 2014; Mathys et al., 2014; Rouya et al., 2014). 

 

1.9 Processing (P)-bodies 

Many of the 5 -3  mRNA decay factors can be found in membraneless cytoplasmic foci 

called processing bodies (P-bodies) (Luo et al., 2018). This observation, together with the 

accumulation of polyadenylated mRNAs in P-bodies upon knockdown of XRN1, led to the 

initial description of P-bodies as sites of mRNA decay (Cougot et al., 2004; Sheth, 2003). 

However, more recent evidences indicate that P-bodies have a role in mRNA storage. For 

instance, some mRNAs can exit P-bodies and reenter translation (Brengues et al., 2005). In 

addition, recent analysis of purified P-bodies revealed the accumulation of repressed mRNAs 

without significant changes in mRNA abundance (Hubstenberger et al., 2017).  

Several factors are crucial for P-body formation. These include DDX6, LSM14A, mRNA 

and 4E-T (Andrei et al., 2005; Marnef et al., 2012; Standart and Weil, 2018). Together, these 

factors presumably form a scaffold where other factors assemble to and leading to liquid-liquid 

phase separation (Andrei et al., 2005; Banani et al., 2016, 2017). Phase separation might allow 

the sequestering of components or the compartmentalization of biochemical processes without 

the need of separating structures (Banani et al., 2016). However, it is so far still unknown if the 

aggregation and phase separation leading to P-bodies has an actual function, since it has been 
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shown that P-bodies are not required for mRNA decay, but are a consequence of it (Eulalio et 

al., 2007; Wilbertz et al., 2019). 

 

1.10 eIF4E-transporter (4E-T) 

1.10.1 4E-T is a 4E-BP involved in mRNA decay 

4E-T was first described as a 4E-BP and a shuttling protein that mediates the nuclear 

import of eIF4E (Dostie et al., 2000). Subsequent studies revealed that it is also involved in the 

decay of mRNAs containing AREs and in the decay and translational repression of miRNA 

targets (Ferraiuolo et al., 2005; Jafarnejad et al., 2018; Kamenska et al., 2014a, 2016; Nishimura 

et al., 2015). When tethered to a reporter mRNA, 4E-T elicits translational repression without 

affecting mRNA stability (Kamenska et al., 2014a, 2016). 4E-T localizes to P-bodies, is 

essential for their formation and also brings eIF4E to P-bodies (Ferraiuolo et al., 2005). 

4E-T is predicted to be mostly unstructured (Kamenska et al., 2014b) with evolutionary 

conserved regions that mediate protein-protein interactions. These conserved regions represent 

short linear sequence motifs (SLiMs) embedded in disordered low-complexity sequence 

(Figure 4). This protein architecture is typically found in translational repressors and decapping 

activators, and is thought to facilitate the assembly of RNP-granules (Jonas and Izaurralde, 

2013). These SLiMs mediate specific interactions with specific decay factors, including DDX6, 

the CCR4-NOT complex subunits NOT1 and NOT4, as well as the decapping factors PatL1 

and LSM14A (Kamenska et al., 2014a, 2016). A structure of a 4E-T fragment in complex with 

DDX6 and NOT1 demonstrates a physical link of 4E-T with the 5 -3  mRNA decay machinery 

(Ozgur et al., 2015). The assembly of NOT1, DDX6 and 4E-T is in Xenopus laevis responsible 

for translational repression by the CCR4-NOT complex (Waghray et al., 2015). 

The 4E-binding region contains the canonical 4E-binding motif which mediates binding 

to eIF4E as well as the eIF4E homologous protein (4EHP) (Chapat et al., 2017; Dostie et al., 

2000). 4EHP competes with eIF4E for binding to the cap structure but does not interact with 

eIF4G, thus repressing translation (Joshi et al., 2004; Rom et al., 1998). Translational repression 

by 4EHP is important for Drosophila development (Cho et al., 2005, 2006) and together with 

the GIGYF proteins it controls mouse embryonal development (Morita et al., 2012) and the 

expression of ARE containing mRNAs (Peter et al., 2019). 4EHP binding by 4E-T increases its 

affinity to the cap structure and contributes to miRNA dependent translational repression 

(Chapat et al., 2017). 
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Figure 4 Schematic overview of 4E-T. The binding regions for eIF4E/4EHP, UNR, DDX6 and 
LSM14A have been described before (Kamenska et al., 2016; Nishimura et al., 2015). The PatL1 
binding region and the refined LSM14A region is described in this work. The identified phosphorylation 
sites according to Cargnello et al. (2012) are indicated with a P. The 4E-T domain is similar to other 4E-
T proteins. NLS: nuclear localization signal, NES: nuclear export signal, CHD: Cup homology domain, 
C: canonical eIF4E binding motif. 

 

Another described interaction motif in 4E-T binds to the cold shock domain protein 

upstream of N-Ras (CSDE1, UNR) (Kamenska et al., 2016). This protein has diverse roles in 

translational regulation and is essential for mouse embryonic development, among others (Ray 

et al., 2015). Together with DDX6 it contributes to translational repression caused by 4E-T 

(Kamenska et al., 2016). 

4E-T is hyperphosphorylated by the c-Jun N-terminal Kinase during arsenite-induced 

stress, which leads to increased P-body size (Cargnello et al. 2012). Six phosphorylation sites 

have been identified in the middle region of 4E-T (Figure 4) (Cargnello et al., 2012) but their 

functional consequences apart from P-body assembly are still unknown. 

 

1.10.2 4E-T is important for development  

4E-T is essential for proper neuronal development during mouse embryogenesis. 

Together with the RBPs Smaug2 and Pum2, 4E-T forms a translational repressor complex that 

specifically controls the expression of pro-neurogenic transcription factors regulating neuronal 

differentiation and specification (Amadei et al., 2015; Zahr et al., 2018). 4E-T is important for 

angiogenesis by promoting turnover of regulatory mRNAs, a process that is controlled by 

alternative splicing regulated by the ARE-binding protein ELAVL1. 

Furthermore, 4E-T is also highly expressed in developing oocytes and plays an important 

role in oogenesis as it is required for the release from prophase arrest (Pfender et al., 2015; 

Villaescusa et al., 2006). In human, a nonsense and missense mutation in the EIF4ENIF gene 

are associated with premature ovarian failure (Kasippillai et al., 2013) and diminished ovarian 

reserve (Zhao et al., 2019), respectively. Further evidence for the importance of 4E-T in germ 

cell development was given in C. elegans where it is required for normal gonad organization 

(Sengupta et al., 2013).  
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D. melanogaster (Dm) expresses two 4E-T domain containing proteins: CG32016 (4E-

T) and the 4E-T related protein CUP. Although the function of Dm 4E-T is currently unknown, 

CUP is required for proper ovary development and oocyte growth (Keyes and Spradling, 1997). 

CUP represses oskar and nanos mRNA during transport in the oocyte to prevent premature 

translation by binding the RBPs Bruno and Smaug, respectively (Nakamura et al., 2004; Nelson 

et al., 2004). At the molecular level, CUP represses translation and induces deadenylation of a 

target mRNA. The deadenylated mRNA is protected from decapping so that it can be translated 

at a specific location in the oocyte (Igreja and Izaurralde, 2011). 

Taken together, 4E-T is an important regulator of translation and mRNA stability in 

developmental processes such as neuronal and ovary development. Nevertheless, 4E-T is 

constitutively expressed in all cells in the human body hinting at a general role in post-

transcriptional regulation. The mechanisms employed by 4E-T in the control of gene expression 

are so far poorly understood. 
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2 Aims and Objectives 

2.1 4E-T 

Past observations point to an important role of 4E-T in oocyte and neuronal development 

and an extensive integration of 4E-T in the 5 -3  mRNA decay pathway. Although 4E-T is 

involved in mRNA decay triggered by AU-rich elements and microRNAs, recruitment of 4E-

T to an mRNA reporter does not affect its stability.  

First, in order to resolve these contradicting observations on the role of 4E-T in mRNA 

decay, I wanted to study in detail the molecular events occurring upon the recruitment of 4E-T 

to an mRNA. Therefore, I tethered a MS2-4E-T fusion protein to a luciferase reporter mRNA 

containing specific MS2-binding sequences in the 3  UTR. Changes in luciferase activity and 

reporter mRNA levels thus depict 4E-T dependent effects on translation and mRNA turnover. 

Visualization of the transcript via northern blotting furthermore allows the identification of 

changes in poly(A) tail length upon binding of 4E-T to the mRNA. 

Second, as 4E-T interacts with several members of the 5 -3  mRNA decay pathway, I 

investigated the relevance of these protein-protein interactions in 4E-T dependent regulation of 

gene expression. To this end, 4E-T deletion mutants that specifically abolish the binding to each 

protein partner individually were created and compared in tethering assays to wild type 4E-T 

for their ability to repress translation, promote deadenylation, and block decapping. 

Finally, I aimed at characterizing the contribution of 4E-T to mRNA decay triggered by 

AU-rich elements and microRNAs, which control the turnover of a plethora of mRNAs and 

influence multiple biological processes. Therefore, I tested how depletion and overexpression 

of 4E-T affected the stability of reporter transcripts mimicking miRNA or AU-rich elements 

dependent mRNA turnover. 

Taken together, the goal of my studies was to understand the role of 4E-T in mRNA 

metabolism and which protein partners are required for its function. This knowledge will further 

our molecular understanding of the functions of an essential P-body component and important 

factor in development. Because 4E-T is closely associated with deadenylation and decapping 

factors as well as cap binding proteins, these studies will also help to unravel the 

communication between the poly(A) tail and the cap structure.   
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2.2 HELZ 

RNA helicases are involved in all steps of RNA metabolism. HELZ is putative RNA 

helicase that interacts with the CCR4-NOT deadenylase complex and PABPC1. However, the 

role of HELZ in mRNA turnover has remained elusive. The aim of this project was to 

characterize the interaction of HELZ with the deadenylase complex and its role in RNA 

metabolism. In vivo and in vitro pulldown experiments were used to study the interaction of 

HELZ with the CCR4-NOT complex and associated factors. By employing tethering assays 

coupled to luciferase measurements and northern blotting we tested the influence of HELZ in 

translation and mRNA stability. 

In summary, these experiments will contribute to the understanding of the role of RNA 

helicases in mRNA decay and translational regulation and highlight the integration of RNA 

helicases with the CCR4-NOT complex.   
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3 Results and discussion I: 4E-T 

This part describes and discusses the first manuscript attached to this thesis, titled:  

“4E-T-bound mRNAs are stored in a silenced and deadenylated form”. References to 

figures in this publication start with “P1”. 

 

3.1 4E-T promotes deadenylation and blocks decapping of bound mRNAs 

Deadenylation is the first step of 5 -3  mRNA decay and is carried out by the coordinated 

action of the deadenylase complexes Pan2-Pan3 and CCR4-NOT (Chen and Shyu, 2011). Once 

the poly(A) tail is mostly removed the mRNA gets decapped and subsequently degraded from 

the 5  end by XRN1 (Yamashita et al., 2005). 

We found that recruitment of 4E-T to a reporter mRNA induces the shortening of its 

poly(A) tail. However, the deadenylated mRNA in the presence of 4E-T remains capped and 

protected from degradation (P1 Figure 1). This observation stands in contrast to other proteins 

known to initiate deadenylation, which mostly lead to mRNA decay (Bawankar et al., 2013; 

Bhandari et al., 2014; Chen et al., 2009; Hanet et al., 2019; Loh et al., 2013; Raisch et al., 2016; 

Ruscica et al., 2019; Sgromo et al., 2017, 2018). Thus, 4E-T tethering initiates an incomplete 

version of the 5 -3  mRNA decay pathway. After deadenylation, the reporter mRNA bound to 

4E-T is kept in an intermediated decay state, where it is translationally repressed and protected 

from further degradation (P1 Figure 1B, C and P1 Figure S1). 

In a previous report, it was shown that 4E-T wild type does not change mRNA abundance 

upon tethering but that the canonical eIF4E binding mutant reduces reporter mRNA levels 

strongly (Kamenska et al., 2014a). These observations are in accordance with our findings. 

However, in this study the authors did not observe the accumulation of deadenylated mRNA in 

the presence of 4E-T. Since the decay caused by the canonical mutant is deadenylation 

dependent (P1 Figure 4), we assume that in this study 4E-T also promotes deadenylation but 

the resolution of the northern blot was merely not high enough to resolve the deadenylated band 

from the polyadenylated one. 

We furthermore noticed that upon tethering of 4E-T some mRNA is not stabilized in a 

deadenylated state but degraded, which varied slightly between reporter systems used (P1 

Figure 1C, P1 Figure S1B, F, H, K) and 4E-T/reporter mRNA ratios (data not shown). This 

concentration-dependent effect of 4E-T may indicate that blocking of decapping requires higher 

concentrations of the protein compared to deadenylation. Alternatively, poly(A) tail shortening 

could occur even upon transient and low binding rates of 4E-T to the reporter, whereas blocking 
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decapping requires constant binding of 4E-T to the mRNA, which is more likely at a higher 4E-

T to reporter ratio. 

 

3.1.1 4E-T bound mRNAs are deadenylated and not degraded 

RNase H cleavage assays confirmed that the 4E-T bound mRNA is deadenylated. In this 

assay, DNA-RNA duplexes formed by oligo(dT) and the poly(A) tail are digested by RNase H. 

The cleaved mRNA can be visualized by northern blotting as a fast migrating band compared 

to uncleaved mRNA. Treatment of the 4E-T bound reporter with RNase H and oligo(dT) had 

almost no effect on the migration of the mRNA compared to the control mRNA. Moreover, the 

size of the 4E-T bound reporter was very similar to the unbound mRNA upon RNase H 

cleavage. These observations indicate that 4E-T promoted the shortening of the poly(A) tail of 

a bound reporter mRNA (P1 Figure 1E).  

The accumulation of deadenylated mRNA raises the question why the mRNA is not 

degraded from 3  to 5  by the RNA exosome since the lack of poly(A) tail would make the 

mRNA susceptible to this mode of decay (Garneau et al., 2007). One possibility would be that 

unspecific degradation by the exosome happens so slowly that it allows accumulation of the 

deadenylated reporter mRNA. Alternatively, 3  decay could be actively inhibited. Closer 

inspection of the migration pattern of the 4E-T bound mRNA suggests that the reporter is not 

fully deadenylated. In the presence of 4E-T, the reporter migrates not as fast as the cleaved one 

(P1 Figure 1E lanes 3 vs 4). This indicates that the poly(A) tail is not completely removed but 

instead a few adenosines remain, which could be enough to protect the mRNA from 3 -5  decay. 

In order to determine the precise length of the remaining poly(A) tail of 4E-T bound mRNA, a 

more sensitive method would be required like poly(A) tail sequencing or endogenously 

cleaving the 3  end of the reporter coupled with high resolution northern blotting (Bartel, 2009; 

Chang et al., 2014b; Stoeckle and Guan, 1993).  

Decapping can take place before the poly(A) tail is completely removed (Yamashita et 

al., 2005). Recent evidence suggests that decapping starts at a poly(A) tail length of less than 

50 and increases in likelihood to a length of less than 20 nucleotides (Eisen et al., 2020a). This 

length coincides with the binding of one or two PABPC molecules (Schäfer et al., 2019). Thus, 

it is tempting to speculate that 4E-T binding protects, in addition to the cap from decapping, a 

short stretch of adenosines from deadenylation which would protect the mRNA from 3  decay. 

In vitro, fully assembled CCR4-NOT complex removes the complete poly(A) tail (Raisch 

et al., 2019). Together with the finding of fully deadenylated transcripts in cells (Eisen et al., 

2020a), this suggests that preventing full deadenylation of an mRNA is an active process. One 



3  Results and discussion I: 4E-T 
 

 23 

possibility could be the protection of the 3  end by adding non-adenosine nucleotides, especially 

guanylation and uridylation, which has been observed for a large number of transcripts (Chang 

et al., 2014b).  

Guanylation correlates with increased mRNA stability and blocks deadenylation but is 

almost exclusively found in mRNAs with long poly(A) tails (Chang et al., 2014b; Lim et al., 

2018). On the contrary, uridylation can be found mainly in poly(A) tails shorter than ~25 

nucleotides. Uridylation correlates with decreased mRNA stability and is suggested to stimulate 

decapping (Chang et al., 2014b; Eisen et al., 2020a; Rissland and Norbury, 2009).  

Thus, neither guanylation nor uridylation seem to be involved in 4E-T mediated storage 

of deadenylated mRNA. However, terminal Us are known to inhibit deadenylation in 

Arabidopsis thaliana and the in vitro activity of the fully assembled human CCR4-NOT 

complex (Raisch et al., 2019; Sement et al., 2013). Therefore, while adding Us to the end of a 

short poly(A) tail does not usually stabilize the transcript, it will prevent complete 

deadenylation and might thus protect the mRNA from exosome dependent decay, steering the 

mRNA towards the decapping dependent 5 -3  decay pathway (Sement et al., 2013). This would 

subject the mRNA to means of regulations associated with the 5 -3  decay pathway and 

consequently would also allow storage by 4E-T. A comprehensive characterization of the 3  

ends of 4E-T bound transcripts with deep sequencing is necessary to further understand 4E-T 

dependent mRNA storage. 

 

3.2 4E-T is a binding platform for RNA-associated proteins 

4E-T is a mostly unstructured protein. Its interactions with other proteins are mainly 

mediated by short linear motifs (SLiMs). SLiMs-mediated interactions are typical in decapping 

associated proteins (Jonas and Izaurralde, 2013; Kamenska et al., 2014a). The disordered 

architecture of 4E-T is compatible with the assembly of dynamic RNPs and the formation of 

mesh like structures characteristic of RNA granules like P-bodies (Jonas and Izaurralde, 2013). 

On a technical note, the disordered structure allows the convenient deletion of protein regions 

usually without affecting its folding and thus allows the straightforward mapping of protein-

protein interaction sites.  

The 4E-T binding surfaces for the cap binding protein eIF4E, the translational regulator 

UNR, the RNA helicase DDX6 and the decapping factor LSM14A have been described before 

(Dostie et al., 2000; Kamenska et al., 2016; Nishimura et al., 2015). Here, we refined the region 

essential for interaction with the decapping factor PatL1 to a short stretch of 19 amino acids in 

the C-terminal part of 4E-T (Figure 4, P1 Figure S2B). This short region has been implicated 
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in P-body localization, however, its deletion has no effect on 4E-T localization as other C-

terminal sequences are additionally required for P-body localization (P1 Figure S3) (Kamenska 

et al., 2014a). Therefore, the interaction of 4E-T with PatL1 probably contributes to localizing 

4E-T to P-bodies but only in conjunction with a so far little characterized C-terminal region 

(Kamenska et al., 2014a).  

The multiple interactions of 4E-T with decapping factors and RNA associated proteins 

indicate that 4E-T has an important role in the assembly of RNPs and P-bodies. 4E-T might act 

as a scaffolding protein where translational repressors, decay machinery and transport factors 

assemble to regulate mRNA fate. Post transcriptional modifications have been implicated in 

regulating these assemblies. 4E-T is strongly phosphorylated by the c-Jun N-terminal kinase 

(JNK) under oxidative stress conditions, which promotes self-oligomerization and P-body 

assembly (Figure 4) (Cargnello et al., 2012). This observation indicates that phosphorylation 

enhanced binding of 4E-T with its partners, stimulating the assembly of the mesh like network 

underlying P-body formation. Interestingly, the phosphorylation sites are mainly in the middle 

region of 4E-T, which we found to mediate binding to the CCR4-NOT complex (Figure 4, P1 

Figure 2D and P1 Figure 3).  

Further evidence for the relevance of phosphorylation in 4E-BP-RNP assembly is given 

by the mTOR (mammalian target of rapamycin) kinase dependent phosphorylation of 4E-BP1-

3. Phosphorylation of 4E-BP1-3 decreases binding to eIF4E which makes them unable to 

repress translation (Gingras et al., 1999; Laplante and Sabatini, 2012). To date, it remains 

unclear if the interaction of 4E-T with eIF4E is also subjected to regulation by phosphorylation. 

Future experiments are required to determine the effect of phosphorylation on the interactions 

of 4E-T with its partners and the regulation of mRNA fate. 

3.2.1 P-body formation is mediated by 4E-T's interaction network 

P-bodies are formed by phase separation caused by RNA-protein aggregates (Banani et 

al., 2016, 2017). So far, DDX6, LSM14A, 4E-T and mRNA have been found to be essential for 

P-body formation (Andrei et al., 2005; Marnef et al., 2012; Standart and Weil, 2018). DDX6 

and LSM14A have intrinsic RNA binding ability and 4E-T can simultaneously interact with 

both of them. Thus, in the presence of 4E-T, a chain of protein-protein and protein-RNA 

interactions is established that promote P-body formation. A single 4E-T can interact with 

several mRNA molecules simultaneously, via DDX6 and LSM14A, which in turn can link to 

additional 4E-T/DDX6/LSM14A complexes forming an interconnected mesh of RNA and 

proteins. The assembly of this network is supported by the observations that RNA mediates 4E-
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T dimerization and the interaction of 4E-T with DDX6 is required for P-body assembly 

(Cargnello et al., 2012; Kamenska et al., 2016). 

The work described in this thesis further shows that LSM14A contributes to recruiting 

4E-T into P-bodies. The deletion of the LSM14A binding sites on 4E-T compromises 4E-T 

localization to P-bodies (P1 Figure S3). These findings support the role of 4E-T in bridging the 

network of interactions that fuel P-body formation.  

 

3.2.2 Recruitment of CCR4-NOT is mediated by the mid region of 4E-T 

The structure of the ternary 4E-T-DDX6-NOT1 complex shows that the CHD region of 

4E-T binds to the RecA2 domain of full length DDX6 in complex with the MIF4G domain of 

NOT1, therefore revealing a physical link between NOT1 MIF4G and 4E-T CHD. Interestingly, 

other DDX6 binding partners that bind mutually exclusive with 4E-T, such as PatL1 and EDC3, 

block binding of NOT1 to DDX6, due to electrostatic repulsion (Ozgur et al., 2015). 

The results presented in this thesis suggest that in the absence of an interaction with 

DDX6, 4E-T is still able to interact with the CCR4-NOT complex. This was confirmed in cells 

depleted of DDX6, in which 4E-T was still able to interact with NOT1 (P1 Figure S5A). 

Furthermore, deletion of the conserved DDX6 interacting region CHD (CUP homology 

domain) did neither affect the interaction of 4E-T with NOT1 nor 4E-T’s ability to promote 

deadenylation, even though binding to DDX6 is mostly abolished (P1 Figure 2C, S2, S4). Thus, 

4E-T recruits the CCR4-NOT complex via multiple and possibly redundant binding regions. 

To define the minimal CCR4-NOT interacting region in 4E-T, we first tested 4E-T 

mutants with deletions that disrupt binding to protein partners individually or in combination. 

Binding assays with these mutants indicated that 4E-T interaction with NOT1 is independent 

of UNR, DDX6, LSM14A, PatL1 and eIF4E/4EHP (P1 Figure 2C, S2). We found that the 

middle (mid) region of 4E-T, ranging from the nuclear localization signal to the second nuclear 

export signal and encompassing the DDX6 and one of the LSM14A binding regions, was 

sufficient to bind NOT1 and promote deadenylation of the tethered reporter (P1 Figure 2D, P1 

Figure 3). Of note, the mid region of 4E-T contains most of the phosphorylation sites described 

in the protein (Figure 4), which thus might regulate the recruitment of the CCR4-NOT complex. 

Attempts to narrow down the binding region revealed multiple small fragments of the mid 

region that induced the degradation of a bound reporter (data not shown). Therefore, 

recruitment of the CCR4-NOT complex by 4E-T appears to be mediated by multiple and 

redundant short linear motifs (SLiMs). It is thus tempting to speculate that 4E-T recruits the 
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CCR4-NOT complex in a manner similar to TNRC6, which wraps around CNOT9 binding with 

low specificity to redundant binding sites (Chekulaeva et al., 2011; Chen et al., 2014). 

We also observed that 4E-T binds mainly to the C-terminal region of NOT1 consisting of 

a MIF4G domain and the NOT module (P1 Figure S5B, C). The latter associates with the NOT2 

and NOT3 subunits of the CCR4-NOT complex (Boland et al., 2013). This module has been 

described before as a binding platform for multiple proteins that recruit the CCR4-NOT 

complex to target mRNAs (Boland et al., 2013). Among these are the Nanos proteins (Bhandari 

et al., 2014; Raisch et al., 2016), Bicaudal-C (Chicoine et al., 2007) and HELZ (Hanet et al., 

2019). The interaction with the C-term of NOT1 further corroborates that 4E-T binds to the 

CCR4-NOT complex independently of DDX6, which binds the central region of NOT1 (Chen 

et al., 2014). 

 

3.3 Binding of eIF4E/4EHP is essential for blocking decapping by 4E-T 

4E-T is so far the only 4E-BP that has been shown to be able to bind both eIF4E and the 

translational repressor eIF4E-homologous protein (4EHP or eIF4E-2, P1 Figure S6) (Chapat et 

al., 2017; Dostie et al., 2000). This stands in contrast to eIF4G and 4E-BP1-3, which only 

associate with eIF4E and the Grb10-interacting GYF (glycine-tyrosine-phenylalanine) domain 

protein which specifically interacts with 4EHP and not with eIF4E (Joshi et al., 2004; Peter et 

al., 2017, 2019; Ruscica et al., 2019). We observed that in order to block decapping, 4E-T 

requires an intact canonical 4E binding motif (P1 Figure 4, P1 Figure S6). This motif mediates 

binding to eIF4E as well as 4EHP (P1 Figure S6) (Chapat et al., 2017; Dostie et al., 2000; 

Kamenska et al., 2014a). 

In order to dissect the contributions of the eIF4E and 4EHP, we tested the ability of 4E-

T to block decapping upon knockdown eIF4E and in 4EHP-null cells, created via CRISPR-

Cas9 gene editing. In both conditions 4E-T was still able to block decapping, suggesting that 

both proteins can be used to block decapping (P1 Figure S7). However, the knockdown of 

eIF4E was not complete, which is probably not possible due to eIF4E being an essential protein 

for growth (Altmann et al., 1987). Therefore, we cannot exclude that a complete depletion of 

eIF4E might abolish the block of decapping and thus that eIF4E is solely responsible, which 

could be indicated by the modest, but not significant reduction of accumulated mRNA upon 

eIF4E knockdown (P1 Figure S7A-C). We furthermore noticed that the loss of 4EHP seems to 

reduce 4E-Ts ability to promote deadenylation, evidenced by the more polyadenylated reporter 

mRNA upon 4E-T tethering than in control cells (P1 Figure S7F). This might hint towards a 

role of 4EHP in promoting deadenylation while eIF4E might inhibit it, which coincides with 
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reports that eIF4E binding reduces the interaction of 4E-T with the CCR4-NOT complex 

(Kamenska et al., 2014a). 

Although eIF4E and/or 4EHP binding is important to protect a 4E-T bound mRNA from 

decay, the underlying mechanism is still unclear. It has been shown that N-terminal peptides of 

4E-T comprising the 4E-binding motif increase the binding affinity of 4EHP but not eIF4E to 

the cap structure (Chapat et al., 2017). While the affinity of 4EHP in complex with 4E-T to the 

cap was still much weaker than the affinity of eIF4E to the cap, this nonetheless demonstrates 

how 4E-T could protect the cap from decapping by increasing the affinity of cap binding 

proteins to the cap. 

Apart from increasing the affinity, 4E-T could also stabilize the interaction of 

eIF4E/4EHP with the cap structure by binding the mRNA close to the cap and forming a stable 

complex. While 4E-T has not been shown to have any RNA binding activity itself, several of 

its interaction partners can bind RNA directly. Most intriguingly, the yeast homolog of 

LSM14A, SCD6, forms a repressive complex with eIF4G and cap-bound eIF4E (Rajyaguru et 

al., 2012). It is thus compelling to speculate that LSM14A could stabilize 4E-T with 

eIF4E/4EHP at the cap in a similar manner. LSM14A has been identified as an RNA binding 

protein, although its LSm domain, a domain generally associated with RNA binding, is used 

for protein binding (Baltz et al., 2012; Brandmann et al., 2018; Castello et al., 2012). In support 

of this possibility is the observation that relative to wild type protein, tethering of the 4E-T 

mutant lacking the LSM14A binding regions reduces the amount of protected and deadenylated 

reporter mRNA, and thus more transcript is degraded (P1 Figure S4A lane 5 vs 2, B).  

Interestingly, in the absence of an interaction with DDX6 and PatL1 (4E-T DDX6 or 

PatL1) the amount of deadenylated reporter accumulating in the presence of 4E-T increased 

(P1 Figure S4A lane 4,6 vs 2, B). This result is in agreement with the fact that DDX6 and PatL1 

have been described as decapping activators (Nissan et al., 2010). Binding of these factors to 

mRNA should thus enhance DCP2 activity. Because of these antagonistic contributions of the 

different binding partners, we speculate that 4E-T acts as a scaffold for factors whose 

compilation determines the efficiency of decapping. While eIF4E, 4EHP and LSM14A block 

mRNA decapping, DDX6 and PatL1 enhance it. 

 

3.4 4E-T is involved in TRNC6B mediated mRNA decay 

TNRC6 proteins (also called GW182) are essential for miRNA mediated gene silencing 

by recruiting the CCR4-NOT complex to miRISC-bound mRNAs (Braun et al., 2011; 

Chekulaeva et al., 2011; Chen et al., 2009, 2014; Fabian et al., 2011). Previous work from the 
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Izaurralde laboratory has shown that recruitment of TNRC6B to a reporter mRNA promotes 

deadenylation and leads to the accumulation of deadenylated reporter transcript (Lazzaretti et 

al., 2009). We further found that the accumulation of deadenylated mRNA intermediates when 

tethering TNRC6B, only occurs if 4E-T is present in cells (P1 Figure 5). Due to their similarity, 

we assume that TNRC6A and TNRC6C can also employ 4E-T in a similar manner to TNRC6B. 

In the initial study there were slight variations in the amount of the deadenylated reporter bound 

to the different TNRC6 proteins (Lazzaretti et al., 2009). Differences in 4E-T recruitment, 

regulation or binding of additional protein partners among TNRC6A, B and C might control 

the amount of mRNA that is decapped.  

We furthermore noticed that 4E-T was not required for TNRC6B mediated mRNA 

deadenylation (P1 Figure 5A lane 2 vs 4). This is in agreement with the observations that 

TNRC6B can bind NOT1 and NOT9 directly (Chekulaeva et al., 2011; Chen et al., 2014). 4E-

T instead was crucial to block decapping following TNRC6B dependent mRNA deadenylation. 

In the absence of 4E-T, the deadenylated mRNA gets decapped and degraded, while in the 

presence of 4E-T decapping is inhibited, and the deadenylated mRNA accumulates in cells. It 

remains unclear how 4E-T, TNRC6B and the CCR4-NOT complex coordinate the repression 

and storage of a miRNA targeted mRNA. As both 4E-T and TNRC6B bind to the deadenylase 

complex, multiple protein interactions might be established upon recruitment of the silencing 

complex to the mRNA. Defining the regions in TNRC6B required to bind 4E-T and to protect 

the mRNA from decapping might help to understand how miRNA targets are stored in cells. 

 

3.4.1 miRNAs and 4E-T 

Silencing of miRNA targets is characterized by translational repression, deadenylation, 

decapping and mRNA degradation (Izaurralde, 2015). Most of the repression elicited by 

miRNAs can be attributed to mRNA destabilization (Eichhorn et al., 2014) and also the 

dominant miRNA dependent translational repression observed in early embryos can be 

attributed to deadenylation (Subtelny et al., 2014). miRNA triggered deadenylation depends on 

TNRC6/GW182 proteins (Behm-Ansmant, 2006; Chekulaeva et al., 2011; Rehwinkel, 2005).  

The data presented here indicates that 4E-T can block decapping of TNRC6B targeted 

mRNAs, and thus suggests that 4E-T is able to protect miRNA targets from degradation. This 

would implicit 4E-T in a multitude of pathways influencing virtually all cellular processes 

(Bartel, 2009). 

Recent experiments showed that when sequencing the poly(A) tails of miR-1 and miR-

155 targets no major accumulation of deadenylated mRNA was observed (Eisen et al., 2020b). 
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Furthermore, 4E-T has been shown to be an enhancer of miRNA mediated silencing. Depletion 

of cellular 4E-T reduced the decay rate of HMGA2, a let7 miRNA target mRNA, in an 

eIF4E/4EHP-dependent manner (Nishimura et al., 2015) and relieved some of the translational 

repression of an R-Luc-let-7 reporter (Kamenska et al., 2014a, 2016) as well as an F-Luc 

reporter with the miRNA targeted DUSP6 3  UTR (Jafarnejad et al., 2018). 

These seemingly contradicting observations on the role of 4E-T during miRNA-mediated 

gene silencing might be associated with distinct contributions of the protein during the silencing 

process. The multitude of protein interactions established by 4E-T permit the regulation of all 

the silencing steps, i.e. translational repression, deadenylation and decapping. Distinct 4E-T-

based RNPs may therefore differentially control translation and mRNA stability. For example, 

4E-T could contribute to repression while at the same time inhibiting mRNA decay. 

Deadenylated mRNA is translationally repressed and thus blocking decapping does not change 

the amount of translated mRNA, which would make this stabilization virtually undetectable 

when only looking at translation.  

The ability of 4E-T to either enhance or inhibit miRNA dependent mRNA decay further 

demonstrates how 4E-T could affect mRNA turnover differently depending on its mode of 

recruitment and mRNP composition. We would speculate that, for example, when recruited via 

eIF4E to an mRNA 4E-T enhances decay, while when recruited downstream of deadenylation 

factors it stabilizes the mRNA. Similarly, in complex with eIF4E/4EHP, 4E-T would inhibit 

and in the absence of this interaction enhance mRNA decay. Variations in miRNA induced 

RISCs composition could therefore also explain why different miRNAs can have varying 

effects on mRNA levels even with similar effects on translation (Behm-Ansmant, 2006). 

Thus, exploring the composition of miRISCs and characterizing the individual 

interactions is crucial for understanding 4E-T’s contribution to miRNA silencing. 

 

3.5 4E-T can block decapping of ARE containing mRNA 

The results described so far indicate that 4E-T can interfere with decapping following 

mRNA deadenylation by the CCR4-NOT complex. To further confirm this, we tested if 4E-T 

can block decapping of mRNAs with AU-rich elements (ARE). ARE can lead to mRNA 

destabilization by recruiting the CCR4-NOT complex (Bulbrook et al., 2018; Fabian et al., 

2013) and 4E-T has been shown to contribute to decay caused by ARE (Ferraiuolo et al., 2005). 

Therefore, we used a BGG reporter containing the ARE of the FOS gene in its 3  UTR. 

Expression of the ARE binding protein tristetraprolin (TTP) induced degradation of the reporter 

(P1 Figure 6B, C). In cells overexpressing TTP and 4E-T simultaneously, decay of the reporter 
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was blocked and the transcript accumulated as a deadenylated intermediate. Thus, 4E-T can 

block decapping of ARE-mediated mRNA decay.  

We also observed that in cells overexpressing 4E-T but not TTP, the abundance of 

polyadenylated BGG-ARE mRNA increased (P1 Figure 6B lane 1 vs 2, C). This result suggests 

that in the absence of TTP, 4E-T also inhibits turnover of the BGG-ARE reporter either in a 

deadenylation-independent manner or by inhibiting deadenylation. Apart from recruiting the 

CCR4-NOT complex, ARE can also promote exosome-dependent mRNA decay (Chen et al., 

2001). Therefore, it could be that overexpression of TTP in HEK293T cells might steer decay 

of the reporter to deadenylation-dependent mRNA decapping, since TTP binds directly to the 

CCR4-NOT complex (Bulbrook et al., 2018; Fabian et al., 2013).  

For TTP independent decay, 4E-T could thus either interfere with recruiting deadenylases 

or the exosome to the ARE containing mRNA, or 4E-T could block deadenylation independent 

decapping, which, however, has only been observed in yeast before (Badis et al., 2004). 

Alternatively, 4E-T could also control ARE mediated turnover indirectly by affecting the 

transcription of the mRNA.  

We conclude that 4E-T is important for ARE mediated mRNA turnover and can block 

decapping triggered by TTP. Interestingly, it has been shown that a reporter containing the ARE 

of CSF2 accumulates partly in a deadenylated form (Chen et al., 1995) and that binding of the 

ARE-binding protein ELAVL1 (also known as HuR) to an ARE containing mRNA protects the 

deadenylated mRNA from further degradation (Peng, 1998). ELAVL1, furthermore has been 

found by mass spectrometry to co-purify with 4E-T (Kamenska et al., 2016). It would thus be 

worth testing if 4E-T is involved in these processes. 

 

3.6 4E-T can modulate the fate of an mRNA from decay to storage 

Following up on the observation that 4E-T can block decapping of mRNAs targeted by 

CCR4-NOT dependent processes, we wanted to test if 4E-T can affect decapping of an mRNA 

targeted directly by the CCR4-NOT complex. Overexpression of 4E-T led to the accumulation 

of deadenylated reporter mRNA upon tethering NOT1 (P1 Figure 6E, F). These results suggest 

that 4E-T can potentially block decapping of any mRNA targeted for deadenylation by the 

CCR4-NOT complex. Since NOT1 is six times more abundant than 4E-T in HeLa cells (Hein 

et al., 2015), the majority of CCR4-NOT targeted mRNAs will be deadenylated and further 

degraded in these cells, explaining why no deadenylated mRNA accumulates when tethering 

NOT1 but keeping endogenous levels of 4E-T (P1 Figure 6E, F). Increased local concentration 

(e.g. P-bodies) or high tissue abundance of 4E-T (e.g. oocytes (Villaescusa et al., 2006).) and 
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specific mRNA recruitment of the protein would then inhibit decapping of deadenylated 

transcripts.  

In conclusion, our data shows that in principle 4E-T can interfere with decapping of any 

mRNA upon CCR4-NOT dependent deadenylation and that 4E-T expression levels could 

globally inhibit deadenylation dependent mRNA decapping. Specific recruitment of 4E-T to an 

mRNA or upregulating the expression of 4E-T might thus prevent decay of an mRNA otherwise 

targeted for decay, storing it in a silenced state. It remains unclear how and if 4E-T targets 

specific mRNAs. So far, we know that in HEK293T cells, 4E-T cellular levels are sufficient to 

prevent decapping and subsequent decay of a reporter mRNA tethered to TNRC6B, suggesting 

a specific recruitment of 4E-T by TNRC6B. 

 In order to protect an mRNA from decapping, it is most likely necessary that 4E-T is 

stably associated with the transcript. Once 4E-T is bound to an mRNA, the interactions with 

eIF4E/4EHP, and to a minor extent with DDX6/LSM14A and PatL1 will determine if the 

mRNA is stored in a deadenylated form or decapped and degraded (Figure 5, discussed in 3.3). 

The interaction with eIF4E/4EHP might be regulated as has been shown for 4E-BP1. 

Phosphorylation of 4E-BP1 by mTOR disrupts binding to eIF4E and thus releases translational 

repression (Gingras et al., 1999). Alternatively, dissociation of 4E-T from the mRNP would 

irreversibly commit the deadenylated mRNA to decay. 

Studying how 4E-T is recruited to an mRNA and how the binding to its interaction 

partners is modulated by post-translational modifications will greatly improve the 

understanding of mRNA storage.  

 
Figure 5 Model for the role of 4E-T as a determinant of mRNA storage or decay. When bound to the 
mRNA and eIF4E (4E), 4E-T stores the mRNA in a deadenylated and silenced state by blocking 
decapping (A). When eIF4E binding is relieved or 4E-T removed from the mRNA, decapping and decay 
from the 5  end can take place (B). 
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3.7 mRNA storage and 4E-T 

The mechanism of keeping mRNA in a silenced state with short poly(A) tails has been 

first observed for maternal mRNAs during oogenesis where protein abundance is mainly 

regulated on a translational and not a transcriptional level (Huarte et al., 1992; Piccioni et al., 

2005). Here, mRNAs are kept in a deadenylated and silenced state until activated for translation 

by cytoplasmic polyadenylation (Richter, 1999).  

4E-T is expressed at high levels in developing oocytes and has been associated with 

premature ovarian failure in humans (Kasippillai et al., 2013; Minshall et al., 2007; Villaescusa 

et al., 2006). Furthermore, the 4E-T related and Drosophila-specific protein CUP has been 

shown to deadenylate and block decapping of oskar mRNA, repressing its expression during 

localization in early embryogenesis (Igreja and Izaurralde, 2011; Nakamura et al., 2004). It is 

thus intriguing to speculate that human 4E-T might be involved in maintaining maternal 

mRNAs also in a deadenylated and silenced state. Apart from long term storage, deadenylation 

without decay would also provide an additional way to selectively and temporarily regulate 

mRNA expression during phases in development where poly(A) tail length determines 

translation efficiency (Eichhorn et al., 2016; Subtelny et al., 2014). 

Storage of deadenylated mRNAs has also important implications for localized translation 

in neurons and synaptic plasticity (Poon et al., 2006). Localized translation at the synapses 

requires mRNA silencing during transport from the nucleus to prevent premature translation 

(Sahoo et al., 2018). Synaptic mRNAs are translationally activated by the action of cytoplasmic 

polyadenylation element binding protein (CPEB) and the polyadenylase Gld2, suggesting that 

they are transported to the synapses in a deadenylated state (Udagawa et al., 2012; Wu et al., 

1998). 4E-T is crucial for neuronal development by regulating differentiation and specification 

(Amadei et al., 2015; Yang et al., 2014; Zahr et al., 2018). Therefore, it might be possible that 

4E-T participates in the control of localized translation in neurons and represses neuronal 

mRNAs in a manner similar to the eIF4E-binding protein Neuroguidin. Neuroguidin controls 

neuronal development in Xenopus by repressing mRNAs in a CPE dependent manner via 

binding CPEB, which could thus facilitate the specific repression of mRNAs targeted for 

deadenylated storage (Jung et al., 2006).  

 

3.7.1 P-bodies as sites of mRNA storage 

P-bodies are sites of mRNA storage (Hubstenberger et al., 2017). As these granules are 

present in all cell types, storage of mRNA might play significant yet undiscovered cellular 
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functions. mRNAs enriched in P-bodies were found to be repressed, protected from the 5  end 

and to have a high variation of poly(A) tail length, which was noticed when comparing the 

enriched mRNAs to a poly(A) tail sequencing dataset (Hubstenberger et al., 2017). 

Furthermore, FISH analysis was unable to detect poly(A) tails in P-bodies (Aizer et al., 2014) 

and P-bodies lack PABP (Kedersha et al., 2005). These observations point towards a 

deadenylated storage of mRNA in P-bodies. As an essential component of these granules, 

blocking of decapping by 4E-T might be crucial for the storage of mRNA in P-bodies. 

Additional studies measuring the length of the poly(A) tail of transcripts associated with 4E-T 

and P-bodies would increase our understanding of the mechanistic details of mRNA storage. 

Transcriptome wide measurements of poly(A) tail length via TAIL-seq and Pal-seq did 

not reveal any specific mRNA stored in a deadenylated state under normal growth conditions 

(Chang et al., 2014b; Subtelny et al., 2014) but it was shown that during S phase some specific 

mRNAs are deadenylated and not degraded (Park et al., 2016). This data suggests that storage 

of deadenylated transcripts might be mainly a short-term mechanism facilitating efficient but 

temporary silencing of mRNAs without degradation.  

In order to find out if 4E-T bound mRNAs are kept in a stable state to facilitate re-using 

or if their decay is just delayed, it would be important to find out if 4E-T bound mRNAs can be 

readenylated and returned to the translation pool.  

 

3.8 Translational activation of stored mRNAs 

Temporary mRNA storage has been observed during stress response and the cell cycle. 

(Bhattacharyya et al., 2006; Brengues et al., 2005; Park et al., 2016). Silenced mRNAs present 

in P-bodies can return to the translation pool following miRNA-mediated repression upon stress 

relief (Bhattacharyya et al., 2006; Brengues et al., 2005). Activation of a repressed and 

deadenylated mRNA would require the remodeling of the mRNP particle, i.e. the dissociation 

of repressor proteins and elongation of the poly(A) tail. Cytoplasmic polyadenylation is crucial 

for oocyte maturation in frogs, Drosophila and mice, where it activates maternal mRNAs 

(Richter, 1999). Here, a specific sequence in an mRNA, the cytoplasmic polyadenylation signal 

(CPE), targets an mRNA for polyadenylation leading to its translational activation (Fox et al., 

1989). The CPE is bound by CPE-binding protein (CPEB), which then recruits a cytoplasmic 

poly(A) polymerase (Mendez and Richter, 2001). This mode of translational activation is 

crucial during early development, promotes translation of specific mRNAs in cycling somatic 

cells and is required for localized translation involved in synaptic plasticity (Groisman et al., 

2002; Udagawa et al., 2012). 
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In the absence of a CPE, cytoplasmic polyadenylation of repressed transcripts is much less 

documented or understood. bicoid mRNA, which lacks a clear CPE, is subject to cytoplasmic 

polyadenylation during embryogenesis (Verrotti et al., 1996). However, the underlying 

processes are not clear yet. Possible mechanisms of polyadenylation and translation activation 

include the recruitment of CPEB and/or polyadenylases by RNA-binding or associated proteins. 

This has been demonstrated for the RNA binding protein Pumilio in Xenopus, which represses 

bound mRNA and also interacts with CPEB. Upon removal of Pumilio the mRNA gets 

readenylated and translated (Nakahata et al., 2001; Padmanabhan and Richter, 2006). 

Interestingly, human Pumilio forms a repressive complex with 4E-T that controls 

differentiation in neurogenesis (Etten et al., 2012). Furthermore, Xenopus 4E-T forms a 

translational repressor complex with CPEB together with DDX6, LSM14A and PatL1, that 

inhibits translation during early oogenesis (Minshall et al., 2007). It could thus be possible that 

4E-T employs a similar mechanism to Pumilio in Xenopus and gets recruited to an mRNA via 

an RBP to initiate storage. 4E-T dissociation from the repressed transcript and/or post-

translational modifications of the protein might then permit mRNA re-adenylation and 

translation. 

Another mechanism relevant for reactivation of stored mRNAs might be 3  end 

modifications. Inhibition of decapping or 5  decay leads to a strong accumulation of uridylated, 

short tailed mRNA (Lim et al., 2018). It is not clear yet if uridylation takes place in order to 

enhance decapping or as a consequence of inhibited decay. However, if uridine tails are added 

to the deadenylated 4E-T bound mRNAs, reactivation of the stored mRNA for translation 

would require removal of the modified tails. So far, the reversibility of uridylation has not been 

addressed. Uridine nucleotides can be removed by the 3 -5  endonuclease DIS3L2, which 

degrades uridylated mRNAs in yeast and is also active in human cells (Lubas et al., 2013; 

Malecki et al., 2013). Additionally, the CCR4-NOT complex is also able to remove uridine 

nucleotides to some extend depending on its subunit composition (Niinuma et al., 2016; Raisch 

et al., 2019; Tang et al., 2019). 

Alternatively, the short poly(A) tails of a 4E-T bound mRNA might be protected from 3  

end modifications such as uridylation, for example by keeping the CCR4-NOT complex bound 

to the 3  end. Studies that address the RNP and the nature of the 3  end of 4E-T bound mRNAs 

are therefore critical to understand the role of the 3  end in mRNA storage and reactivation. 
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3.9 The 4E-T associated transcriptome 

A central challenge to understanding the biological relevance of 4E-T and the processes 

that are controlled by its ability to block decapping, is the identification of the transcripts 

regulated by this 4E-BP. 

Target mRNA binding is most likely directed by RNA binding proteins (RBP) like 

Pumilio2 or Smaug2, which have been found to form a complex with 4E-T to repress mRNAs 

important for neurogenesis during mouse embryogenesis (Amadei et al., 2015; Zahr et al., 

2018). We tested if 4E-T controls the RNA levels or poly(A) tail length of some of the human 

homologues of the target mRNAs identified in these studies but found no effect in HEK293T 

and HeLa 4E-T knockout cells via northern blotting (data not shown). Since 4E-T’s target 

binding is probably controlled by its protein partners, these interactions must be tightly 

controlled and are probably specific to cell types and developmental processes. Therefore, the 

4E-T bound transcriptome might vary between different cell types. RNA immunoprecipitation 

coupled with RNA sequencing would uncover the identity of 4E-T bound mRNAs and provide 

endogenous mRNAs targets to test how 4E-T affects their poly(A) tail. Interesting biological 

contexts to determine the 4E-T associated transcriptome include oogenesis, neuronal 

development and cells under transitory conditions, like stress, growth or differentiation.  

 

3.10 Conclusions 

In summary, we describe for the first time 4E-T as a protein that promotes deadenylation 

by recruiting the CCR4-NOT complex to a target mRNA. In addition, 4E-T blocks decapping 

and further decay of the deadenylated mRNA by its interaction with the cap-binding proteins 

eIF4E/4EHP. Moreover, 4E-T interferes with decapping triggered by the miRNA associated 

factor TNRC6B, AU-rich elements and potentially any mRNA targeted by the CCR4-NOT 

complex. The regulatory mechanisms of 4E-T controlled stabilization and the cellular processes 

targeted by this mechanism remain yet to be explored. 
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4 Results and discussion II: HELZ 

This part describes and discusses briefly the second manuscript attached to this thesis, 

titled: “HELZ directly interacts with CCR4-NOT and causes decay of bound mRNA”. 

References to figures in this publication start with “P2”. 

 

The putative RNA Helicase with Zinc-finger (HELZ) interacts with the CCR4-NOT 

complex and PABPC1 (Hasgall et al., 2011; Mathys et al., 2014). However, a putative role of 

HELZ in deadenylation and mRNA turnover has not been addressed before. The work 

presented in this manuscript shows that recruitment of HELZ to a reporter mRNA induces 5 -

3  mRNA decay. The interaction between HELZ and the CCR4-NOT complex is direct, as 

shown using in vitro pulldown experiments, and depends on at least two redundant short linear 

motifs (SLiMs) in the unstructured C-terminus of HELZ (P2 Figure 2). SLiM-mediated 

interaction with CCR4-NOT is a binding mechanism commonly used by interactors of the 

deadenylase complex and, as described in this thesis, applies also for 4E-T (Bhandari et al., 

2014; Chen et al., 2014; Fabian et al., 2013; Keskeny et al., 2019). Furthermore, HELZ-

mediated deadenylation-dependent mRNA decay is conserved in Metazoa (P2 Figure 3 and 4). 

We also describe that HELZ can repress translation in the absence of mRNA decay. This 

is also mediated by the CCR4-NOT complex and does not depend on binding to PABPC1 (P2 

Figure 5). However, it is unlikely that HELZ acts as a general translational repressor because it 

has been shown to promote translation (Hasgall et al., 2011). Based on our results, this is 

probably done indirectly by controlling the expression of mRNAs relevant for translational 

regulation. Thus, HELZ probably controls the expression of specific mRNAs by recruiting the 

CCR4-NOT complex to them. The specificity of HELZ could be based on the recognition of 

specific RNA sequences by its Zinc-finger domain in a manner similar to the Zinc-finger 

protein TTP which binds specifically to AU-rich elements in an mRNA (Fabian et al., 2013). 

Transcriptome analysis using RNA-Seq of HEK293T HELZ-knock out cells revealed that 

HELZ regulates the expression of a great number of genes involved in processes such as 

neurogenesis, nervous system development, cell adhesion or signaling (P2 Figure 6). While 

these results do not allow to differentiate changes on mRNA stability from effects on 

transcription, they still highlight the broad influence that HELZ has on mRNA abundance and 

provide targets for future studies. 

In summary, we describe HELZ as a protein that has the ability to directly recruit the 

CCR4-NOT complex to specific transcripts in order to promote mRNA decay and repress 

translation.  
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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.
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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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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
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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
transcriptionwith actinomycinD. ReportermRNA levels
were determined in Scr shRNA and 4E-T shRNA-treated
cells at different time points upon actinomycin D addi-
tion.Weobserved thatBGG-6xMS2bsmRNAwasdestabi-
lized in the absence of 4E-T. The half-life of the reporter
mRNA decreased to 1.8 ± 0.18 h in 4E-T depleted cells
compared with 5.1 ± 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 ± 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.

Acknowledgments

We dedicate this manuscript to the memory of Elisa Izaurralde,
who passed away before the conclusion of this work. All experi-
ments were conceived and performed in her laboratory. We are
thankful to Praveen Bawankar, Heike Budde, and Lara Wohlbold
for cloning. We also thank Daniel Peter and Eugene Valkov for
helpful suggestions on the manuscript. This work was supported
by the Max Planck Society.
Author contributions: F.R. performed most of the experiments

and generated several of the constructs. R.W. generated the 4EHP-
null cell line and performed the polysome profiling experiment.
E.I. was the principal investigator. C.I. coordinated the project.
F.R. and C.I. wrote the manuscript.

References

Aizer A, Kalo A, Kafri P, Shraga A, Ben-Yishay R, Jacob A, Kinor
N, Shav-Tal Y. 2014.QuantifyingmRNA targeting to P-bodies
in living human cells reveals their dual role in mRNA decay
and storage. J Cell Sci 127: 4443–4456. doi:10.1242/jcs.152975

Amadei G, Zander MA, Yang G, Dumelie JG, Vessey JP, Lipshitz
HD, Smibert CA, Kaplan DR, Miller FD. 2015. A Smaug2-
Based translational repression complex determines the bal-
ance between precursor maintenance versus differentiation
during mammalian neurogenesis. J Neurosci 35: 15666–
15681. doi:10.1523/JNEUROSCI.2172-15.2015

Andrei MA, Ingelfinger D, Heintzmann R, Achsel T, Rivera-
Pomar R, Lührmann R. 2005. A role for eIF4E and eIF4E-trans-
porter in targeting mRNPs to mammalian processing bodies.
RNA 11: 717–727. doi:10.1261/rna.2340405

Bhaskar V, Roudko V, Basquin J, Sharma K, Urlaub H, Séraphin B,
Conti E. 2013. Structure and RNA-binding properties of the
Not1-Not2-Not5 module of the yeast CCR4–NOT complex.
Nat Struct Mol Biol 20: 1281–1288. doi:10.1038/nsmb.2686

Bhattacharyya SN, Habermacher R, Martine U, Closs EI, Filipo-
wicz W. 2006. Relief of microRNA-mediated translational re-
pression in human cells subjected to stress. Cell 125: 1111–
1124. doi:10.1016/j.cell.2006.04.031

Boland A, Chen Y, Raisch T, Jonas S, Kuzuoğlu-Öztürk D, Wohl-
bold L, Weichenrieder O, Izaurralde E. 2013. Structure and as-
sembly of the NOT module of the human CCR4–NOT
complex. Nat Struct Mol Biol 20: 1289–1297. doi:10.1038/
nsmb.2681

Brandmann T, FakimH, Padamsi Z, Youn JY, Gingras AC, Fabian
MR, JinekM. 2018. Molecular architecture of LSM14 interac-
tions involved in the assembly ofmRNA silencing complexes.
EMBO J 37: e97869. doi:10.15252/embj.201797869

Braun JE, Truffault V, Boland A, Huntzinger E, Chang CT, Haas
G, Weichenrieder O, Coles M, Izaurralde E. 2012. A direct

4E-T protects repressed mRNAs from degradation

GENES & DEVELOPMENT 11

 Cold Spring Harbor Laboratory Press on May 5, 2020 - Published by genesdev.cshlp.orgDownloaded from 



interaction between DCP1 and XRN1 couples mRNA decap-
ping to 5′ exonucleolytic degradation.Nat Struct Mol Biol 19:
1324–1331. doi:10.1038/nsmb.2413

Bulbrook D, Brazier H, Mahajan P, KliszczakM, Fedorov O, Mar-
chese FP, Aubareda A, Chalk R, Picaud S, Strain-Damerell C,
et al. 2018. Tryptophan-mediated interactions between triste-
traprolin and the CNOT9 subunit are required for CCR4–
NOT deadenylase complex recruitment. J Mol Biol 430:
722–736. doi:10.1016/j.jmb.2017.12.018

Carbonaro M, O’Brate A, Giannakakou P. 2011. Microtubule dis-
ruption targets HIF-1α mRNA to cytoplasmic P-bodies for
translational repression. J Cell Biol 192: 83–99. doi:10.1083/
jcb.201004145

Cargnello M, Tcherkezian J, Dorn JF, Huttlin EL, Maddox PS,
Gygi SP, Roux PP. 2012. Phosphorylation of the eukaryotic
translation initiation factor 4E-transporter (4E-T) by c-Jun
N-terminal kinase promotes stress-dependent P-body assem-
bly.Mol Cell Biol 32: 4572–4584. doi:10.1128/MCB.00544-12

Chang CT, Bercovich N, Loh B, Jonas S, Izaurralde E. 2014. The
activation of the decapping enzyme DCP2 by DCP1 occurs
on the EDC4 scaffold and involves a conserved loop in
DCP1. Nucleic Acids Res 42: 5217–5233. doi:10.1093/nar/
gku129

Chapat C, Jafarnejad SM, Matta-Camacho E, Hesketh GG, Gel-
bart IA, Attig J, Gkogkas CG, Alain T, Stern-Ginossar N, Fabi-
an MR, et al. 2017. Cap-binding protein 4EHP effects
translation silencing by microRNAs. Proc Natl Acad Sci
114: 5425–5430. doi:10.1073/pnas.1701488114

Cougot N, Babajko S, Séraphin B. 2004. Cytoplasmic foci are sites
of mRNA decay in human cells. J Cell Biol 165: 31–40. doi:10
.1083/jcb.200309008

Dostie J, Ferraiuolo M, Pause A, Adam SA, Sonenberg N. 2000. A
novel shuttling protein, 4E-T, mediates the nuclear import of
the mRNA 5′ cap-binding protein, eIF4E. EMBO J 19: 3142–
3156. doi:10.1093/emboj/19.12.3142

Fabian MR, Frank F, Rouya C, Siddiqui N, Lai WS, Karetnikov A,
Blackshear PJ, Nagar B, Sonenberg N. 2013. Structural basis
for the recruitment of the human CCR4–NOT deadenylase
complex by tristetraprolin. Nat Struct Mol Biol 20: 735–739.
doi:10.1038/nsmb.2572

Ferraiuolo MA, Basak S, Dostie J, Murray EL, Schoenberg DR,
Sonenberg N. 2005. A role for the eIF4E-binding protein 4E-
T in P-body formation and mRNA decay. J Cell Biol 170:
913–924. doi:10.1083/jcb.200504039

Formicola N, Vijayakumar J, Besse F. 2019. Neuronal ribonucleo-
protein granules: dynamic sensors of localized signals. Traffic
20: 639–649.

Franks TM, Lykke-Andersen J. 2008. The control of mRNA
decapping and P-body formation. Mol Cell 32: 605–615.
doi:10.1016/j.molcel.2008.11.001

Gebauer F, Xu W, Cooper GM, Richter JD. 1994. Translational
control by cytoplasmic polyadenylation of c-mos mRNA is
necessary for oocyte maturation in the mouse. EMBO J 13:
5712–5720. doi:10.1002/j.1460-2075.1994.tb06909.x

Grüner S, Peter D, Weber R, Wohlbold L, Chung MY, Weichen-
rieder O, Valkov E, Igreja C, Izaurralde E. 2016. The structures
of eIF4E-eIF4G complexes reveal an extended interface to reg-
ulate translation initiation. Mol Cell 64: 467–479. doi:10
.1016/j.molcel.2016.09.020

Grüner S, Weber R, Peter D, ChungMY, Igreja C, Valkov E, Izaur-
ralde E. 2018. Structural motifs in eIF4G and 4E-BPsmodulate
their binding to eIF4E to regulate translation initiation in
yeast. Nucleic Acids Res 46: 6893–6908. doi:10.1093/nar/
gky542

Haghighat A,Mader S, PauseA, SonenbergN. 1995. Repression of
cap-dependent translation by 4E-binding protein 1: competi-
tion with p220 for binding to eukaryotic initiation factor-4E.
EMBO J 14: 5701–5709. doi:10.1002/j.1460-2075.1995
.tb00257.x

Hanet A, Räsch F, Weber R, Ruscica V, Fauser M, Raisch T,
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HELZ directly interacts with CCR4–NOT and causes decay
of bound mRNAs
Aoife Hanet1, Felix Räsch1 , Ramona Weber1, Vincenzo Ruscica1, Maria Fauser1, Tobias Raisch1,2 ,
Duygu Kuzuoğlu-Öztürk1,3 , Chung-Te Chang1, Dipankar Bhandari1, Cátia Igreja1 , Lara Wohlbold1

Eukaryotic superfamily (SF) 1 helicases have been implicated in
various aspects of RNA metabolism, including transcription, pro-
cessing, translation, and degradation. Nevertheless, until now, most
human SF1 helicases remain poorly understood. Here, we have
functionally and biochemically characterized the role of a putative
SF1 helicase termed “helicase with zinc-finger,” or HELZ. We dis-
covered that HELZ associates with various mRNA decay factors,
including components of the carbon catabolite repressor 4-negative
on TATA box (CCR4–NOT) deadenylase complex in human and
Drosophila melanogaster cells. The interaction between HELZ and
the CCR4–NOT complex is direct and mediated by extended low-
complexity regions in the C-terminal part of the protein. We further
reveal that HELZ requires the deadenylase complex to mediate
translational repression and decapping-dependent mRNA decay.
Finally, transcriptome-wide analysis of Helz-null cells suggests that
HELZ has a role in the regulation of the expression of genes as-
sociated with the development of the nervous system.
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Introduction

RNA helicases are ubiquitous enzymes that mediate ATP-dependent
unwinding of RNA duplexes and promote structural rearrangements
of RNP complexes. They participate in all aspects of RNA metabolism
such as transcription, processing, translation, ribosome assembly, and
mRNA decay (Bleichert & Baserga, 2007). There are six helicase su-
perfamilies (SFs) 1–6 defined by sequence, structure, and mechanism
(Singleton et al, 2007). Eukaryotic helicases belong exclusively to either
SF1 or SF2, which are characterized by a structural core composed of
tandem RecA-like domains and as many as 12 conserved sequence
motifs that mediate substrate binding, catalysis, and unwinding
(Fairman-Williams et al, 2010). Approximately 70 RNA helicases are
known to be expressed in human cells, most of which belong to the
SF2 superfamily, such as the well characterized DEAD (Asp-Glu-Ala-
Asp)-box family of helicases (Sloan & Bohnsack, 2018). To date, only 11

SF1 RNA helicases have been identified; among them is the highly
conserved upstream frameshift 1 (UPF1) helicase, which has an im-
portant role in nonsense-mediatedmRNA decay (Kim&Maquat, 2019).
Few other eukaryotic UPF1-like SF1 helicases have been investigated
in detail. Senataxin, the human orthologue of yeast Sen1p, has a
role in transcriptional regulation (Ursic et al, 2004; Chen et al, 2006;
Leonaite et al, 2017). Other examples are the mammalian moloney
leukemia virus homolog 10 (MOV10), the fly Armitage and the si-
lencing defective protein 3 (SDE3) in plants, which all function in
post-transcriptional gene silencing (Dalmay et al, 2001; Cook et al,
2004; Burdick et al, 2010; Gregersen et al, 2014).

The putative RNA “Helicase with Zinc-finger” (HELZ) is conserved
in Metazoa and belongs to the UPF1-like family of SF1 helicases
(Fairman-Williams et al, 2010). The gene encoding HELZ was cloned
from a human immature myeloid cell line cDNA library (KIA0054)
over 20 years ago but its cellular function remains poorly studied
(Nomura et al, 1994). HELZ helicases are large proteins that contain
a Cys3His (CCCH)-type zinc finger (ZnF) motif N-terminal to the
helicase core, and a largely unstructured C-terminal half with a
conserved polyadenosine (poly[A])-binding protein (PABP)–
interactingmotif 2 (PAM2) (Fig 1A). The C-terminal half of HELZ varies
in size and sequence depending on the species. Two LxxLAP (Leu, x
indicates any amino acid, Leu, Ala, Pro) motifs are also embedded
within the HELZ C-terminal region; these motifs are found in
hypoxia-inducible transcription factors and regulate their stability
in response to oxygen depletion; HELZ abundance, however, does
not appear to be associated with oxygen levels (Hasgall et al, 2011).

Murine HELZ has a widespread spatial and temporal expression
throughout embryonic development (Wagner et al, 1999). Human HELZ
is a component of complexes containing the RNA Polymerase II, as well
as the histone methyltransferases Smyd2 or Smyd3, which indicates a
target-specific role in transcription (Hamamoto et al, 2004; Diehl et al,
2010). HELZ stimulates translation when overexpressed in human cells
and interacts with cytoplasmic polyadenylate-binding protein 1
(PABPC1) (Hasgall et al, 2011). PABPs represent a major class of mRNA-
regulating proteins that interact with the poly(A) tail of mRNAs, thereby
influencing their stability and translation efficiency (Goss & Kleiman,
2013; Nicholson & Pasquinelli, 2019). The shortening of the poly(A) tail
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and concomitant release of PABPC1, a process termed deadenylation,
is a critical determinant of mRNA stability and translational efficiency
(Inada & Makino, 2014; Webster et al, 2018). HELZ was detected in a
screen for helicases that interact with the carbon catabolite re-
pressor 4-negative on TATA box (CCR4–NOT) complex (Mathys et al,
2014), the major cytoplasmic deadenylase in eukaryotes (Yi et al,
2018). The association of HELZ with the deadenylase complex hints
at an important but presently uncharacterized role of this helicase
in regulating stability and translation of mRNA.

In this study, we show that human HELZ directly interacts with
the NOT module of the CCR4–NOT complex via multiple motifs
embedded within the low-complexity region of the protein. In
tethering assays with reporter mRNAs, HELZ elicits deadenylation

followed by decapping and subsequent 59-to-39 exonucleolytic decay.
The ability of HELZ to induce decay of bound mRNAs is conserved in
Metazoa and depends on the CCR4–NOT complex. We also provide
evidence that tethered HELZ can repress translation independently
of mRNA decay in a manner dependent on both the CCR4–NOT
complex and the DEAD-box helicase DDX6. Finally, using tran-
scriptome sequencing, we identified 3,512 transcripts differentially
expressed (false discovery rate [FDR] < 0.005) in Helz-null cells.
Interestingly, many of the up-regulated mRNAs are linked with the
development of the nervous system.

Taken together, our data reveal an important function of HELZ in
governing the expression of specific genes, possibly through both
transcriptional and posttranscriptional regulatory mechanisms.

Figure 1. HELZ interacts with mRNA decay factors.
(A) Schematic representation of Hs HELZ and Dm
HELZ. The Zinc finger (ZnF), the putative helicase (DEAA,
Asp, Glu, Ala, Ala) domain, and the PABP interacting
motif 2 (PAM2) are highlighted in yellow, blue, and
green, respectively. Black bars indicate the position of
the previously described LxxLAP motifs in Hs HELZ
(Hasgall et al, 2011). HELZ N- and C-terminal
fragments are indicated below the scheme. Border
residue numbers are listed above the scheme.
(B–E) Immunoprecipitation assay in HEK293T cells
showing the interaction of GFP-HELZ with HA-tagged
EDC4 (B), HA-tagged-PatL1 (C), HA-tagged-PAN3 (D), and
HA-tagged-DDX6 (E). GFP-MBP served as negative
control. Input (2% for GFP-tagged proteins and 1%
for HA-tagged proteins) and bound fractions (20% for
GFP-tagged proteins and 30% for HA-tagged
proteins) were analysed by Western blotting. (F)
Immunoprecipitation assay in HEK293T cells showing
the interaction of GFP-tagged HELZ (full-length and
indicated fragments) with endogenous NOT1, NOT3,
and PABPC1. Input (1.2%) and bound fractions (20% for
GFP-tagged proteins and 35% for endogenous
proteins) were analysed by Western blotting.
Source data are available for this figure.
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Results

HELZ interacts with mRNA decay factors

HELZ is a largely uncharacterized protein implicated in post-
transcriptional gene regulation (Hasgall et al, 2011; Mathys et al, 2014).
To identify novel HELZ-interacting partners, we performed co-
immunoprecipitation (co-IP) assays using overexpressed GFP-
tagged Hs HELZ as bait against different hemagglutinin (HA)-tagged
proteins in human HEK293T cells. HELZ interacted with multiple
mRNA decay factors, including the decapping enhancers EDC4 and
PatL1 as well as the poly(A) specific ribonuclease subunit 3 (PAN3)
subunit of the PAN2/PAN3 deadenylase complex (Fig 1B–D). How-
ever, under the co-IP conditions, we did not detect an interaction
with DDX6, as previously identified by mass spectrometry (Ayache
et al, 2015) (Fig 1E). GFP-HELZ readily immunoprecipitated the en-
dogenous CCR4–NOT deadenylase complex proteins NOT1 and
NOT3 (Fig 1F, lane 6), suggesting that HELZ associates with the fully
assembled complex in cells. PABPC1, which binds to HELZ via its
PAM2 motif (Hasgall et al, 2011), was used as a positive control.

To delineate the region of HELZ critical for the interaction with
CCR4–NOT, we divided the HELZ protein into an N-terminal frag-
ment encompassing the ZnF motif and the helicase domain (HELZ-
N, Table S1) and a second fragment comprising the low-complexity
C-terminal region of HELZ including the PAM2 motif (HELZ-C, Table
S1 and Fig 1A). Both fragments were then tested separately for their
ability to interact with NOT1 and NOT3. Interestingly, the HELZ-C
fragment was sufficient to mediate binding to NOT1 and NOT3 as
well as PABPC1. In contrast, HELZ-N did not interact with any of
these proteins (Fig 1F, lanes 7 and 8).

HELZ directly binds CCR4–NOT via multiple C-terminal sites

The CCR4–NOT complex consists of several subunits arranged around
the scaffold protein NOT1 (Collart & Panasenko, 2017). NOT10 and
NOT11 bind to theN-terminal region of NOT1 (Lau et al, 2009; Bawankar
et al, 2013; Mauxion et al, 2013). The catalytically active nucleases CAF1
(or its paralog POP2) and CCR4a (or its paralog CCR4b) bind to a central
MIF4G (middle-domain of eIF4G)-like domain of NOT1 (Lau et al, 2009;
Basquin et al, 2012; Petit et al, 2012) adjacent to the CAF40-binding
domain (CC) of NOT1 (Chen et al, 2014; Mathys et al, 2014). The CC
domain is followed by a short connector domain in NOT1, recently
identified to be an additional MIF4G-like domain, termed MIF4G-C
(Raisch et al, 2018). NOT2 andNOT3 assemble on the C-terminal part of
NOT1 (Bhaskar et al, 2013; Boland et al, 2013).

To test whether the interaction of HELZ with the CCR4–NOT
complex is direct, we performed pull-down assays with recombi-
nant and purified proteins. Production of intact HELZ-C in bacteria
was not possible as it was very susceptible to proteolytic degradation.
Therefore, we divided HELZ-C into two non-overlapping fragments of
roughly similar size: HELZ-C1 and HELZ-C2 (Table S1 and Fig 1A). These
fragments, fused to an N-terminal maltose-binding protein (MBP) and
a C-terminal B1 domain of immunoglobulin-binding protein G (GB1)-
hexahistidine tag (Cheng & Patel, 2004), were more stable during
bacterial production. Following capture by nickel affinity, the eluted
HELZ fragments were incubated with different recombinant human

CCR4–NOT subcomplexes and pulled down via the MBP tag. In detail,
we tested the interaction of HELZ with a pentameric subcomplex
comprising a NOT1 fragment lacking the N-terminal region bound to
CAF1, CAF40, and the C-terminal domains of NOT2 and NOT3 (Fig 2A)
(Sgromo et al, 2017). HELZ-C1 andHELZ-C2 fragments both pulled down
the pentameric subcomplex (Fig 2B and C, lanes 20). To elucidate
which subunits of the pentameric subcomplex are involved in the
interaction with HELZ, we also analysed binding to the CAF1/NOT1-
MIF4G heterodimer, the CAF40 module (CAF40/NOT1-CC), the sub-
sequent NOT1 MIF4G-C domain (CD), and the NOT module (NOT1/2/3)
(Fig 2A) (Sgromo et al, 2017). HELZ-C1 and HELZ-C2 fragments both
pulled down the NOT module of CCR4–NOT (Fig 2B and C, lane 24).
Neither fragment interacted with the CAF1 module, the CAF40 module,
or the MIF4G-C domain (Fig 2B and C, lanes 21–23). We conclude that
human HELZ directly binds the NOTmodule usingmultiple sites in the
low-complexity C-terminal region.

HELZ induces 59-to-39 decay of tethered reporter mRNAs

To address the role of HELZ in the regulation of mRNA stability, we
performed MS2-based tethering assays in HEK293T cells. We used a
β-globin mRNA reporter containing six MS2-binding sites in the 39
UTR (β-globin-6xMS2bs) and co-expressed full-length HELZ with an
MS2-HA-tag (Fig 3A–C) (Lykke-Andersen et al, 2000). Tethering of
HELZ resulted in a threefold reduction in the β-globin-6xMS2bs
mRNA levels compared with the control protein MS2-HA (Fig 3A and
B). The levels of a control reporter mRNA lacking the 6xMS2bs
(control) were unaffected (Fig 3B). Consistent with the ability to bind
CCR4–NOT, the C-terminal region of HELZ was sufficient to trigger
mRNA decay when tethered to the same reporter mRNA. In contrast,
the N-terminal region of HELZ containing the ZnF and helicase core
did not induce decay of the reporter mRNA (Fig 3A and B).

We then tested whether HELZ binding to PABPC1 is required to
induce decay of the tethered reporter mRNA. We introduced a point
mutation in the HELZ PAM2 motif (F1107V) that specifically disrupts
the interaction with PABPC1 (Fig 3D, lane 6) (Kozlov et al, 2001;
Berlanga et al, 2006). Interestingly, the F1107Vmutation did not alter
the ability of HELZ to reduce the abundance of the bound mRNA
reporter (Fig 3E–G), indicating that binding to PABPC1 is not required
for this function.

To determine if a functional CCR4–NOT complex was necessary
for HELZ-mediated degradation of bound mRNAs in cells, we first
impaired the deadenylation activity of the CCR4–NOT complex by
overexpressing a catalytically inactive mutant of CAF1 (CAF1*; D40A/
E42A), which replaces the endogenous enzyme in a dominant
negative manner (Horiuchi et al, 2009; Huntzinger et al, 2013). In
addition, we overexpressed the Mid-region of NOT1 (residues
T1085–T1605) to compete with endogenous NOT1 and sequester
CAF1/CCR4 deadenylases as well as CAF40 from the endogenous
deadenylase complex, compromising its activity. Overexpression of
CAF1*/NOT1-Mid, together with MS2-HA-HELZ, led to a marked
stabilization of the β-globin-6xMS2bs mRNA (Fig 3H–J). This is
consistent with a model in which mRNA decay triggered by HELZ
requires CCR4–NOT–mediated deadenylation.

We then blocked mRNA decapping by overexpressing a cata-
lytically inactive mutant of DCP2 (DCP2*; E148Q) (Wang et al, 2002;
Chang et al, 2014). This resulted in the accumulation of a fast
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migrating reporter mRNA intermediate that lacks a poly(A) tail upon
tethering of MS2-HA-HELZ to the β-globin-6xMS2bs reporter. MS2-
HA-NOT1 served as a positive control for deadenylation-dependent
mRNA decapping (Fig 3K–M) (Kuzuoglu-Ozturk et al, 2016). To
confirm that this mRNA intermediate is indeed deadenylated, we
performed an oligo(dT)-directed ribonuclease H (RNase H) cleav-
age assay. Poly(A) tail cleavage by RNase H of the reporter mRNAs
(control and β-globin-6xMS2bs) in cells expressing MS2-HA and
DCP2* resulted in the accumulation of fast migrating bands (Fig S1A,
lane 1 versus 3; An versus A0). In contrast, in cells expressing MS2-
HA-HELZ and DCP2*, the β-globin-6xMS2bs mRNA migrated as the
deadenylated version of the reporter before and after the RNase H

treatment (Fig S1A, lane 2 versus 4). Based on these observations,
we conclude that in human cells, HELZ promotes CCR4–NOT–
dependent deadenylation followed by deadenylation-dependent
degradation of the tethered mRNA.

The role of HELZ in inducing mRNA decay is conserved in Metazoa

Drosophila melanogaster (Dm) HELZ, denoted as CG9425 (FlyBase/
DIOPT: DRSC integrative orthologue prediction tool [Hu et al, 2011;
Gramates et al, 2017]), displays a domain organization similar to that
of Hs HELZ (Fig 1A) and shares an overall sequence identity of 31.38%
(17.65% for the nonconserved C-terminal sequences) (UniProt Clustal

Figure 2. HELZ directly binds CCR4–NOT via multiple
C-terminal sites.
(A) Schematic overview of the pentameric human
CCR4–NOT complex used for in vitro interaction studies.
The pentameric subcomplex is composed of NOT1
(residues E1093–E2371), CAF1, CAF40 (residues
R19–E285), NOT2 (residues T344–F540), and NOT3
(residues L607–Q753). The CAF1 module contains the
NOT1 MIF4G-like domain and CAF1 (green). The CAF40
module consists of CAF40 (blue; residues R19–E285)
bound to the CAF40-binding coiled coil domain (CC;
residues V1351–L1588). The adjacent NOT1 MIF4G-C (CD;
residues D1607–S1815) is depicted in yellow. The NOT
module consists of NOT1 (residues H1833–M2361),
NOT2 (residues M350–F540; purple), and NOT3
(residues L607–E748; red). (B, C) In vitro MBP pull-down
assay showing the interaction of recombinant MBP-
Hs HELZ-C1-GB1-His (B) or MBP-Hs HELZ-C2-GB1-His (C)
with distinct recombinant and purified CCR4–NOT
modules (indicated on top of the respective gel). MBP
served as a negative control. Input (33%) and eluted
fractions (55%) were analysed by SDS–PAGE and
Coomassie Blue staining.
Source data are available for this figure.

HELZ directly interacts with the CCR4–NOT complex Hanet et al. https://doi.org/10.26508/lsa.201900405 vol 2 | no 5 | e201900405 4 of 16



Omega/Align [Pundir et al, 2016]). Similar to the human orthologue,
GFP-tagged Dm HELZ immunoprecipitated various mRNA decay fac-
tors when expressed in Dm Schneider S2 cells, including Dm HPat (fly
orthologue of mammalian PatL1) and Dm PAN3 (Fig 4A and B), but not
Dm Ge-1 (fly orthologue of mammalian EDC4) or Dm Me31B (fly
orthologue of mammalian DDX6) (Fig S1B and C). GFP-tagged Dm HELZ

also immunoprecipitated the Dm CCR4–NOT complex proteins NOT1
and NOT2 (Fig 4C and D), indicating that these interactions are a
conserved feature of HELZ orthologues.

Next, we tested whether Dm HELZ can induce mRNA decay. We
used a λN-based tethering assay to recruit λN-HA-tagged Dm HELZ
full-length protein or fragments to a firefly luciferase reporter

Figure 3. HELZ induces 59-to-39 decay of tethered
reporter mRNAs.
(A) Tethering assay in HEK293T cells using the β-globin-
6xMS2bs reporter and MS2-HA–tagged HELZ (full-length
or indicated fragments). The control reporter lacking
the MS2bs (control) contains the β-globin gene fused
to a fragment of the gapdh gene. The graph shows the
quantification of mRNA levels of the β-globin-
6xMS2bs reporter normalized to the levels of the
control reporter and set to 100 for MS2-HA; the mean
values ± SD are shown for four independent
experiments. (B) Representative Northern blot of
samples shown in (A). (C) Representative Western blot
depicting the equivalent expression of the MS2-
HA–tagged proteins used in (A) and (B). GFP served as a
transfection control. (D) Immunoprecipitation assay in
HEK293T cells showing the interaction of GFP-tagged
HELZ wild-type (WT) and F1107V mutant with
endogenous PABPC1. GFP-MBP was used as a negative
control. Input (1.2%) and bound fractions (20% for
GFP-tagged proteins and 35% for endogenous PABPC1)
were analysed by Western blotting. (E) Tethering assay
as described in (A), in cells expressing MS2-
HA–tagged HELZ WT and F1107V mutant as indicated.
The mean values ± SD are shown for four independent
experiments. (F) Representative Northern blot of
samples used in (E). (G) Western blot depicting the
equivalent expression of theMS2-HA-HELZWT and F110V
in (E) and (F). GFP served as a transfection control.
(H) Tethering assay as described in (A), but the
transfection mixture included additionally plasmids
expressing GFP-CAF1* and GFP-NOT1-Mid to block
deadenylation (blue bars). GFP-MBP was
overexpressed in control samples (black bars). The
mean values ± SD are shown for three independent
experiments. (I) Northern blot with representative RNA
samples from the experiment depicted in (H). (J)
Western blot showing the equivalent expression of
HA-HELZ and the GFP-tagged proteins used in (H) and
(I). Tubulin served as loading control. (K) Tethering
assay as described in (A). The transfection mixture
additionally included a plasmid expressing GFP-DCP2*
catalytic mutant to block decapping (red bars). GFP was
overexpressed in control samples (black bars).
Tethering of MS2-HA-NOT1 served as positive control
for deadenylation-dependent decapping (Kuzuoglu-
Ozturk et al, 2016). The mean values ± SD are shown
for three independent experiments. (L) Northern blot
of representative RNA samples corresponding to the
experiment shown in (K). The position of the fast
migrating deadenylated form of the reporter mRNA (A0)
is marked with a red dotted line, whereas the position of
the reporter with an intact poly(A) is indicated as (An).
(M) Western blot showing the expression of HA-HELZ,
HA-NOT1, and the GFP-tagged proteins used in (K) and
(L). Tubulin served as loading control and V5-SBP-
MBP as a transfection control. Transfection efficiency
and/or plasmid expression was decreased in cells
expressing GFP-DCP2*.
Source data are available for this figure.
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Figure 4. The role of HELZ in inducing mRNA decay is conserved in Metazoa.
(A–D) Immunoprecipitation assays in Dm S2 cells showing the interaction of GFP-Dm HELZ with HA-tagged-Dm HPat (A), HA-tagged-Dm PAN3 (B), HA-tagged-Dm NOT1
(C), and HA-tagged-DmNOT2 (D). F-Luc-GFP served as negative control. Input (3.5% for GFP-tagged proteins and 0.5% for HA-tagged proteins) and bound fractions (10% for
GFP-tagged proteins and 35% for HA-tagged proteins) were analysed by Western blotting. (E) Tethering assay in Dm S2 cells using the F-Luc-5BoxB reporter and λN-HA-Dm
HELZ (full-length and fragments). A plasmid expressing R-Luc served as transfection control. F-LucmRNA levels were normalized to those of the R-Luc control and set to
100 in cells expressing λN-HA. Graph shows the mean values ± SD of four experiments. (F) Representative Northern blot of samples shown in (E). (G)Western blot showing
the equivalent expression of the λN-HA–tagged proteins used in (E). GFP-V5 was used as transfection control. (H) Dm S2 cells were treated with dsRNA targeting glutathione
S-transferase (control) or DCP1 and Ge-1 mRNAs. The efficacy of the KD was estimated by Western blot with antibodies specifically recognizing endogenous DCP1 and
Ge-1 proteins. PABP served as a loading control. Dilutions of control cell lysates were loaded in lanes 1–4 to estimate the efficacy of the depletion. The asterisks (*) mark
unspecific bands recognized by the respective antibody. (I, J) Dm S2 cells treated with dsRNA targeting either glutathione S-transferase (control, green bars) or DCP1 and
Ge-1 mRNAs (yellow bars) were transfected as described in (E). Tethering of λN-HA-GW182 served as positive control for deadenylation-dependent decapping
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harboring five λN-binding sites (F-Luc-5xBoxB) in the 39 UTR (Gehring
et al, 2005; Behm-Ansmant et al, 2006). A reporter mRNA encoding
Renilla luciferase (R-Luc) served as a transfection control. Tethering of
Dm HELZ caused strong repression of the firefly luciferase activity
compared with the control λN-HA protein (Fig S1D). Reporter mRNA
levels were reduced in a similar manner (Fig 4E and F), indicating that
the observed decrease in F-Luc activity was a consequence of mRNA
decay. Interestingly, similar to the human orthologue, the C-terminal
region ofDmHELZ (Table S1) was sufficient to elicit decay of the bound
reporter. The Dm HELZ N-terminal fragment (Table S1) did not
detectably impact on the stability of the F-Luc mRNA (Fig 4E–G) and
instead stimulated F-Luc activity upon tethering (Fig S1D). The cause
behind this observation is currently unclear.

To examine if Dm HELZ also induces deadenylation-dependent
mRNA decapping, we performed tethering assays in Dm S2 cells de-
pletedof twodecapping activatorsDCP1 andGe-1 to efficiently inhibit 59-
cap removal (Fig 4H–L; Eulalio et al, 2007b). In the absence of these
decapping factors, tethering of HELZ to F-Luc-5BoxB resulted in a
marked stabilization of the deadenylated variant of the reporter tran-
script (Fig 4J and K, lane 5). Similar results were obtained with tethered
GW182 (Fig 4J and K, lane 6), which triggers deadenylation-dependent
decapping and thus served as a positive control (Behm-Ansmant et al,
2006). The inhibition of decapping and the resulting stabilization of the
deadenylated reporter did not lead to the restoration of F-Luc protein
levels consistent with impaired translation of the reportermRNA lacking
a poly(A) tail (Fig 4I). We conclude that in Dm, as in human cells, HELZ
interacts with components of themRNAdecaymachinery and promotes
decapping-dependent decay of a bound mRNA.

HELZ requires CCR4–NOT to repress translation of bound mRNAs

We then investigated if HELZ can repress translation in the absence
of deadenylation. We used an R-Luc reporter mRNA that does not
undergo deadenylation and subsequent decay (R-Luc-6xMS2bs-
A95-MALAT1) (Bhandari et al, 2014; Kuzuoglu-Ozturk et al, 2016). This
reporter harbors a 95-nt internal poly(A) stretch followed by the 39-
terminal region of the metastasis associated lung adenocarcinoma
transcript 1 (MALAT1) noncoding RNA, which is processed by RNaseP
and thus lacks a poly(A) tail (Wilusz et al, 2012). An F-Luc-GFP re-
porter served as a transfection control. In the presence of HELZ,
R-Luc activity was reduced to 40% relative to MS2-HA without
changes in mRNA levels (Fig 5A–C, lane 2). This result indicates that
deadenylation is not required for HELZ-mediated translational
repression. Interestingly, the HELZ (F1107V) mutant, which cannot
interact with PABPC1, was equally active to WT HELZ in eliciting
deadenylation-independent translational repression (Fig 5A–D).

The CCR4–NOT complex not only mediates deadenylation but
can also promote translational repression of target mRNAs (Cooke
et al, 2010; Chekulaeva et al, 2011; Bawankar et al, 2013; Zekri et al,
2013). To address if HELZ-mediated translational repression depends

on the CCR4–NOT complex, we tethered HELZ to the R-Luc reporter in
HeLa cells depleted of NOT1. shRNA-mediated knock-down (KD)
resulted in a pronounced reduction of NOT1 protein levels without
affecting MS2-HA-HELZ expression (Fig 5E, lanes 4 and 5). NOT1 de-
pletion, however, severely compromised the ability of HELZ to repress
the translation of the R-Luc-6xMS2bs-A95-MALAT1 reporter (Fig 5F),
consistent with the function of HELZ as a translational repressor being
dependent on the CCR4–NOT complex.

Repression of translation by the CCR4–NOT complex is strongly
associated with the DEAD-box helicase DDX6, a decapping activator
and an inhibitor of translation (Maillet & Collart, 2002; Chu & Rana,
2006; Chen et al, 2014; Mathys et al, 2014; Freimer et al, 2018). To
probe for this molecular connection in the context of translational
repression by HELZ, we generated a HEK293T Ddx6-null cell line
using CRISPR-Cas9 genome editing. Successful gene targeting was
verified by the loss of DDX6 protein expression and genomic DNA
sequencing of the targeted exon (Fig S2A and see the Materials and
Methods section). Characterization of the Ddx6-null cells by
polysome profiling indicated that DDX6 depletion does not induce
major changes in general translation in HEK293T cells cultured
under standard conditions (Fig S2B) relative to wild type (WT) cells.
DDX6 depletion did, however, result in a drastic reduction of
P-bodies as shown by the abnormal distribution of the P-body
component EDC4 (Fig S2C and D) and as previously reported (Lumb
et al, 2017; Freimer et al, 2018).

In the absence of DDX6, translational repression of the R-Luc-
6xMS2bs-A95-MALAT1 reporter by HELZ was impaired, albeit not
completely abolished, as R-Luc activity recovered from 45% in WT
cells to 70% in the Ddx6-null cells (Fig 5G). In contrast, loss of DDX6
did not change the ability of the silencing domain of TNRC6A
(TNRC6A-SD; Lazzaretti et al, 2009) to repress the expression of the
MALAT1 reporter (Fig S2E and F). Furthermore, exogenous expres-
sion of GFP-DDX6 restored HELZ repressive activity in Ddx6-null
cells (Fig 5G and H). Comparable MS2-HA-HELZ protein levels in WT
and DDX6-complemented cells were confirmed by Western blotting
(Fig 5H). Thus, DDX6 is involved in HELZ-mediated translational
repression.

HELZ is not required for CCR4–NOT–mediated translational
repression and mRNA decay

To further address the role of HELZ in mRNA metabolism, we
generated a Helz-null HEK293T cell line using CRISPR-Cas9 gene
editing (Fig S2G). Helz-null cells proliferated at normal rates, and no
changes were observed in general translation, as assessed by
polysome profiling analysis (Fig S2H). Furthermore, in these cells,
the protein levels of the CCR4–NOT components NOT2 and NOT3,
PABPC1, as well as DDX6 were similar to WT cells (Fig S2G).

We then tested if NOT1-mediated posttranscriptional gene
regulation is impaired in the absence of an interaction with HELZ.

(Behm-Ansmant et al, 2006). Panel (I) shows relative F-Luc activity in control and DCP1 + Ge-1 KD samples. Panel (J) depicts relative F-Luc mRNA levels in control and
DCP1 + Ge-1 KD samples. Themean values ± SD are shown for five independent experiments. (K) Representative Northern blot analysis of samples shown in (J). The position
of the fast migrating deadenylated form of the reporter mRNA (A0) is marked with a red dotted line, whereas the position of the reporter mRNA with intact poly(A) is
indicated as (An). (L) Western blot showing the equivalent expression of the λN-HA–tagged proteins used in (I). F-Luc-V5 was used as transfection control.
Source data are available for this figure.
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Therefore, we tethered NOT1 to the R-Luc-6xMS2bs or the R-Luc-
6xMS2bs-A95-MALAT1 reporters in Helz-null cells. These reporters
are degraded or translationally repressed, respectively, when
bound to NOT1 (Kuzuoglu-Ozturk et al, 2016). Tethered NOT1 re-
duced R-Luc activity of both mRNA reporters to 20% in WT and
Helz-null cells (Fig S3A–E). These results are in agreement with
HELZ acting upstream of the deadenylase complex (i.e., as a re-
cruitment factor). The more likely scenario is that HELZ acts to-
gether with the CCR4–NOT to regulate the expression of a subset of
mRNAs.

HELZ regulates the abundance of mRNAs encoding proteins
involved in neurogenesis and nervous system development

To gain more insight into HELZ mRNA targets, we next investigated
how the cellular transcriptome is affected in the absence of HELZ.
Thus, we sequenced and analysed the transcriptome of the Helz-
null and WT cells (Figs 6A and S4 and Table S2). The replicates of the
RNA-Seq libraries of the two cell types clustered together as de-
termined using multidimensional scaling analysis (Fig S4A). HELZ
depletion induced major changes in the cellular transcriptome.

Figure 5. HELZ requires CCR4–NOT to repress
translation of bound mRNAs.
(A, B) Tethering assay in HEK293T cells using the R-Luc-
6xMS2bs-A95-MALAT1 reporter with MS2-HA-HELZ WT
and F1107V mutant. A plasmid coding for F-Luc-GFP
served as control. Shown is the quantification of
protein (A) and of mRNA levels (B) of the R-Luc-
6xMS2bs-A95-MALAT1 reporter normalized to the
levels of the control reporter and set to 100 for MS2-HA.
The mean values ± SD are shown for four independent
experiments. (C) Representative Northern blots of
samples shown in (B). (D) Western blot showing the
equivalent expression of the MS2-HA tagged proteins
used in (A). F-Luc-GFP was used as transfection
control. (E) Western blot analysis of HeLa cells after
NOT1 KD. Dilutions of control cell lysates were loaded in
lanes 1–4 to estimate the efficacy of NOT1 depletion.
Transfected MS2-HA-HELZ protein was expressed at
comparable levels in WT and NOT1 KD cells. PABPC1
served as a loading control. (F) Tethering assay in
HeLa cells using the R-Luc-6xMS2bs-A95-MALAT1
reporter and MS2-HA-HELZ. HeLa cells were treated with
scrambled shRNA (green bar) or shRNA targeting
NOT1 mRNA (grey bar). The graph shows relative R-Luc
activity in control and NOT1 KD samples. The mean
values ± SD are shown for three independent
experiments. (G) Tethering assay in HEK293T WT (green
bars) and Ddx6-null cells (blue bars) with MS2-HA-HELZ
and the R-Luc-6xMS2bs-A95-MALAT1 reporter. For
complementation studies, the cells were also
transfected with either GFP or GFP-DDX6. A plasmid
expressing F-Luc-GFP served as a transfection
control. Shown is the quantification of R-Luc activity
normalized to F-Luc activity and set to 100 for MS2-HA in
WT or Ddx6-null cells. The mean values ± SD are
shown for three independent experiments. (H)Western
blot showing the levels of transfected MS2-HA-HELZ
protein in the different cell lines used in (G). Loss of
endogenous DDX6 protein expression in HEK293TDdx6-
null cells was confirmed using an anti-DDX6 antibody
(lane 2, middle panel). The blot further illustrates
that GFP-DDX6 was expressed at a level equivalent to
endogenous DDX6 (lane 3 versus lane 1). F-Luc-GFP
served as transfection control.
Source data are available for this figure.
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In fact, differential gene expression analysis revealed 1,682
mRNAs to be significantly up-regulated (log2FC > 0 and FDR <
0.005) and 1,830 mRNAs to be down-regulated (log2FC < 0 and FDR <
0.005) in the Helz-null cells relative to WT cells (Figs 6A and
S4B).

Functional annotation analysis using the goseq R-package
(Young et al, 2010) for all up-regulated transcripts in Helz-null cells
indicated a significant enrichment for genes encoding cell pe-
riphery (22%, q < 9.19 × 10−20), membrane-associated (17%, q < 1.19 ×
10−16), cell adhesion (23%, q < 2.05 × 10−10), and signalling (19%, q < 3.01 ×
10−12)-related proteins. Interestingly, many of the corresponding
proteins have known functions in the biological processes of
neurogenesis (25%, q < 5.06 × 10−12) and nervous system devel-
opment (23%, q < 4.5 × 10−14). These include, for instance, GDNF (glial
cell-line–derived neurotrophic factor) family receptor alpha-3
(GFRA3; Baloh et al, 1998; Naveilhan et al, 1998), brain acid solu-
ble protein 1 (BASP1; Hartl & Schneider, 2019), teneurin (TENM1;
Tucker, 2018), neurofilamentmedium polypeptide (NEFM; Coulombe
et al, 2001) or the protocadherin G cluster (PCDHG; Keeler et al, 2015),
among others (Table S3). After analysis of transcript length and
nucleotide composition, we also observed that the mRNAs with
increased abundance in the absence of HELZ have longer coding
sequences (CDS; P < 2.2 × 10−16) and a higher guanine and cytosine
(GC) content across the whole gene (P = 6.1 × 10−11 or P < 2.2 × 10−16)
compared to all other genes expressed in these cells (down-
regulated mRNAs and all mRNAs not significantly altered in Helz-
null cells, Fig S5).

On the other hand, transcripts with decreased expression in
Helz-null cells were related to translation (structural constituent of

ribosome [45%, q < 2.64 × 10−21], signal-recognition particle-
dependent cotranslational protein targeting to membrane
[59%, q < 1.7 × 10−20], ribosome biogenesis [36%, q < 2.99 × 10−17],
translation [43%, q < 3.66 × 10−16], and rRNA processing [37%, q < 7.08 ×
10−16]). Other down-regulated and overrepresented GO terms in-
cluded RNAmetabolism and RNA-binding (RNP complex biogenesis
[31%, q < 1.08 × 10−15], nonsense-mediated decay [47%, q < 9.19 ×
10−20], non-coding RNA (ncRNA)-metabolic process [28%, q < 6.96 ×
10−13], and RNA binding [23%, q < 2.97 × 10−11]) or organonitrogen
compound metabolism (24%, q < 3.15 × 10−16; Fig S4C).

To validate that the differentially expressed mRNAs identified
in this analysis are indeed regulated by HELZ, we measured the
abundance of three significantly up-regulated (FC > twofold, FDR <
0.005) transcripts in Helz-null cells upon transient expression of
increasing concentrations of GFP-tagged HELZ (Fig 6C). In Helz-null
cells, sparc, basp1, and tenm1 mRNA levels, determined by quan-
titative RT-PCR (RT-qPCR), were increased relative to WT cells (Fig
6D), as observed in the RNA-Seq analysis (Table S2). Transcript
levels increased 2.5–5.5 fold, depending on the mRNA. Over-
expression of GFP-HELZ decreased the abundance of these tran-
scripts, partially restoring steady state mRNA levels (Fig 6D).

These results suggest that HELZ has an important role in the
control of the expression of specific genes. Increased transcript
abundance can be explained by the activity of HELZ as a tran-
scriptional (Hamamoto et al, 2004) and/or posttranscriptional
regulator via its interaction with the CCR4−NOT complex (this
study and [Mathys et al, 2014]). Additional studies are required to
identify the transcripts co-regulated by HELZ and the CCR4–NOT
complex.

Figure 6. Transcriptome analysis of HEK293T Helz-
null cells.
(A) Pie chart indicating the fractions and absolute
numbers of differentially expressed genes derived from
the analysis of the transcriptome of HEK293T wild-
type (WT) and Helz-null cells by RNA-Seq. Two
biological replicates of each cell line were analysed. The
RNA-Seq analysis indicated that 7,466 (grey) of the
total 10,978 genes selected using fragments per
kilobase of transcript per million mapped reads >2 cut-
off showed no significant differences between the
two cell lines (FDR ≥ 0.005). 1,682 genes were
significantly up-regulated (red) whilst 1,830 genes were
down-regulated (blue) using an fold change (FC) >0
on log2 scale with an FDR < 0.005 to determine
abundance. (B) Gene ontology analysis of the biological
processes overrepresented in the group of
transcripts up-regulated in Helz-null cells (log2FC > 0,
FDR < 0.005) versus all other expressed genes. Bar graph
shows −log10 of q values for each category. Content of
brackets indicates the number of genes within each
category. (C) Western blot analysis depicting the levels
of endogenous HELZ present in HEK293T WT cells
(lane 1) compared with Helz-null cells transfected with
either 1 or 4 μg of GFP-HELZ (lanes 2 and 3, respectively).
Tubulin served as loading control. (D) qPCR
validation of three up-regulated (log2FC > 0, FDR <
0.005) transcripts identified in (A). Transcript levels of
sparc (blue bars), basp1 (orange bars) and tenm1
(grey bars) were determined in HEK293T WT, Helz-null,
and Helz-null cells complemented with either 1 or 4 μg
of GFP-HELZ. Transcript levels were normalized to
gapdh mRNA. Shown are the normalized expression
ratios ± SD for three independent experiments.
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Discussion

The putative SF1 helicase HELZ has been associated with various
steps in RNA metabolism, including transcription and translation.
Here, we reveal that HELZ also regulates mRNA stability as it in-
duces deadenylation and decapping of bound reporter mRNAs. This
function is likely the result of HELZ interaction with various mRNA
decay factors including components of the CCR4–NOT complex in
human and Drosophila cells. In fact, human HELZ has multiple
binding sites within its nonconserved and unstructured C-terminal
region that directly interact with the NOT module of the CCR4–NOT
complex (Fig 2). The NOT module, composed of NOT1/2/3 subunits
is a known binding platform for various mRNA-associated proteins,
including the posttranscriptional RNA regulator Nanos (Bhandari
et al, 2014; Raisch et al, 2016) and the transcription factor E26-re-
lated gene (Rambout et al, 2016). Tethering of Hs and Dm HELZ to an
mRNA reporter triggers decapping-dependent mRNA decay. In both
species, the C-terminal region of HELZ was necessary and sufficient
to elicit decay. The observation that the regulatory effect of HELZ on
stability and translation of tethered mRNA requires the CCR4–NOT
complex (Figs 3H–J and 5F) supports the functional connection
between HELZ and CCR4–NOT in mRNA metabolism.

Recruitment of the CCR4–NOT complex to mRNA targets by short
linear motifs (SLiMs) located in unstructured and poorly conserved
regions of RNA-associated proteins is a common and widespread
mechanism (Fabian et al, 2013; Bhandari et al, 2014; Raisch et al,
2016; Sgromo et al, 2017; Keskeny et al, 2019). The presence of
multiple binding sites in the HELZ C-terminal region indicates a
SLiM-mediated mode for interaction with the CCR4–NOT complex.
The plastic evolutionary nature of SLiM-mediated protein binding
(Davey et al, 2012; Tompa, 2012) readily explains how largely di-
vergent and unstructured C-terminal regions of HELZ orthologues
perform equivalent cellular functions.

Interestingly, HELZ is not the only SF1 helicase known to interact
with the CCR4–NOT complex and promote mRNA decay. The UPF1
RNA helicase, through both direct and indirect interactions, binds
to different mRNA decay factors, including the endoribonuclease
SMG6 and the CAF1 deadenylase to induce target mRNA decay (Kim
& Maquat, 2019). UPF1 contains a helicase core domain that is
structurally highly similar to HELZ. UPF1 binds rather nonspecifically
to accessible mRNAs (Zund & Muhlemann, 2013) but seems to be
recruited through interaction with specific RNA-binding proteins to
defined targets to participate in distinct mRNA decay pathways (Kim
&Maquat, 2019). Whether HELZ function is subject to similar control
is unknown.

Our study also highlights a potential role for HELZ as a trans-
lational repressor (Fig 5). HELZ-mediated translational repression
of a reporter mRNA lacking a 39 poly(A) tail depends on the
CCR4–NOT complex but does not require binding to PABPC1. Re-
pression of translation by the CCR4–NOT complex is associated with
the DEAD-box helicase DDX6 (Maillet & Collart, 2002; Chu & Rana,
2006; Chen et al, 2014; Mathys et al, 2014; Freimer et al, 2018), and we
provide evidence that DDX6 contributes to HELZ-induced trans-
lational repression. However, in the absence of DDX6, the trans-
lational repressor function of HELZ was not completely abolished.
Thus, other factors are involved in HELZ-mediated translational

repression. Another HELZ- and CCR4–NOT–interacting protein is the
translational repressor PatL1 (Fig 1C) (Braun et al, 2010; Ozgur et al,
2010) and additional studies will determine the relevance of PatL1,
or other factors, in the repression of translation by HELZ and the
CCR4–NOT complex.

HELZ contains several sequence motifs that could confer RNA
binding ability. Its PABPC1 binding property suggests that HELZ has
a preference for polyadenylatedmRNAs. Furthermore, HELZ contains a
CCCH-type ZnF motif in the N terminus (Fig 1A) that may be critical for
its biological role as it can promote protein–protein interactions or
facilitate RNA recognition (Hall, 2005; Gamsjaeger et al, 2007). This
specific type of ZnF is present in RNA-binding proteins such as tris-
tetraprolin and Roquin, which also directly recruit the CCR4–NOT
complex to mRNA targets, promoting their degradation (Fabian et al,
2013; Fu & Blackshear, 2017; Sgromo et al, 2017).

Although it remains unclear how HELZ is recruited to mRNA,
transcriptome-wide analysis of Helz-null cells via RNA-Seq in-
dicated that HELZ depletion has a substantial impact on gene
expression (Figs 6 and S4). Interestingly, genes with up-regulated
expression in the absence of HELZ code for membrane- and cell
periphery–associated proteins, many of which participate in the
development of the nervous system (Fig 6B and Table S3). An
important goal for future studies is to investigate HELZ and its
association with the CCR4–NOT complex in the posttranscriptional
regulation of this biological process.

HELZ loss also resulted in decreased abundance of transcripts
with gene products involved in translation. Even if global trans-
lation was not altered in Helz-null cells (Fig S2H), this observation is
in line with the fact that HELZ overexpression results in increased
translation and cellular proliferation (Hasgall et al, 2011). Moreover,
similar to HELZ depletion, loss of the HELZ-interacting protein and
transcriptional regulator Smyd2 in cardiomyocytes leads to de-
creased expression of genes functionally associated with trans-
lation (Diehl et al, 2010).

In conclusion, our findings support a role of HELZ as a regulator
of gene expression and highlight a potential development- or cell-
specific function for this RNA helicase. Furthermore, the direct
interaction of HELZ with the CCR4–NOT complex described in this
study represents another molecular mechanism used by HELZ in
the control of gene expression.

Materials and Methods

DNA constructs

All the mutants used in this study were generated by site-directed
mutagenesis using the QuickChange mutagenesis kit (Stratagene).
All the constructs and mutations were confirmed by sequencing
and are listed in Table S1. To generate the pT7-EGFP-Hs CAF1*
catalytic mutant, D40A and E42A point mutations were introduced
into the pT7-EGFP-Hs CAF1 vector (Braun et al, 2011). Hs HELZ cDNA
was amplified from the Kazusa clone KIAA0054 and inserted into the
SacII and SalI restriction sites of the pT7-EGFP-C1 vector or the SacII
and XbaI restriction sites of the pT7-MS2-HA vector. For MS2-HA–
tagged Hs HELZ proteins, the pT7-λN-HA-C1 vector was modified by
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mutagenesis to replace the λN-HA-tag with the MS2-HA-tag. The Hs
HELZ-N and HELZ-C fragments (residues M1–D1050 and P1051–K1942,
respectively) were amplified by PCR using specific primers (HsHELZ-N:
forward: ATACATCCGCGGATATGGAAGACAGAAGAGCTGAAAAGT, reverse:
ACATTCTAGATTAATCACCCACCACAGCAACCAGGGAT; Hs HELZ-C: forward:
ATACATCCGCGGATCCCATTGCTCTGTGCTCTATTGGAA, reverse: ACATTCTA-
GATTATTTAAAATATGAGTAAAAGCCA) and inserted between the re-
strictions sites SacII and XbaI of the pT7-EGFP-C1 and pT7-MS2-HA-C1
vectors. The Hs NOT1 ORF was amplified from cDNA and inserted into
the XhoI and SacII sites of the pT7-MS2-HA vector. The plasmid
allowing the expression of HA-Hs DDX6 was generated by cloning the
corresponding cDNA into the XhoI and NotI restriction sites of the
pCIneo-λN-HA vector. To obtain the plasmid expressing the silencing
domain ofHs TNRC6A (residues T1210–V1709), the corresponding cDNA
amplified by PCR was cloned into the BamHI and XhoI restriction sites
of the pcDNA3.1-MS2-HA vector. The plasmids for the expression of the
HA-tagged versions of Hs EDC4,Hs PatL1, andHs PAN3 or DmHPat, Dm
PAN3, Dm NOT1, Dm NOT2, Dm Ge-1, and Dm Me31B were previously
described (Eulalio et al, 2007a; Tritschler et al, 2008, 2009; Braun et al,
2010, 2011; Bawankar et al, 2013).

Dm HELZ was amplified from cDNA derived from S2 cells and
inserted into the pAc5.1B-λN-HA and pAc5.1B-EGFP vectors between
HindIII and XbaI restriction sites (Eulalio et al, 2007a). Dm HELZ-N
and HELZ-C (residues M1–D1212 and P1213–Q2103, respectively) were
amplified by PCR using specific primers (Dm HELZ-N: forward:
ATACATAAGCTTCATGGCCGCCGAGAAGGAGATGCAGGC, reverse: ACATTC-
TAGATTAATCACCAACCACTGCAACCAACGAC; Dm HELZ-C: forward:
ATACATAAGCTTCCCCGTGGCTCTTTGTTCCATTGGTC, reverse: ACATTC-
TAGATTACTGAAAATAGTTGTAGAATCCG) and inserted between the re-
striction sites HindIII and XbaI of the pAc5.1B-λN-HA plasmid.

For expression of recombinant Hs HELZ-C1 and HELZ-C2 in
bacteria, the corresponding sequences were amplified by PCR and
inserted between the BspTI and XbaI restriction sites of the pnEA-
NvM plasmid (Diebold et al, 2011), resulting in HELZ fusion proteins
carrying an N-terminal MBP tag cleavable by the tobacco etch
virus protease. In addition, the DNA encoding the B1 domain of
immunoglobulin-binding protein G (GB1) (Cheng & Patel, 2004),
followed by a four-residue long (Met-Gly-Ser-Ser) linker sequence
and a hexa histine (His6)-tag were added to the end of the HELZ-C1
and HELZ-C2 coding sequences by site-directed mutagenesis.

Tethering assays

The reporter constructs used in the tethering assays performed in
human and Dm cells were described previously (Lykke-Andersen et
al, 2000; Behm-Ansmant et al, 2006; Kuzuoglu-Ozturk et al, 2016). In
the case of tethering assays in HEK293TWT,Helz-null and Ddx6-null,
and HeLa cell lines, cells were cultured in 6-well plates and
transfected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s recommendation. The transfection mixture used in
Fig 3A and E contained the following plasmids: 0.5 μg control β-
globin, 0.5 μg β-globin-6xMS2bs and the following amounts of the
plasmids expressing the MS2-HA–tagged proteins: 1 μg of Hs HELZ
and Hs HELZ F1107V, 1.35 μg of Hs HELZ-N, and 2.5 μg of Hs HELZ-C. In
Fig 3H, the transfection mixtures contained, in addition, plasmids
expressing GFP-MBP (2 μg) or GFP-Hs CAF1* (1 μg) together with GFP-
Hs NOT1-Mid region (residues M1085–T1605; 1 μg) (Petit et al, 2012).

In Fig 3K, the transfection mixtures contained, in addition, plasmids
expressing GFP (0.15 μg) or GFP-Hs DCP2* (2 μg) (Chang et al, 2014). In
the tethering assays with luciferase (R-Luc and F-Luc) reporters
depicted in Figs 5 and S3, the transfectionmixtures contained 0.2 μg
F-Luc-GFP (transfection control), 0.2 μg of R-Luc-6xMS2bs (or
R-Luc), or 0.5 μg R-Luc-6xMS2bs-A95-MALAT1 (or R-Luc-A95-MALAT1)
and 1 μg of MS2-HA-Hs HELZ or MS2-HA-Hs NOT1. The transfection
mixture in the experiment described in Fig 5G additionally con-
tained 0.2 μg of the plasmid required for the expression of GFP-
DDX6 in Ddx6-null cells. The cells were harvested 2 d after trans-
fection for further analysis. shRNA-mediated KD of NOT1 in HeLa
cells was performed as previously described (Chen et al, 2014). In
the experiment described in Fig S2E, the transfection mixture
contained 0.5 μg of MS2-HA or MS2-HA-TNRC6A-SD, 0.5 μg of R-Luc-
6xMS2bs-MALAT1, and 0.5 μg F-Luc-GFP (transfection control).

To perform tethering assays with Dm HELZ, S2 cells were seeded
in 6-well plates and transfected with Effectene Transfection Re-
agent (QIAGEN) according to the manufacturer’s recommendation.
The transfection mixture contained 0.4 μg of R-Luc, 0.1 μg of F-Luc-
V5, or F-Luc-5BoxB and 0.01 μg of λN-HA-GW182 or the following
amounts of pAc5.1-λN-HA plasmids expressing Dm HELZ proteins:
0.4 μg HELZ, 0.2 μg HELZ-N, and 0.2 μg HELZ-C. RNAi-mediated KD of
DCP1 and Ge-1 in Dm S2 cells was performed as described pre-
viously (Clemens et al, 2000; Zekri et al, 2013).

Total RNA was isolated using TriFast (Peqlab) and analysed by
Northern blot as described previously (Behm-Ansmant et al, 2006).
Renilla and firefly luciferase activities were measured using the
Dual Luciferase Reporter Assay System (Promega).

RNase H digestion

For the experiment depicted in Fig S1A, 10 μg of RNA was incubated
with 3 μl of RNase H 5 U/μl (New England BioLabs) and 6 μM of
oligo(dT) 15-mer in 100 μl H2O for 1 h at 37°C and subsequently
purified by phenol–chloroform extraction. The RNase H–treated
RNA was then analysed via Northern blotting.

Co-IP assays and Western blotting

Co-IP assays in human and Dm S2 cells were performed as pre-
viously described (Kuzuoglu-Ozturk et al, 2016). Briefly, for the
human GFP-IP assays, 4 × 106 HEK293T cells were grown in 10-cm
dishes and transfected the day after seeding using TurboFect
transfection reagent (Thermo Fisher Scientific). The transfection
mixtures in Fig 1B–E contained 15 μg of GFP-Hs HELZ and 10 μg of
HA-EDC4, HA-PatL1, HA-PAN3, or HA-DDX6. The transfection mix-
tures in Fig 1F contained 20, 30, or 25 μg of plasmids expressing GFP-
tagged Hs HELZ, Hs HELZ-N, or Hs HELZ-C, respectively.

The co-IP assays in S2 cells required two wells of a six-well plate
(seeded at 2.5 × 106 cells per well) per condition. The cells were
harvested 3 d after transfection with Effectene Transfection Re-
agent (QIAGEN). The transfection mixture contained 1 μg of GFP-Dm
HELZ and 0.5 μg of HA-DmMe31B, 1 μg of HA-Dm HPat, HA-Dm PAN3,
HA-Dm NOT2, HA-Dm Ge-1, or 2 μg of HA-Dm NOT1.

All lysates were treated with RNase A before IP. Western blots
were developed with the ECL Western Blotting Detection System
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(GE Healthcare) according to themanufacturer’s recommendations.
Antibodies used in this study are listed in Table S4.

Protein expression and purification

The purification of the human pentameric CCR4–NOT complex (CAF1/
CAF40/NOT1/2/3) and the different modules was previously described
(Sgromo et al, 2017). The pentameric CCR4–NOT complex comprises
NOT1 (residues E1093–E2371), CAF1, CAF40 (residues R19–E285), NOT2
(residues T344–F540), and His6-NOT3 (residues G607–Q753); the CAF1
module comprises NOT1 (residues E1093–S1317) and CAF1; the
CAF40 module consists of NOT1 (residues V1351–L1588) and CAF40
(residues R19–E285); the MIF4G-C domain represents NOT1 resi-
dues Q1607–S1815; and the NOT module contains NOT1 (residues
H1833–M2361), NOT2 (residues M350–F540), and NOT3 (residues
L607–E748). Hs HELZ-C1 and Hs HELZ-C2 recombinant proteins
were expressed with an N-terminal MBP- and a C-terminal GB1-
His6-tag in Escherichia coli BL21 (DE3) Star cells (Invitrogen) in Ly-
sogeny broth (Luria broth) medium overnight at 20°C. The cells were
sonicated in binding buffer containing 50 mM Hepes, pH 7, 200 mM
NaCl, 20mM imidazole, and 2mM β-mercaptoethanol, supplemented
with protease inhibitors, 1mg/ml lysozyme, and 5mg/ml DNase I. The
cleared lysateswere bound to anNi2+ HiTrap IMACHP (GEHealthcare)
column and proteins were eluted by a step gradient to binding buffer
supplemented with 500 mM imidazole using Äkta Pure (GE Health-
care). The fractions in the single peakwere analysed on an SDS–PAGE,
pooled, and used in MBP pull-downs.

In vitro MBP pull-down assays

Purified MBP (7.5 μg), MBP-Hs HELZ-C1-GB1-His or MBP-Hs HELZ-C2-
GB1-His (500 μg each) were mixed with equimolar amounts of the
purified CCR4–NOT subcomplexes in 1 ml of pull-down buffer (50
mM Hepes, pH 7, 200 mM NaCl, and 2 mM DTT) and incubated for 1 h
at 4°C. After another hour of incubation at 4°C with 50 μl of amylose
resin slurry (New England BioLabs), the beads were washed five
times with pull-down buffer. The proteins were eluted with pull-
down buffer supplemented with 25 mM D-(+)-maltose. The eluate
was mixed 1:1 with 20% cold trichloroacetic acid (Roth) and in-
cubated for 30 min on ice. The mix was then centrifuged at full
speed at 4°C in a table-top centrifuge and the pellet was sus-
pended in 35 μl of protein sample buffer (50 mM Tris–HCl, pH 6.8, 2%
[wt/vol] SDS, 10% [vol/vol] glycerol, and 100 mM DTT). The eluted
proteins were heated at 95°C for 5 min and analysed by SDS–PAGE.
The gels were stained with Coomassie Blue overnight at room
temperature and washed the next day.

Generation of the HEK293T Helz- and Ddx6-null cell lines

The generation of the HEK293T HELZ- and Ddx6-null cell lines was
essentially performed as described previously Sgromo et al, 2018. In the
case of ddx6, a guide RNA targeting exon 2 (59-GTCTTTTTCCAGTCATCACC-
39) was designed using DNA 2.0 (ATUM, www.atum.bio) online tool
to minimize off-target effects. Genome targeting resulted in a 1-nt
insertion in one allele and a 10-nt deletion in the other allele,
both causing a frameshift of the ORF. To edit helz gene, a guide
RNA targeting exon 8 (59-GCAACTAGTAACGCCCTCTC-39) was used.

helz gene targeting produced a 7-nt deletion causing a frameshift
of the ORF.

Transcriptome sequencing (RNA-Seq) and RT-qPCR validation

Total RNA was extracted from HEK293TWT orHelz-null cells using the
RNeasy Mini Kit (QIAGEN) and a library prepared using the TruSeq
RNA Sample Prep Kit (Illumina). Two biological replicates were
analysed. RNA-Seq libraries were sequenced with the HiSeq 3000
sequencing system (Illumina) using paired-end sequencing. During
data analysis, ribosomal RNA sequencing reads were filtered using
Bowtie2 (Langmead& Salzberg, 2012). The remaining reads were then
mapped on the hg19 (University of California, Santa Cruz) human
genome with Tophat2 (Kim et al, 2013). 20.6–34.8 million reads
(89.0–90.1%) were mapped. Read count analysis was performed with
an R/Bioconductor package QuasR (Gaidatzis et al, 2015). A threshold
of “fragments per kilobase of transcript per million mapped reads”
(FPKM) greater than two was applied to select genes for subsequent
differential gene expression analysis with an R/Bioconductor package
edgeR (Robinson et al, 2010; McCarthy et al, 2012).

RT-qPCR was performed to determine transcript levels of se-
lected transcripts in WT and Helz-null cells. Briefly, in the com-
plementation assay described in Fig 6D, HEK293T Helz-null cells,
plated in a six-well plate, were transfected with 1 and 4 μg of pT7-
GFP-HELZ, as indicated. 48 h posttransfection, total RNA was
extracted and reverse-transcribed using random hexamer primers.
mRNA levels were subsequently determined by RT-qPCR using
sequence-specific primers for the indicated transcripts and nor-
malized to gapdh mRNA abundance in the same sample. qPCR
primers were designed using Primer3 (Koressaar & Remm, 2007;
Untergasser et al, 2012) or Primer-BLAST (Ye et al, 2012) and are
listed in Table S5. Normalized expression ratios of the transcripts
from three independent experiments were determined using the
Livak method (Livak & Schmittgen, 2001).

Immunofluorescence

HEK293T WT and Ddx6-null cells were grown on poly-D-lysine (Sigma-
Aldrich)–coated cover slips. Cells were fixed with 4% paraformaldehyde
for 10 min and permeabilized with 0.1% Triton X-100 in PBS (10 min).
Staining with anti-DDX6 or anti-p70S6K (EDC4) antibodies was per-
formed in PBS containing 10% FBS and 0.1% Tween 20 for 1 h. Alexa
Fluor 594–labeled secondary antibody (Thermo Fisher Scientific) was
used at 1:1,000 dilution. Nuclei were stained with Hoechst stain so-
lution (Sigma-Aldrich). Cells were mounted using Fluoromount-G
(Southern Biotech). The images were acquired using a confocal laser
scanning microscope (Leica TCS SP8).

Polysome profiling

Polysome profiles for HEK293T WT, Helz-null, and Ddx6-null cell lines
were obtained as described before (Kuzuoglu-Ozturk et al, 2016).

Data availability

Raw sequencing reads and the processed data files corresponding
to read counts and normalized abundance measurements generated
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in this study were deposited in the GEO under the accession number
GSE135505.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
201900405.
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